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1 ——————S¥STHEM-ANDNVETFHEDFER-ESTHMATHNGCARDHAC-OUTPUT
BACKGROUND OF THE | NVENTI ON Field of ithe Invention Thi s
invention relates to the in-vivo determ nation ‘and di splay of estinmates
of the cardi agoowisaset of a 5 patient. Descri pti on ofpdimessietisd ed Art
I nformati on about the output of a patientis heart is very valuable to a
surgical team or to physi.cians who are trying to diagnose an illness
or nonitor the pati SYSTEM]ANDMETROD FOR-EATIMATING |GARDIAC OUTRBYDre wi t hout
sone form - of conventional equipnent to nonitor cardiac output.

The nmeasurenent of volunetric cardiac flow presents parti cul ar

problems. First, the fl ow of BRCKGROUND DFeTHE INVENRION systemis generally
non- uni f orm Second thg 15 neasur enent devi ce used shoul d obvi ously not
be rore intr%rggéiﬁ%m not only to avoid reducing the

accuracy of ”EaSUFeTTEf'ﬂlﬁ.sblﬂnv%h&QohOré!Qtdsl pbeeher LAgvivd hdeterriimuiennal

operation of the heart; otherw se, nmeasyr enent process itself my
be riore danger ous@®#%r dérsBéa%atqfen?sF%F%y%onﬁﬁ i GRATERAC nONERHEN R 2
systemis ¢ nt ¢t.o discover. Third, the accuracy of measurenent
systens for cardiovascul ar flow suffers from t he presence of often
pronounced di sturbances such as the pul sating nature of the flow and
ot her di st urbancgs.54G%3+38n25 &40 he patient's breathing.
Because cardiac output IS sUC n i agnhostic

Information about the output of a patient's heart is
very valuable to a surgical team, or to physicians who are
trying to diagnose an illness or monitor the patient's

10 condition. Few hospitals are therefore without some form
of conventional equipment to monitor cardiac output.

The measurement of volumetric cardiac flow presents
particular problems. First, the flow of blood in the
vascular system is generally non-uniform. Second, the

15 measurement device used should obviocusly not be more
intrusive than necessary, not only to avoid reducing the
accuracy of measurements but also to avoid interfering with
the normal operation of the heart; otherwise, the
measurement process itself may be more dangerous for a

20 patient than any condition the measurement system is
intended to discover. Third, the accuracy of measurement
systems for cardiovascular flow suffers from the presence
of often pronounced disturbances such as the pulsating
nature of the flow and other disturbances such as are

25 caused by the patient's breathing.

. : Because cardiac output is such an important diagnostic
indicator, there are a large number of devices for

measuring blood flow in the vascular system. In many



indicator, there are a | arge nunber of devices for measuring bl ood fl ow

I n the vascul ar system I n many WO 97/ 15230 )

PCT/ US96/ 17154 2 passi ve measur emnent
systens, sone irregular indicator such as variations _in__optical
transl ucenceWH588lgnet i ¢ irregularities are observed Pﬂ"ﬁ%ﬁ"ﬁ ints in
t he bl ood vessel. Blood flowis then estinmated as a function of

5
bl ood vel ocity, ' oS mb Qs di b Ae - aS duc . hqﬁw tO-
and cross-correl %S%E%eelgh%?%ues.r& S%‘égmg' I%b‘g%ﬁ'%%gﬁgéguar‘%%en sy%t&ec?rls,
the indicator isas vawixtiszhs ntin or opsicgipl | exhrisiuceack| oedst meEgmetic

wher eupon bl aod fl qw_ i,s.determ ned b etecting the indicator

downst ream i nt ed?rﬁﬂqﬁ‘a'afﬁg’lfﬁngr\ﬁa s(ﬁr}/ﬁegf at%hetvﬁcgt%%’crétcﬁ in ﬁ:ﬁﬁi gbg‘l"é’fi
and applying the vaesIpt | oBloddt £16¢ iBdithahOestimatéd cassar \fRehctiBf of

i ndi cators us&g [ s%gh yst.ens ipnclude | actual substances such as dyes
and radi oact i ﬁ’gﬁ‘ﬂ [VELOCLtY. o WHIGH 5 ehBr BYFR ndfTiHeS &% Fepraguct o

ul trasound and hegiownlButo- ahllScrdi-A¥r¥at for 3bedidiidudiawbover et al., 2
Decenber 1980) and U.S. Patent No. 4,507,974 (Yelderman, 2 April

1985), describe systed® f8FtAEQs MeaRPrEHCRtacSYREGRA. | fhe inghieataratisi s
used as an indic n 4 h heat. - ﬁf’” t 0 er
is typically thrg'g%reegtggmﬁ %8 ?Ergl%gﬁaé e ritgh?%uggpgﬁésgﬁé' g'ﬁldecﬁ%té%g’gs

proxi mal to the bloddl aidhwof is hedghdminady byt elstegitinghethe ghinditaaitom and
t he ri ght,ye | he . ' a kSLlV hgﬁgi

el enment, whi c]hd/i srgogdélgt:?ieg%éd 1?1%&??%%@% # {%in#%ﬁ% ofgggké%/ﬁén fri C e,é%rﬁftgd
therm stor, whichindicedort,i enddapplyimg Zhardssupption that the tirelidewoawer
Z%Zﬁ S;] a:)glei ggai 'Oinsg ceclnesréer%tedl.sThe indfd Iozresd dsed® li'.%hsgcwagysttbe%s tir}xecltug.%r el

actual substances such as dyes and radiocactive particles,

and pure-energy indicators such as ultrasound and heat.

15 U.S. Patent No. 4,236,527 (Newbower et al., 2 December
1980) and U.S. Patent No. 4,507,974 (Yelderman, 2 April
1985), describe systems for measuring cardiac output in
which heat is used as an indicator. In such heat-based
systems, a balloon catheter is typically threaded down

20 through the right jugular vein, and lodges proximal to the
branch of the pulmonary artery wvia the right atrium and the
right ventricle. The catheter includes a resistive heating
element, which is positioned in the atrium and/ox
ventricle, and a thermistor, which is positioned in the

25 artery.

In the Newbower system, the heating element is
energized in such a way that the thermal energy applied to'
the surrounding blood has at least two freguency
components, either a fundamental and one or more harmonics,

30 or as a sguare-wave signal, which can also be resolved into

a fundamental frequency and a number of harmonics. The



the surrounding blood has at |east two frequency conponents, either a

fundanent al and-one—e+—nor " & squar e- wave srgmat, which
can al so be resolved into a fundanental frequency and a nunber of

har noni cs. The WO 97/ 15230 )

PCT/ US96/ 17%e%ms230 3 t empeTissne1sef t he

bl ood downstreami1s then neasured by the 3 therm stor and the
corresponding electrical signal is filtered with respect to the

fundanent al fregempeyatanrte af the blssmt downstreamdrs thepouesmired bEathe ac
output is then 5 estimated based on_an apptoxi nat stJ. hon; of the
transfer functi GREPPIERRE| %CLﬁ°§Fe§§gggfﬁ‘g neq'e%tﬁg%qe s{}éﬁ gr n%aén)

syst em ener gi zegil herb@ahEth afsspeditngot @he fuadasentcd- rfxegmenbiynang at

sequence (PRBS) of square waves that are derived based qn a _bi gﬁré
maxi mum | ength $€88EnceRe 1P e FEEABERTEchni (382 8Fe THEN UsEE t 5°FRtract

from t'he 5t heEpk aheed ShaSed 8R Qs idPYroxdhathe reeblistiudtidd 0¥ Othe
bl ood fromthe heating elenment to the thernistor. U S. Patent

5,146, 414 (M Kokmanefen| fungrigseénbe local gacudescFYBEY an i nprovenent
on the Yel derrman Sys&'ﬁQ‘Yél'b&?ath{ﬁ@éﬁP‘@%e:?%iﬁééntﬂeh;ﬁehﬁéf‘Sei&fozfdiﬁgt ton of
romwhere hea d

t he channel (the region I's applied to the bl oo
upstreamto t headpsesdo-smndopsbinary weguencenfeRBE)ucE pguare wayesstHit| s
nmodel ed, the appraxiiml.e _Sp he,snal i muimrs 19856 Mgl agd the
out put of the s&%&rﬁ&?@e%gﬂeﬁn% %e}cf'-qlt%g?ﬁ Tac?%lp to gggptivelageﬂpdate

t he paranet ats Cbrirkdationnbechnianes are tthenmmsede tohexsrachnfronf theood

flow Lo U S. _Patent 357,967.(D xo a . 4
yet anot her heatt?‘ﬁﬁg‘éﬁt%§sféﬂ?%hdaﬂefﬁgﬁ£%% §5s§{r’febg8?'u$%t&é § %’ghgfhe
heat signal appileddt erémecid Qating 8lékent atonthe thermistor.

U.S. Patent 5,146,414 (McKown, et al., 8 September

1992) describes an improvement on the Yelderman system. In
15 the McKown system, the transfer function of the channel
{the region from where heaﬁ is applied to the blood
upstream to the downstream position where temperature is
sensed) is modeled, the approximate spectrum of the noise
is determined, and the output of the system is used in a
20 feed-back loop to adaptively update the parameters of the
model and thus to improve the estimate of blood flow.

In U.S. Patent 5,357,967 (Dixon, et al., 25 Oct. 1994)
yvet another heat-based system and method are described, in
which the heat signal applied to the blood is in the form

25 of'a spread-spectrum signal, that is, it is a continuous
signal with a continucusly increasing or decreasing
frequency. The signal sensed downstream is passed through
a dispersive filter, from whose output signal an impulse
response is determined. Blood flow is then calculated from

30 the sensed impulse response.



25 of a spread-spectrumsignal, that is, it is a continuous signal with
a continuously increasing of decreasing frequency. The signal sensed
downstream i s passed through a dispersive filter, fromwhose out put
signal an inpul se response is determned. Blood flowis then cal cul ated
from 30 the swes3U452330pul se response. WO 97/ 15230 PCT/US96/17154
PCT/ US96/ 17154 4 4 A probl em t hat
arises in the context of all _.such net hods, of estinati ng cardi ac ou%gut
n

i s that one nust t HpPTRPLE™ that AYiagfeelP ofhesGoREerbn ofyaatst st

accuracy and usef WeBR&8s Ofoft hest AV | SHrBNR: 08htput | is THbke Gl i RRELS
heart rate and flow are_steady and even, the estimates fromthe

noni tori ng equi pnEYPLiGRLLY petinsde, off sspepdit ©fangstimation yaaaings t Hee

estimation routingachPa¥y andYSeflifndks W |thedXinFoHna€ioDShe PRLESN! S gﬂ'th
such i deal heart paraneters woul d not neetfto be nonitored in the

first place: nmbni theemapianteim feart vatermnd fligw Avepsteady andeven.t hbe
operating table fQgeSHePoll QARHHT ERe I tRTRg eqPitiiBley RL1PCGANSELE
the D gy stEm gt o

probl ens invol vi ng eart or ul nonary I n"or
provi de an accur ahecesaterswme ¢fimedydi assuting theuestightiamecurinesethey

Cycl os. The probl B 815 =8 WRIEE, Pt CRiea treE, BeBhettay it Eh6RaRaRrt o

warn of a r apheageclparamebetrcwpallcnbts needdidd dbe Moviteied| inh e6He
. must know quicgkly i.f a patient's heart flow has just 20 dropped by a.large
amount ;. si nce ~Phi £1RaEY gﬂﬂ?%at‘&o’h‘mredcé’ﬁﬁlfepﬁfi t P ehidghihse BREPEERL t o

detect using othebr on eHel pPRBhtiNgtasle! £63 I Sudtd P REGRFeECUEC BF -pass
Recur si ve techni ques such as the one described in
surgery oY because ©¢of problems involving the heart or
pulmonary system.

In order to provide an accurate estimate of cardiac
15 outbut {CO), one may use routines that generate estimates
based on several consecutive heart cycles. The problem is,
however, that such systems may be too slow to warn of a
rapid decline in the patient's condition: a surgical team
must know quickly if a patient's heart flow has just
20 dropped by a large amount, since this may indicate a
constriction that might be harder to detect using other

equipment such as electro-cardiogram devices.
Recursive techniques such as the one described in
McKown, for example, may give an accurate estimate of the
25 general trend of cardiac output, but it may take too long
for the system to settle on the trend value, and the trend
value itself may not reflect accurately what is happening
immediately. Yet other shortcomings of known recursive
techniques for estimating cardiac output are that they

30 require initialization and are not absolutely stable, that



McKown, for exanple, may give an accurate estinmate of the 25 general trend

of—cardracoutput,—but—Tt—TTRy " take 00 0ong for the syStemto settle on
the trend value, and the trend value itself may not reflect accurately
what is happeni ng i mmedi ately. Yet other shortcom ngs of known

recursi ve wo9ora®shni ques for estimating cardi ac out put arPeTASsI7Shey 30
require initialization and are not absol ubely stable, that WO

97/ 15230 PCT/ US96/ 17154

5 i s, undés. cender rrertadgnsizgunstanees, deyndycoatergeverde at gl | to

a useful esti n% £ to a usefu V\Qg{zi' cgeeded is therefore a device that not
only provi des accurate (::'Iata about the general trend of a 5 patient's
cardi ac out put, butWldtsoismboee¢dedeisntbereforensa adeainen ushatomott uenlgnt

flow state. Ther shoul d ref erabl l,so be sone wa ither to
conpensat e for‘,’r%‘f“g?s accuzate i‘%ét ifg?u%o%‘glneti FnF’ﬁéTfalﬁx?éf‘?y P _ aﬁly
recursive 5 paehentjues darliazr e citplit, 0 pader algooudlpolt esthematmore 10
Summary of the,lnvention The | nvE tion provides f‘l nmet hod and a
system for 1RIEANEATIRP DI §5d SUEREREL h_ﬂ?}‘gh Atow r eGNBRE ofSBEUld
patient's bodypréfsasiiynaibe BdidohelFalyNéiQedOto BoMSSIsHY) for, LU 1S
injected as an_indicator input signal with an 15 input signal profile into
an upstream pokfafbn ifgntplyy| sptentipbygiiggtabhdipy eflr Y srepREsiief il e
is a pseudo-rapgdomm; qued ithaty aP8HISEE Ceo tqge?:e e]E':’a€§e&9€p19’f dft8magdicator is

sensed. at a downstream position in ow region as an I ndicator
output signal. For a thermal indicator, this is preferably

10 Summary of the Invention
The invention provides a method and a system for
estimating blood output through a flow region of a_
patient's body, according to which an indicator, preferably
heat, is injected as an indicator input signal with an
15 input signal profile into an upstream position in the flow
region. The preferred signal profile is a pseudo-random
binary sequence. The presence of the indicator is sensed.
at a downstream position in the flow- region as an indicator
output signal. For a thermal indicator, this is preferably
20 done using a thermistor. Cardiac output (CO) is then
estimated in two separate estimator: a local estimator and
a trend estimator. Both estimators estimate CO as a
prredetermined funétion of the input signal profile and the
indicator output signal. The trend estimator forms its
25 estimation based on data over a longer time frame than the
local estimator. The invention thus provides estimated
blood output values corresponding to both relatively fast

and slow changes in blood output.



20 done using a thermstor. Cardiac output (CO is then esti mat ed
in two separate estimator: a |ocal estimator and . a trend estimator.
Both estinmators estinate CO as a predeterm ned-function of the input
signal profile and the i ndi cator output signal. The trend estinmator
forms its 23VR8VISHK i on based on data overoé |l onger tine fFPOHESHARHt he

| ocal estimator. The |nvent|on t hus provi des esti mated bl ood out put

\(;3![ gﬁf correspondl ng 8’-§t h rgl gtl vg(lny {gsérefera%li(} gggl\_/lvrg{@enges | Nl bl ood

PCT/ US96/ 17154 preferred embodiment the trend6estimator iBEheat riedilthan
estimator is pre%)siably recursive. In the preferred enbodi nent the
trend estinator X%al man filter. A frequency-domain

transfer function is preteqaéidly-donaBas Wikthdrek\Wemihdtion N/t pRaflefabiiyt
signal s for each peri od. The measured freguency domai n transfer

functions S5t I‘Fé?%&r%rlﬁ%t‘ﬁﬁihttbﬁ’ ghBPYt f 3Rdp AUEPREC BigRAdst f&%d rbput
estimation. period. hee@@msaé&anki\g&eeﬁéy- RTeBRRs Rt | @@k xlhﬂﬁ?é 10

state pararreters as a pr erm ned optim zatlon function

transfer functi otherahst fanmsdm%&sanebsﬁm@ro@h locak \ang tyendaduksnt and
the | ocal esti ma% THBQJ L£stimates the | ocal bl ood output value as a
pr edet ermi ned ou pqu nct’i on of at |east one of the optinal |ocal
state paraneters. TheTHes Systein padvantegeowssly nde esrmdpeisnedpttimald boale

par amet o> 40 ok B 1, B BrBRRSH A SRR Buldarnl
predet erm ned oubPuthéubcansfenffurictionsmodet and ehet heasptédbtramefdr
state paramet er sy, 20 son vallds! 958 cBl% AL atThhTRl Ot S2RTHELES e
I mprove CO
local blood output value as a predetermined output function
of at least one of the optimal local state parameters. The
15 trend preferably estimates optimal trend state parameters
by Kalman filtering the measured frequency-domain transfer
function wvalues, and estimates the_ trend blood output
value as the predetermined output function of at least one -
of the optimal local state parameters.
20 The local and trend estimators cooperate to improve CO
estimation accuracy and reliability. For example, the
Kalman filter preferably is initialized using the optimal
local state parameters.
The system preferably determines both an
25 autocorrelation value Cxx of the input signal and
converting the autocorrelation value Cxx to the frequency
domain; and a cross-correlation value Cxy between the input
signal and the output signai and converting the cross-
correlation value Cxy to the frequency domain. It then
30 computes the measured transfer function values as a

predetermined function of the quotient between the




estimation accuracy and reliability. For exanple, the Kal man filter

pteferabty—t+s—mtTatrzed—ustgthe—optTa" tocal state parameters.

The system preferably det erm nes bot h an 25 autocorrelation val ue
Cxx of the input signal and converting the autocorrelation value Cxx to
t he frequencwoors@enai n; and a cross-correl ati on val ue Cxychassewagisst he

I nput signal and the output signal and Tonverting the cross-
correlation value Cxy to the frequency domain. It then 30 conputes the
measur ed transf efrequencyreamtertedasrass-coprebstimmiandd sunocbrvalaticme
guoti ent bet weenvyfges WO 97/ 15230
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cross-correl ati on andraetsisrenchetording toveheeivention furtHer dipsledes
according to the invention further includes a pre-filter that renoyes
any | owfrequenc§ r?&eé'élgf:@ﬁdt Bt FSHPVRE PRY é‘&f"’#rﬁﬁ?fﬁﬁy P sEhePYr e
local or treng frofSktheBlindicator Butpht Desgha1 i Befe¥e t Tecdd avd NgBend
Figure 1 is a block diagramthat illustrates the main structural and

functional conpoRERiBaBEOR: pr ef erred 10 enbodi ment of the invention in use

for measuring capdiag Qegcﬂﬁﬁi&a b% gnapht ﬂtn%s Fi gures 2(a), (b),

and (c) illustrate, respectively the srgnal profiles of heater el enent

power, therm stor Figumredatigr 8, bieck diagren- that ol liusdiratesdrbatwain

) L1018 U UEf8ERE 168 Sk St g6 B ifettal ()

correl ation d&taZngdiueng oH 3he iXQention in use gir measuring cardiac
output in a patient.

Figures 2(a), (b), and (¢) illustrate, respectively the
signal profileé of heater element power, thermistor
temperature, and a cross-correlation {indicator dilution)

15 curve for one test of the invention. _

Figures 3{a)~{d) illustrate Bode plots of a fregquency-
domain representation of correlation data according to the.
invention.

Figures 4{(a) and- (b) show a Bode plot of transfer

20 function data with a high signal-to-noise (SNR) ratio.

Figures 5(a) and (b) illustrate a Bode plot that
compares measured transfer function data with a transfér
funciton model used in a preferred embodiment of the
invention.

25 Figure 6 illustrates a temperature noise spectrum

Figure 7 is a block diagram of a trend-removal filter
used in the preferred embodiment of the invention.

Figure 8 illustrates temperature data before and after
trend removal.

30 Figure 9 is a block diagram that shows how SNR is

calculated for a trend estimator used in the invention.



I nventi on. Figures 4(a) and (b) show a Bode plot of transfer 20

function data with a high signal-to-noise (SNR) ratio. Fi gures
5(a) and (b) illustrate a Bode pl ot that conpares neasured transfer
function data with a transfer funciton nodel ~used in a_preferred

enbodi ment JYOPHES230 | nyention. 25 Fégure 6 illustr SHN7154
t enperature noi se spectrum Fi gure Is a block diagram of a

trend-renoval filter r epbadi.rent  of the_.J nvention.
Figure 8 illustrates tl%ergﬁure drkfel&g g'g'%d rﬁuStr?F 'ﬁdt}f‘ enttal .

30 Fi gure 9inm ssleidhl dnbu&mezrmhﬂa*senkeﬂ&énw&t&e Sata isalsed aired
for a trend estiymtor _used in _the invention. 97/ 15230

PCT/ USO6/ 17154 e m"enetlﬁf‘g&?e SEFYES 8 (Fhsoned, 56?’&%‘?14{“‘Hcﬂ%|18§trat es the
way i n whi chpetwilled mgscrapdiognsed tenperature data is used in t he
I nvention to peasure a, channel transfer function. | ed Description
5 Figure® 1 is & @feralit®dapl SEReH?Ja’gﬁeé-‘m APth Hgagrami n9Entihsh for

measuring and di spbanifuh daba a@a&hr&ﬁs and CAiShAGy 04y PEAL D! a%oae“&{at A

signal injection device is ‘hg aced at an upstream position In
patient's cardi seardiacs patput ool & PAGieNtg davsianak 1|€f~13@§é5él°§t<39‘”@I‘(—tﬁvril§ream

10 position.  Fol, ALsUlAl G MBRSEEEMR o 1t{$}F QﬁéCpQ{:'{:I&’x%lsOO%aPélaac

patient, it is advantageous to inject a signal Tnto in or
near the patientsystémhandt @ sensdhonndevice isspiscedheti ¥ edomlsts'reﬁxal in .-

IO:I pr O?(i mal %9 éé:c?sﬂiac?gh q:for acchggtganggnar rtt %rfy t}xgztaladl% output
jection and sensing positions ~are fer 61 or & - assune

order to of a patient, it is advantageous to inject a signal into

the blood in or near the patient's right atrium 100 and to

sense the injected signal in or proximal to the branch of

the pulmonary artery 102. These injection and sensing

15 positions are therefore assumed below in order to

illustrate the preferred embodiments of the invention. The

flow of blood from the right atrium and toward the

pulmeonary branch is indicated in Figure 1 by the arrow 103.

In order to avoid complications from injecting fluid

20 or mass indicators, it is preferable to use a purely

thermal heat signal as the basis of a measurement of the

continuous cardiac output (CCO). In such case, heat is the

injected indicator input signal, and the downstream

temperature is sensed to provide an output signal upon

25 which CCO estimates are based. An electrical heating

element 104 is therefore positioned in the right atrium

100. The heating element 104 is preferably an electrically

resistive element whose dissipated power (heat) is

determined by the current or voltage supplied to the

30 element via a driving circuit 106, which applies electrical

current or voltage to the heating element 104 so that the



illustrate the preferred enbodi nents of the invention. The fl ow of

bl-eeg—Fromthe—+t+ght—atr+umand—towar-d—the—putronary branech—ts—
indicated in Figure 1 by the arrow 1083. In order to avoid
conplications frominjecting fluid 20 or mass indicators, it is

pref erabl e t quodigmsdsopur el y t hermal heat signal as the bmsgssoetriss
measur enent of the continuous cardiac o®tput (CCO. In such case, heat
is the i njected indicator input signal, and the downstream
tenperature i s sdissdpabedr power of otthputhesitingl elpment5 104i £OL1EBEO a

posi troned i n tnEerrgrePaReEdiaf pRSE S ey, RpTERChe eherpeedB &' ©

preferably an el gxbresabryl07. resistive el enent whose dissipated power

(heat) is determ ned by the current, or voltage supplied to the 30,
el ement via a drivi ngS8Pfc Rojir %i%ﬁ’“&ﬂp”@?%ﬁ’%cﬁ?ﬁ%aﬂ“ be ugedoip o

vol tage to the healel igveheiBAt add4d $sidple (02 multi-treq¥Rd/ /sinddBidal
PCT/ US96/ 17154 . . ) 9 di ssi pat ed _power of
the heating el em®iEn2d4 NGPo\RS ais depcxdbeds rithel-8i gRarepk of4.BP80x 23,

which is generatqﬁebﬁoaer,i%@rg&ﬁﬁﬁprliﬁﬁg ‘a spread EPEcEARPLEgn D akbonal

profiles that can be used i the invention are: a single or
mul ti-frequency Siesgsdbedl in U.S| Patlentstioh 5s35%. 6L c(Dixea.i etUal. . PASent

descr bed in U SORAPaE “04/E) 3BY, dc Homtnll 7  SRASLIUNE dGhafl o
1994); and alfeqdescribedsdoar-Svaveasenynalls503, I  (tebdedrech,i 2 UABril
LT ST agheF o e ASioraan ke, |t "B TR, 16"
sequence generated according to a pseudo-random binary sequence
(PRBS) and correlation techniques are used at the
downstream position to extract the flow rate of the blood.
15 The preferred embodiment of the invention uses such a PRBS
heat signal as the injected input signal.

In the preferred case in which the injected signal is
thermal, a thermistor or similar temperature-sensing
element 108 is positioned at the downstream position in the

20 pulmonary artery 102. If non-thermal indication signals
are injected, then the thermistor will be replaced by an
appropriate conventional sensor that detects the presence

 of the indicator downstream.

The thermistor is electrically connected to a signal-

25 conditioning circuit 110, which may be any known circuit
whose electrical output voltage or current is a known
function of the température of the blood sensed by the
thermistor 108. The signal-conditioning circuit 110
includes conventional circuitry for amplification and

30 scaling of the sensed temperature signal, and also known



(PRBS) and correl ation techni ques' are used at the - downstream position
to extract the flowrate of the blood. 15 The preferred enbodi nent of the
i nvention uses such a PRBS heat signal as the injected input signal.

In the preferred case in which the injected signal is t her nal
t hermi stor o™&YAPAr t enper at ur e- sensi ng el ement 108 ipﬁﬂggﬂ"i'g‘ned at

the downstream position in the 20 pul m)narjgfJ artery 102. If non-thernal

i ndi cation signa _are.dnject h ) L. W, 1l be.replaced
by anappropfrarescEndbel PRrof Mireiteh 15 Eebvdrratug <2raptoRs e,
t he indi cat or dowespeeature signal FHe)t herdigital iforel €otrpratégsizmnnect ed
to a signal- 25 <conditioping.circuit 110 e any kno ircuit
whose electrical outp evgﬁ? b%goFEE’ﬂ??tén{'o%Ngaﬁ k émgﬁenf%ﬁ:?‘f \(I)\ﬂoéf arfie
terrpelrat urg of t beelbbopaBlypancuit dty d;hﬁedl agaetnastw naEQBithe Bietal e?d
signal -conditioning circuit 110 .includes conventional circuitry for
anpl i fi cati on>an8%38 cathatsty UP‘FH@%é’g‘aengﬁénﬁéq%ﬁyél’éi%aqt{e PRG18P%0

known WO.84/ thgddded into and through the vein until the heatin
PCT/ US96/ 17154 10 anal og-to-digita

(A/D) circuitry edemenycand the shermiwkars reachtehgiar sperating masipienst o
digital formfor ngkQcC gﬁ'r[}?m ; h i | ]
therm stor 108 a;rielrlg t?épre eFaéwaﬁ%hn%S'nsggéeﬂgé%aegggg%e(J)I?&n?agrgc%gg’ed
distal end 5 of fartheheter, which is then fed into a vein of the patient

and t hreaded 4i,nt 0 and r e ' s atin el enen nd
the therm st (:)l‘r0 reach Fﬁgi opgrggt F‘*ﬁ'&%%;%tfﬁ%ﬁ?% q:%e'l'hlegt?zéc%lnelmqe%g ?‘gilWel I
known and is thetbhiéobtood] thkecthéexistor fLOBt hand e circullatopiysiyetém

system defi ned by Lhe heatet, el et 0, s 112 Rlgelhel NeLIELLSL oL
"channel" through which heat signals propagate and are
changed. Note that even the heater element and thermistor

15 cause changes: the heater element cannot instantaneously
change its output power and temperature to follow the PRBS
pulses and the thermistor cannot perfectly track the
continuous temperature changes in the blood that flows past
it.

20 Conventional power and clock devices are preferably
included to supply electrical power and timing signals to
the Qdriving circuit 106, processor 107, and the other
components of the invention. These devices are neither
illustrated nor described further since they are well

25 known. '

The signal conditioning circuit 110 is connected to
pre-processor 112, which performs such functions as
removing drift from the sensed temperature signal y(t)
{preferably using a moving-average filter), and storing

30 previous y(t) values in a memory buffer y_mem (not shown).

The pre-processor 112 1is connected to a correlation



fromthe heater to the therm stor together constitute a "channel "
—through—whithrfreat—sTgmat s~ propagate_and_ar e changed. TNote That even
the heater elenment and therm stor 15 cause changes: the heater el enent
cannot i nstantaneously change its output power and tenperature to
foll ow t hewBRB®#5230 pul ses and the therm stor cannot per PEEMUSYATEHCK t he
continuous tenperature changes in the bl ddd that flows past it. 20

Conventi onal power and clock devices are preferably . i ncluded to supply
el ectrical poweFoeREor hildg Waiflnhas @5 outprk fgnAlfy ther ERFFSLRRion
processor 107, o8 1 cNha cay C YB RN SpRE gg;&.alnva@t)l @fcn iddhese
devices are neither illustrated nor described further since they are
wel | 25 knownand with the Eensedgtgmpeshdte i 9idnad oi{tdui respectivelhnect ed
to pre-pro, S A8l tizQn rﬁ’m)‘mng
drift fromt heﬁgéen‘g%r erﬁg'\ggag %ngé%g#\? ?‘l(]ﬂl’“ftg’%( %rge?' 8?%%?§/e%5| ng a

novi ng- aver geifpht a0 a arhniesto)-rfﬂg;uiéﬁcypdemabmsozy("tF)ou\ra'.Iemesprmessrmmr y
Eg: ]; glr a%/i—gﬁm (ffé, S‘,Hﬁ‘\%%) grﬁfl%rf;gei‘f S EBIAS TRt e 1 d S SUMARELEY P

PCT/ US96/ 17154output signals from the processorll16 inchide esSméashired Whi ch
has as out put si n%s the correl ation rofiles x and Cxy, of, the

i nput si gnal Xt.{z?n [T fyRetyon Hxyonas,iwell s sERec FreaHpReY (Rmainnal

y(t), respecti¥y&b¥esentatibhe SRk Mdtd:8N dF @xRSERE SCHRLA output is connected
as an

10 The preferred structure and function of the various
processors 112, 114, and 116 are described in detail below.
Any or all of these processors may be implemented as
dedicated processors, for example using conventional high-
speed digital signal processors (DSP's) or may be

15 implemented in a single processor or processing system,
including the processor 107.

The output signals from the Fourier processor 116, in
particular, Hxy, are applied as input signals to two
separate but cooperating estimators: a local estimator 118,

20 and a trend estimator 120. These estimators, which also
may be implemented using dedicated processors or within any
other processor in the system, have as their primary output
signals estimates X_local and X_trend of a state vector X,
from which continous cardiac output can be determined. As

25 Figure 1 shows, however, the estimators also supply data to
one another to improve their respective estimates. This is
described below.

Both estimators 118, 120 thus generate estimates of
cardiac output. In general, the local estimator 118 will

30 generate stable estimat'es that more closely track rapid

changes in cardiac flow than will the estimates of the



5 input to a tinme-to-frequency domain or "Fourier" processor 116, which
preferably perforns Fourier transformation. The out put signals fromthe
processor 116 include a neasured transfer function Hxy, as well as the
frequency- donai n representations Sxx and Sxy of Cxx and_ Cxy. 10

The preferred@¥Wre and function of the_ yarious pr pUATIEY o

114, and 116 are described in detail bel ow 12 Any or all of these

P re omvent, ondiretiy REELRSEoE 320, whTFh P &GP HRAERE kg Slertien b irhs,
may be 15 inpl eneRice@ion 2afii BBLE GHOERSS Gn @ithe@sessi Phef I} both,

I ncl udi ng the processor 107. ._.The output signals fromthe Four.ier
processor 116, irPf twopmpdesy| dp ak§tat @osdsy rRdWBiCh Fhgt useH T SiVEn: wo

separate but COORES ddrly @BLiNBEE' 8§t FottMRloudSichRigE ddfput 2bct)d any end
estimator 120. These estimators, which al so may be inpl ement ed using

! A Yy, , ] :
dedi cat ed procesFdr £ orrgngdfii peday in whigiethe yeexsés ghvemecinimmationgye
as their primry :EHLQ—I t ] X ¥R, 2 tate
vector X, fro:(r%i\%?nﬁlﬂ%ﬁ ié‘(’)n?(l5 nous%ceg@d?:gg{‘%%t%ﬂut can geég%éetfe%&réegd.ﬁg. 25
Figure 1 shows, lwewepreferied efok maears rdado-tdmepimondatoring of aommpid

another to inprove their respectixe fimates. _This escri bed, bel ow.
Both estinmators fﬂffomtlﬁ%‘é)t g@r? ré’?%péé% ?'n;ftoé:se’é ple, (?é’rl PEE G (p%fﬁ“.g In
general, the | ocalitesaition oor 1tiHe Wiynamid0CO gelretr aiceustalvhen es tpatieast tilsat

more closel y 44 ack rapidee or UAMASE LSl 1aCeELON TR LLnd ot 1
preferred for detecting a gradual change in CO due to, for
example, fluid depletiocon, intravenous fluid addition, or
the effect of a drug intervention. In the clinical
setting, for example, an anesthesiologist during surgery

15 will prefer will prefer the patient during time-critical
surgical events. A physician on rounds, however, will
generally prefer to see trend information since it better
indicates more gradual changes in a recovering patient's
status. The relative operation of.the two estimators is

20 also described in greater detail below.

The state estimates X_local and X_trend, as well as
other signals (described below), are then input to error -
detection circuitry, which examines the signals to
determine the presence of such disturbances as catheter

25 disconnection, bolus injection, and electro-magnetic
interference. If the error detection circuit detects such
problems, then it signals the processor 107, the estimators
118, 120, or some other processor as needed to edit out
faulty data, cause the system to reset, or some othér

30 recovery procedure. This is also descibed further below.
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2- tTremd—estT et or 120, Wt Cih Detter tracks 1l ow trends. The

i nvention can thus operate in either, or preferably both, of two nodes:
1) a "stat" node, in which the user is given an early estimte of
conti nuous wrensmeout put (CCO); and 5 2) a "trend" nodepCrusedm7ess t he
user is given information relating to33onger termtrends in CCO The
stat node will be preferred for near real-tinme nmonitoring of a rapid
cardi ac output (CO F&sponexrofsr asga@prtecteél | théngtatelr ggtimates tazei on,
or the dynami ¢ g.tpat ;060 URBWRSAASBBE 3%, | SrdlnC WHIGGkLeOfial i ac
bypass procedures” The tren pref for ect I'ng a gradual
change in CO dushbpt-term or estapteCccoOI ast:lmmpé eraansl, arrd raavecousxéndi d

addition, or he effect of dr I pt er veng i,on t he clinical
setting, for exé’tﬁ}b?"&a e hest h cﬁu‘gﬂ\ SduTT é’ysﬁpﬁe?%ﬁ]ﬁc’\ﬁeﬂs%r%f%r
w il prefer sheamaeuegéa(hndag t| rre critical surgical events. A
physi ci an on rounds, _however, generally prefer to see trend

i nfor mati on since itEFHRatef. thel rﬁﬁ%ate(%l%F%s grPEGu PR MR e @) nigput

recovering patlgmgnals cosaahusndﬂ@ af-‘éﬂtawesﬁ%ehahn@n phitheai¥plays
estimators is 20 also described in greater detail The state

esti mates X | ockheaGe0 alues insapy| fdesired foé'!ﬂher SI gnal s (descri bed
below), are then inpy ¢ Eﬂé:re%rred SUBAHAL S Ol Lientibh gﬁﬁ{%\%ﬁs t he.

signals to determne t résence of such dr sturbances as’ cat
di sconnect i 88, dbdhuion jafi &be b-h?odaml usadecpréwa: flow.| nEar@tah@nce.

the processor 1BGECFnoofS: SRILEEURELS dhoclhy yoschbSR BEBLLIE ad ENEE o
needed to edit measuresftéthlosd demparsturee dsyssenedm t@ﬁe Iow Stine
other 30 recovepy pEoGedlr Sauddd S ehd A SPu®REaLe L R "o PehAMye in
between. Although, as is mentioned above, various heat
15 signals may be applied successfully, the preferred heat
signal is pulsed as described in Yelderman (US 4,507,974),
that is, it is applied as a pseudo-random binary sequence
{({PRBS), whose properties are well known. One advantage of
the Yelderman method is that the spectrum of its input
20 signal is "flat*" {many  freguency components of
approximately the same amplitude over a given range) enough
not to be "drowned out"_in the noisy cardiac environment.
Another advantage is that it is easy to adjust so as to
better avoid noise frequencie.s (such as the strong
25 component at ventilation frequency and its harmonics) by
the noise frequencies typical in a patient -~ see McKown
{US 5,146,414). Yet another advantage is that the PRES
signal 1lends itself well to detection using cross-

correlation, and the cross-correlation function is itself

30 useful for flow estimation.
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13 If no errors are detected, the state estinmates are i nput
to a CCO processor 124, which cal culates both a short-termor "stat"
CCO estimate CCO 1 and a CCO trend estimate CCOX. The fornul ysed by
the CCO procewex®71838 5 di scussed bel ow. Finally, PFIT@’?%%‘ 4
estimates are applied as input signal s t¥ a standard di spl ay system
126, which displ ays t he alues in any desired form Ln.the
preferred enbodi ment obet Hé”?cﬁgex’ﬁ Bﬁ,e ?%‘é?%ppidedngu%%rPeoq’te[rhglﬁf“ 8@5 i s

used to determ ne (hkOW PpRBEZ)Ot P (t) bLWOEtHE, measur@p|bEsod azimpeiraznre at
upstream position and then measur es the bl ood tenperature qownstreamto
N i GLOSS-—
|

see how t he bith§d PHIMERARR] FFLIpuPIGeaCHFGREIEL o RS

between. At houQr&or@él%éi&?er. AN@AqaPOV eerddd i ViTelglionSis S Giallls kieymbe
applied successfully, the preferred heat signal is pulsed as descri bed

in Yel derman (8S 4o50epe7Mhat indheates hpw jweldpptved ddffgreaeyddon@idom
bi nary sequence , _(PRBS) .. S8 ‘fgﬁSI i LN . Ongnadyantgage
of t he Yel der rrg‘ﬁ(tﬁgt %’d Ygspt%é?f eép%%lt%i(r%n’e\gﬁ%nt‘s I nput 20 §si gnal

i's “flat" ( mamethofir empyenbeg usedporentsrryofout thgpeoessregaiselatdosane

anplitude over a given.range) enough not "d &2k on!
noi sy cardi ac env%%ﬁﬁ&ﬁ‘??‘gn)s *Rno deerr a vaﬁlﬁggggﬁéet %gt\énit [ gtlggs;/&%%)
adjust so as to givies! ithie kfoand inpatspowér egigmal es(t) such thes meadsured

strong 25 conponent at ventilation fr %%Lieng\é and its harnonics) by t he
noi se frequenci®s HEFPRTALUFR QUIREY diognal ¥4&) pekown (US 5, 146, 414) .

Yet another advantage r3ghbas 3 (0 -RBBSshow, Hepprktioally, idrs ekhmpbe off @wo
detection using cross- correlation, and the cross-correl ation function
is itself 30 usefdelesr of GReeSUChaFRES, heater element power signal {x),

the measured downstream pulmonary artery blood temperature
signal (y) for the given PRBS signal x, and the cross-
15 correlation function Cxy of these two signals.

As Figure 2(a) shows, the PRBS signal is a series of
pulses that have two states: ON, in which maximum power is
applied (in the figure, about 9.5 W)}, and OFF, in which no
power is applied. Each state lasts for a minimum pulse

20 duration Tc, and the PRBS cycle lasts for and repeats after
a predetermined number N of states. (The numbers N that
create any of the preferred maximum length sequences can be
determined using known formulae. In the illustrated
example, N=15). As the figure shows, a PRBS does not just

25 “toggle" back and forth between states after each time Tc,
but rather state transitions follow defined patterns
depending on the chosen number N.

Note that the peaks in blood temperature y occur about
eight seconds after the corresponding peak in the input

30 power signal, and that the peak in Cxy accordingly occurs
for a lag of about eight seconds. Note also that the blood
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14 tet—x=x{t)} be—thepower—apptTed—tothe heat er—etement - (as
a PRBS), y=y (t) be the nmeasured bl ood tenperature at t he pul nonary
artery, and Cxy=Cxy(t) be the cross- correlation of x and vy.
Cross-correlo¥n@isel S a well-known 5 concept that indi caorauseewisel | two
di fferent signals "match up" at diffesnt relative tinme |ags. Any
known met hod may be used to carry out the cross-correlation

cal cul ati ons i mactsdepptoxitedtely e hdowupass ofiildex t9df the dinpet hkatknown
i nput power signal x(t) .and th ured 10 ergLure, out put I
iy Uionat o SEE pOFaLP Poupcert S SRaRe ol . Bus vEff
cycl es of one th&hsﬁRﬁS heséerami dallls pemebtne@rwﬁf'(x) This ishasmeasured
downst ream pul nonary artery bJ ood tenperature ) for ¢ gi ven
PRBS signal x, WgHdd; f¥PEFbss3ings té’t?rnr%éP&f’i Sﬁn‘F‘ﬁ"nc‘?‘? 31‘?’6?@3 &f Fﬁgégfk’
signal s. 5 as ¢ife Fhatend(2hemBAYS, dnde AFSS sisse! t'h%ré sif | Beaof
pul ses that have two states: ON, in which naxi rmmci)ower applied (in

the figure, ab&¥engpgriybetwreromegions pEckhedblood At |f§-°H§pFP@Grd Each
state lasts forpa PholAIEedul se 20 duration Tc, and the PRBS cycle lasts
for and repeats after a predeterm ned nunber N of states. (The nunbers
N t hat create aiﬁy canthe ghavetheoretitaliy | é5rR.h f@é‘qméeeahh@e

det er mi ned usi oy f | LLu ’ﬁﬁt : 15) .

As the figure 2%0 ﬁ%@%ges Aot Arj{kuls &4 b&( é%%é} t:bac %Lg J‘t"\'z

bet ween st des oatpet Gm:)h isi mavéxsely probqrtxtatdiertostheea:teaanmdteronlsef ol | ow
defined patter _ di hgghosgn number N, Not e t hat
t he peaks in b? 88°1 %%er a#ulr"g'gfugg% bou : ei ght seconds after the
correspondi ng peak in the input

CO = K =
AREA (Cxy) s
f cxy(t)dt

t=0

Equation 1

where s is chosen large enough that the truncation
erroxr is less than some predefined@ threshold and where K is
a parameter that is proportional to the average heater

15 power.
Since Cxy is calculated (for example, in the processor
114) and known before being input to either of the
estimators 118, 120, one would at first think that two
estimators are unnecessary: after determining the parameter
20 K through calculation and calibration, one would have the
value CO and thus the "answer" one is looking for. One
problem is, however, in the clinical environment, the
temperature data is typically too noisy to provide Cxy data
that will integrate to a reliable estimate of cardiac

25 output.



30 power signal, and that the peak in Cxy accordingly occurs for a lag
of about eight seconds. Note also that the bl ood WO 97/ 15230

PCT/ US96/ 17154 15 acts approxi mately as
a lowpass filter of the input heat signal: y has roughly the sane
general sha¥@942¥® but with - the sharp rises and: fal | BCTUS6H74d of " .
This is as one woul d expect, since t hd®l ood cannot be Eeated as

rapi dl 5 as the heating elegent, .and_al so since.there is heat

trgnspgrt bet ween ré%foﬁg S?Pg%én ?ogﬁlﬁg'iF | HepbkaRd uses tthe two

t herm stor. differdntc esthmachsvid peocess GAlorkahshsy-ddtaifX epRhSred NE
Yel derman patent) and confirned by experinent that cardiac 10 output (CO
is inversely pr’o'%}b?rt’i%&'lepfﬁs?%?%‘a%n%? RRRS crosgreppredatiena@atm. curve

Cxy. Thus: [errfhe inventors havéedifsdoveradOsEL: | %;ggﬁ]@pgig.g, dtggxseélbe

truncation error is less than sonme predefined t where Kis
a paraneter PhatYstemideatifisation theoryyanddgey Hiunther] Brpoeesing the

Since Cxy is ¢ eggéé éﬁ?@ﬂﬁa, [ e o] 1 and. known
bef ore being i?l%%t%?% elt %:a 0 the%a' ratlec'tsLJtZ!"i ﬁ%{cgggﬁélgfeﬂgo}%g%?%iﬁrﬂ at
first think thatanwle obtained as well as a short-term "stat-mode"

estimate that can provide faster estimates for continuous

cardiac output (CCO) monitoring.

10 One assumption that is common to all CO estimation
techniques based on thermal dilution, including this
invention, is that heat is conserved within the blood
vessel. 1In other words, one assumes that the heat that the
heating element 104 applies to the blood does not leave the

15 blood, at 1least not until after it has passed the
thermistor 108 -- the heat does not flow into or out
through the walls of the blood vessel. It is knbwn that
this assumption holds good for physioclogical flows and for
small temperature gradients between the blood and

20 surrounding cardiovascular tissue.

Another common assumption is that the blood is well
mixed by the right". heart, at least by the time the blood
reaches the thermistor. Together with the assumption of
conservation of heat, this makes it possible to estimate

25 the total system flow by measuring the associated
temperature signal at any outflow for a flow system of
otherwise arbitrary inflow-to-outflow structure.

Unlike other systems for estimating ‘cardiac output,
the invention uses to advantage one further assumption,

30 namely, that the relationship between the heater element
power and the pulmonary artery blood temperature is both



estimators are unnecessary: after determ ni ng t he pararreter 20 K through

ca ; al ue CO—and—thus—the
"answer" one is |looking for. One problemis, however, in the clinical

envi ronnent, the tenperature data is typically too noisy to provide Cxy

dat a thathJ'/)lth egrate to a reliable estimte of cardpagngssn9issput .
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16 As is explained below, the invention uses the two

different estimatbimedrd pindcesime-ifrvatianty- dormmiese! I tisf @ropertigsctamn

representation of the PRBS cross-correl ati on data. . The inventors, have
di scovered that b§OHMIN nFtR% eﬁia‘f' st FERFRITILARG; & TIRERTy HRE by
further processi ngné¥dEiant @%&&ﬁd(ﬁﬁ@ﬁ! ature data, nore accurate trend

i nformation can be obtained as well as a short-term "stat-node" |
estimate that can proihf asgemeEienthas: fher ghapest jif Gudinear cgystem is
out put (CCO nMBNi £Q4ddKhbI since ¥ HRSIHBY | Gt NAcd SndrfHEION i £l RedtO
estimation techni ques based on thernal dilution, including this

i nvention, is thapulres |sel:aﬁ%ermqnttlnnﬁtehne bE@odincrenentsdl . Qutmither

words, - one assuegeddal, fie Neale LRBERLNC eopeciSRi) NG LETEAL, 14,3001 45

to the bl ood does no Sast not untiT after

passed t he t hmmananures&hat tare bBppliedeais ddmitedw timﬂ::ca@rtbeutblood

t hrough the walls Q bI ocgl1 vessi%l F[ ss known halt1 most |Ss assurrsptlon
hol ds good for phy5| og| G oW 35 89‘ tus %'?r%?’ errp%sf atcuafeesgrcaa ent s

bet ween the bloodtissheOdanageundiThg amaxlinraskedtsr t sestace temperatined her

t t, t b th t h, { t
fggg?nb)al'stslﬁlgpt : (r)rg iiogegﬁadgdgﬁe proeofder ed emiaodlmm Xec% %e 1;e1v<-r31|'1 :{]on :|.esar45 a

degrees Celsius, which is known to be safe. The assumption
of time-invariance is also reasonable as long as changes in
blood circulation occur slowly relative to the rate at

15 which consecutive measurements of x and y are made.

Assume now that the applied heat signal is a PRBS wave
form. The total heat energy in calories applied to the

system during each PRBS cycle can be written:

N-T¢c
Heat_in = k' f x(t)dt Equation 2
[
where:
20 k, = a predetermined heat unit conversion constant
{= 0.239 calories per second per Watt for
unit conversion from Watts to calories);
Tc = PRBS state duration in seconds;
N = number of states per PRBS cycle;

25 t = time in seconds;



reaches the therm stor. Together with the assunption of conservation of
heat, this nmakes it possible to estinmate 25 the total systemfl ow by

measuri ng the associ at ed tenperature signal at any outflow for a flow
syst em of otherwise arbitrary inflowto-outflow structure.
Unl i ke ot heWO&8y/4%28hs for estimating cardiac output, t RET/USRSAMS on uses

to advantage one further assunption, 30 ndfely, that the relationship

bet ween the heater elenent ... po nd .t he pul nopary artery bl ood
tenperature is both x(E) = thev%’éﬁ‘i@ﬁf?? Dower signal (Watts)

PCT/ US96/ 17154 = P (maximum applied poyer) when jtheaPRBRd
time-invariant. These two prog%ﬁ’f@s 15508 and  commonly stated toget her
as constituting a |inear <t Onhen the RKRRS siona)sisPKETI S). The

assunption that the channel is a linear systemis 5 reasonabl e since it

inplies thatsi ncr eniealedtdilingdalenerayP ¥ 5Eng Chill ST AROTLLANG! 6Ly 10

i ncrenment al out put tenperature wave forns, especially si ange
of t enper ateAes BRES cacdeapah kel wsittem:t ed: to heat the bl ood

above about 50 degrees Celsius would in nost cases cause 10 tissue
danmage. The maxi mum heater surface tppgperature. allowed in the

known to be safe. The assunpti én

preferred enmbodi mefipa® ke < !p;\éeptaoe. if ¥#ot) at dgalrlgtt_?lsonCe:ls sius, which is

where:
k, = a predetermined flow conversion constant
= 1000/60 cm® per second per liter per minute;
10 F = total system volumetric flow in liters per
minute;
d = blood density = 1.045 in grams per cm’;
c = specific heat of the fluid (blood) = 0.87
calories per gram per degree Celsius); and
15 y(t) = outflow temperature signal in degrees Celsius.

The assumption of conservation of heat in the steady-

state means that Heat_in = Heat_out, or:

N-Tc ' N-Tc
k" [ x(t)dt =F- [ y(t)dt  Equation 4
o] 0

where K'= k,/(k;-d-c) is a conversion constant with

units of degrees Celsius per Watt times liters per minute.

20 For blood, with the given units, K' = 0.0158. Note that a
similar relationship can be derived in a known manner for

any periodic power signal, for example, the multi-sinusoid



of time-invariance is also reasonable as |ong as changes I n bl ood
crrecutatTomrotTur—Stowy retatTvetotie Tateat— 15 whi ch consecuttve
measurenents of x and y are nade. Assune now that the applied
heat signal is a PRBS wave form The total heat energy in calories
applied to {fysasesSystemduring each PRBS cycle can be M@*ﬁﬁﬁgyr"54

Heat in = [err] Equation 2 1owhere: 20 K[ err] = a
predetern1ned heat unit conversion constant _ (= 0.239

cal ori es per sempdtpeaga\altdéebnbed in the Newbolve®0PatieRitON andO BNt t s
to calories); PRBS state duration_in seconds; N
= nunber of staf%%eiﬂHSRQQ§§uEy%?QPt sjgnals degcribed ipkhe Pixgp pEal-
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18 x(t) = the applied PRBS power si gnal (Vatts) =
(maxi mum appl i ed povia¥ thscASPWEP g that the system is linear andrizimg s ON

and 5 invariant (LTIS) means that the output y(t) is equal to the

P

convolution of the input x(t) and the impulse response of
the channel. As is well known, the impulse response
function of a system describes the way in which the system
responds over time to an instantaneous application of a

10 unit of energy. As a simplified example, imagine that one
were to strike a bell with a hammer with some unit of
energy. The ringing of the bell (which lasts much longer
-- theoretically, infinitely longer -- than the strike)
would correspond to the bell's impulse response. If the

15 bell were a perfect LTIS, then the frequencies of the
ringing and their relative duration would perfectly
characterize the bell itself.

In the context of the invention,

N‘T¢c
y(t) = de- f h(s)-x(t-s)ds Equation 5
[¢]

where h(s) is the impulse response function of the
-20 channel and dc is the zero-frequency gain of the LTIS.
Therefore, {(Equation 6):

NTc NTe NTc
K [ x(t)dt =P- [ dc* { h(s) x(t-s)dsdt
'[ '(( ‘[

N-Te N-Tc-s
F-dc- | ds*his)* x{t) dt
Fasnior "]



= 0 when the PRBS signal is OFF. 5 The total heat energy flow ng

out of the systemfor each PRBS cycle can be witten:

NTc Heat out = [err] Equation 3 wher e:

k[err] = a predeterm ned fl ow conversion constant = 1000/ 60
cnferr] pewaemsead per liter per minute, 10 F POTHRNIBHSt em
volunetric flowin liters per m nut e; d = bl ood
density = 1.045 in grams per cnferr]; 20 C = specific heat of the
fluid (blood) = 0.87 cal ories per gram per degree Cel sius);
and 15 y(t) = outflow tenperature signal in degrees Cel sius.

The assunption of aconegraicropvelr (watiPRES bb'elst}eiaéﬁ;ds the samé enuideRs t hat

Heat in = Heat.out Equat i wher e
K = k[err]/(k[l&l‘iePﬁPeFPfc()’f the s&&%@éf‘% BRLRENSE rﬁ‘% th units of
degrees Cel si uEqguati¥étyytines liters per mnute. 20 For blood, with the

given units, K = 0.0158. Note that a simlar relationship can be
derived in a known manner for any periodic power signal, for exanple,
the multi-sinusoid
NTC~s NTc
f x(t) dt = fx(t) ac = BTe-(N-1)
-5 0 N

This factor is common to both sides of Equation &6 and

5 can therefore be factored out, leaving:

Ntc
= £+de- | his)-ds
[

But since the integral over h(s) is unity, then

KI
F = = Egquation 8

which yields the desired relationship between the
volumetric flow F {the CCO estimate) in liters per minute
and the channel's LTIS direct-current gain, dc, in degrees

10 Celsius per Watt.
The LTIS gain, dc, is the zero-frequency value of the
channel's fréquency response transfer function, Hxy(w),

which is defined as:

Y{w)
X{w)

Hxy (o) =
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IO mputTsignat described T thne NeWbower pat ent, and the

spread- spectrum i nput signals described in the D xon et al. pat ent .
Now t he assunption that the systemis linear and tine 5 invariant (LTIS)
means t hat wid@nespput y(t) is equal to the convol ut iperusbheiress | nput
x(t) and the inpul se response of theerxhannel. As is well known, the
i mpul se response function of a system describes the way in which the
system respondsnoviss dommextoofinthasimndrsmiemys application of a 10

unit of energy. As a sinplified exanple, imgine that one were to
strike a bell with a hamrer wgth sonme unit of energy. The ringing of
the bell (which |ast ch n . =5 eoretigal jrfinitely | onger
-- than the strike) §waotjilcg g{(rse)sfocéﬁds{%gt he be ﬁg“%yi.?#pg se response. |f
the 15 bell were a perfect LTIS, then the frequencies of the ringing
and their relative duration would perfectly characterize the bell
itself.
' where h(s) is the impulse response function of the
channel and dc is the zero-frequency gain of the LTIS.

Therefore, {(Equation 6):

¥l NTc NTc
K"f x(t) dt = F-f de - f hi{s)'x(t-s)dsdt
0 0 0

N-rc ] NTc-s
= P-dec: | ds*h(s)" x({t) dt
[asnier"]

5 Integration over one PRBS cycle yields the same number
independent of the starting point, so that
{Equation 7):

NTC-8 . NTc
t)adat = dt =
f % {:ﬂt) t

P-Tc- (N-1)
N



In the context of the invention, [err] Equation 5

where h(s)

I's the inmpul se response function of the 20 channel and dc is the

zero-frequency gain of the LTIS. Therefore, (Equation 6):

[err]
20

WO 97/ 15230 PCT/ US96/ 17154
WeoEY23M i on over one PRBS cycl ezzyi el ds t he sanBCHUSA7154

This factor is common to both sides of Equation 6 and can
therefore be factored out, leaving:
Nte

K' = £-de- fh(s)-ds
0

But since the integral over h(s) is unity, then

KI
F =-EE Equation 8

which yields the desired relationship between the

5 wvolumetric flow F (the CCO estimate) in liters per minute and

the channel's LTIS direct-current gain, dc, in degrees Celsius
per Watt.

The LTIS gain, dc, is the zero-frequency value of the

channel's frequency response transfer function, Hxy(w}, which
10 is defined as:

Y{w)
X{w)

Hxy (@) =

where Y{(w) and X(w) are the Fourier transforms of y(t)
~and x{(t), respectively, that is:

Y{w) = Fly(t)] =fy(t)-e"i°=’ at
0

X(w) = Flx(t})] =fx(t).el-jm:)dt
0

where w= frequency in radians per second and j = /-1



i ndependent of the starting point, so that (Equation 7): [err]
This—factor—5 conmon to bottSTdes of Equatiton 6 and 5 can therefore be

factored out, |eaving: [err] But since the integral over h(s)
is unity, then [err] Equation 8

whi ch yi el dsyigwsdgsi red rel ationship between the vol umwiorruseéniTese F (t he
CCO estimate) in liters per mnute and t3dge channel's LTIS direct-current
gain, dc, in degrees 10 Celsius per Watt. The LTI S gain, dc, is the
zero-frequency val ue of the channel s frequency response transfer
function,

HKY([err])Y(w) = dc + H{w) + X(w) where:

- N-Tc
H(w} = fh(t)-e"j'“’ at = fh(t).e(-jat) de
° ) .

Solving for the LTIS transfer function Hxy{w) provides:

Y{w)

Hxy(w) = X(o)

= de-H{w) Equation 9

Setting w=0 {(zero frequency) and recognizing that EH(0)=1

identifies the LTIS gain parameter dc as the zero-frequency
5 wvalue of the system transfer function, that is, dc = Hxy(0).

This also gives one way of computing the system transferxr
function Hxy: sample the wave forms x(t) and y(t), then
compute the discrete Fourier transform of each of the wave
form using any known method to provide X(w) and Y(w),

10 respectively, then do point-by-point division of these
functions to give Hxy.

In the preferred embodiment of the invention, Hxy{w)is
determined as follows. First, x(t) and y(t) are individually
cross-correlated with an ideal, zero-mean PRBS to produce the

15 respective cross-correlation wave forms Cxx and Cxy. It can
then be shown that:

= Sxyle)
Hxy (@) (o)



which is defined as: [err] . WO 97/ 15230

PCT/ US96/ 17154 21 I'n the context of the
i nventi on, [err] Equation 5 where h(s) is the
I mpul se response function of the channel and dc is the zero-frequency
gain of the WQ%/15230 Ther ef or e, (Equatiog46); [ RGR/YS6/17154
where:
Sxx{w) = FlCxx(s)]
Sxy(w) = F[Cxy(s)]

10

15

20

25

s is cross-correlation lag in seconds; and
¥ indicates Fourier transformation.
In this method, the number of elements in the computed
Cxx and Cxy vectors is equal to the number of samples in one
period (PRBS cycle) of the x and y data waveforms. This
number, the samples per run (SPR) is:
SPR = N * Tc * Fs

where
N = the number of states in the PRBS
Tc = time duration of each state in seconds; and
Ps = the number of samples per second, that is, the

sampling rate.

Por typical values such as N=15, Fs=10, and 2 < Tc < 4,
then SPR ranges from 300 to 600. In systems such as McKown's,
Tc is adjusted in increments of 0.1 seconds in order to
improve system performance by avoiding frequencies that
contain large noise components.

Figures 3(a)-(d) show standard Bode plots of Sxx and Sxy
in one actual test. Note that Sxx is essentially zero-phase.
Figures 4(a),(b) show the corresponding Bode plot of the
measured transfer function Hxy, which was computed as the
ratio of Sxy and Sxx.

In practice, the inventors have determined that it is
sufficient to measure Hxy only at the frequencies where X(w)
has significant power, that is, at the most dominant

frequencies of the heat input signal x(t). For a PRBS input



5 I ntegration over one PRBS cycle yields the same nunber

i
WD 97/ 15230
22

I ntegral ov
Equation 8

; ion 7): [erT]
PCT/ US96/ 17154 '

This factor is conmon to both sides of Equation 6 and can
therefore beyWaei@imnd out, |eaving: [err] But roTgs96AT18

er

10

15

20

25

h(s) is unity, then 25 [err]

these are the lower harmonic frequencies located at ®, =

n/(N*Tc) for n = 1, 2, ... m. In tests the inventors have

found m=10 to be sufficient, but more or fewer than ten
frequencies may be inclﬁded; the actual number may be
determined using conventional simulation and experimentation.
By way of example only, it is assumed that m=10 below.

This means that the transfer function Hxy can be
adequately determined by only m complex numbers (each of the
frequencies is complex) Hxy(w,), which categorize the
relationship between the power signal x and the temperature
signal vy. This represents a great computational saving
compared with the 300-600 complex numbers required just to
represent each of the functions Cxx and Cxy.

Characterizing the input-output relétionship based on the
transfer function Hxy rather than on the area under the cross-
correlation curve Cxy has at least the following advantages:

1) Efficiency of representation: only ten complex
numbers are required instead of the 300-600 (or whatever SPR
is for a given application) for Cxy.

2) Noise whitening: the noise is often almost
uncorxrelated between the elements of Hxy but is highly
correlated between the elements of Cxy.

3) Baseline subtraction: using the transfer function
inherently avoids the problem of estimating the baseline of
Cxy, which is difficult in the presence of such low-frequency
noise as is normally found in the cardiac environment.

4) Efficiency of mathematical modelling and analysis:

the transfer function approach allows a simple Fourier



which yields the desired relationship between the 5 volunetric flow F (the
CCO estimate) in liters per mnute and = the channel's LTIS
direct-current gain, dc, in degrees Celsius per Watt. The LTIS
gain, dc, is the zero-frequency value of the channel ' s freg'tssenc_}/
response traM@®¥1588nction, Hxy([err]), which 10 is:defineRFTAESINTIS4 o (]
where Y([err]) and X([err]) are the Fouri er 26r ansf or ns of y(t) and

K esPet e R iasenthBibh af, it/ ShEehSHdd LASEUARE o

PCT/ US96/ 17154 indicator dilution. This has the added advantage that it
allows the use of particularly robust routines for estimating
the parameters of the chosen model.

5 As Equation 9 and its development imply, if the uﬁity
gain transfer function H(®) or the impulse response h(t) we#e
known, then each single one of the ten respective complex
numbers would be sufficient to provide an estimate of the

steady-state gain, dc, as follows:

Hxy (0 )
de(n) = ——ae forn=1, 2,...,10
H(mh)
10 Each estimate of dc would then provide an associated

estimate of cardiac output by dividing dc into K', according
to Equation 8. The problem is that before one can get to this
point, one must have some idea of the shape of the indicator
dilution curves which, given the LTIS assumption, determine

15 both h(t) and H(w). |
In the context of estimating cardiac output, the "lagged
normal model® described by Bassingthwaighte, et al. in
"Application of Lagged Normal Density Curve as a Mcdel for
Arterial Dilution Curves,® Circulation Research, wvol. 18,
20 1966, has proven to be particularly accurate and useful, and
it is therefore the preferred model for cardiac output
according to the invention. In this discussion, the lagged
normal model is defined as an LTIS whose impulse response is
the convolution of a unity-area Gaussian (normal distribution)

25 function and a unity-area decaying exponential. The Gaussian



23 [err] Solving for the LTIS transfer function Hxy([err])

. provrdes: TerT] Equation 9 —_Serting

. [err]=0 (zero frequency) and recognizing that H(0)=l identifies the

- LTIS gain paraneter dc as the zero-frequency 5 value of the system
“transfer funcigpdnsisgat is, dc = Hxy(O). This al so gicrassomessnay of
conputing the systemtransfer function Hxy: sanple the wave fornms x(t)
and y(t), then conpute the discrete Fourier transform of each of the
wave f or m usi hgsamyokpayamemdred the meani yeand] [the [srandand Yd¢etagilon 610

respectively, th do poi nt-by-point division of these functions to
give byt Brbonaniiat, BRs cons merametex: (8 FAURTASTH PRESTTERT i s
~determ ned as folfheWanitit§din X (laggradn¥bhal af fadsFéiry ifddation H_1n at each

cross-correlated with an ideal, zero-mean PRBS to produce_the
. frequency w thus depends on p, 6, and T as follows:

e (-irom-(w0)?/2)

H_ln{wjn,o,t) = " Equation 10
(L+jw-1)
5 The physical meaning of these parameters is:
n: a pure time delay that represents translational
flow;
a: a measure of random dispersion
T: a time constant associated with mixing in a

10 distribution volume, which, in this example, is the
blood vessel.
The units of p, ¢, and T are time (seconds).
If p, 0, and © were known, then each of the ten complex
measured numbers Hxy(w,)would individually provide an estimate

15 of cardiac output (CO) according to:

K"H, (0,)

co S em——
™ Sy

for n=1 to 10 Equation 11

In order to apply this relationship, however, one must
first determine not only what the values of u, 0, and T should
be, but also how the ten cardiac output estimates should be
combined.

20 One should note that the cardiac output does not depend
on the shape of h(t), H(w), or Hxy(w), but only on the LTIS

zero-frequency gain, dc. Since the experimental transfer



15 respective cross-correlation wave fornms Cxx and Cxy. It can t hen be

shown t hat: [err] WO 97/ 15230 _ :

PCT/ US96/ 17154 24 wher e:

Sxx([err]) = [err] [Cxx(s)] Sxy([err]) = [err][ Cxy(s)]

S is crosswom7istsation lag in seconds; and 5 AOIYUSPe17asudi cat es
Fourier transformation. | n this28ethod, the nunber of elenments in
t he conput ed Cxx and Cxy vectors is equal to the nunber of sanples in
one peri FYNCPRRB HFY| if Beasypxed afdep FreguRrcies @s. thatTigre not

N = the nunber of states in the
transfer function H(w,) in order to extrapolate the measured

nunber, the SgERLeShRedvddin i(:sﬁg)ag&%'sneégssary toobEtibte Lhe uhifty gainfere

Hxy(w) to zero frequency. Assuming the lagged normal model,
5 this means that one must estimate the "shape" parameters u, o,
and T in order to estimate the gain parameter dc.

The first step in estimating p, 0, and t is to measure
the power-to-temperature frequency domain transfer function
Hxy(w,), at its first ten harmonics. The second step is then

10 to analyze these measurements with the aid of the theoretical
lagged normal model for the transfer function data.

Let X = [de, n, 0, t] be the vector of parameters to be
estimated. Then:

Hxy_In(w| X) = dc * H_ln(w| n, o0, 1)

15 The next step is to estimate the state wvector X such that

Hxy_ln(w,| X) describes all ten Hxy(w, measurements optimally

" in ‘some sense. The definition of what is "optimal" is a

matter of design choice, but the preferred definition

according to the invention is that the sum of the squared

20 error is minimized; this choice makes possible the use of

particularly advantageous estimation routines, as is described
below. -

Figures 5(a),(b) illustrate how well the transfer
function data (plotted as data points) of Figures 4(a), (b) can

25 be fit using the lagged normal model Hxy_ln(w| X). In this
actual test, the system. defined as the patient's catheter,
right heart, and pulmonary artery was well characterized by

the parameter vector X={dc,nu,o,7] [0.0040 C°, 2.4 s, 0.6 s,



Tc = tinme duration of each state in seconds; and Fs = the nunber
of —sanptes—per—seconmd—that—s—the—t5——=anmptTTy rate. For
| typi cal values such as N=15, Fs=10, and 2 [err] Tc [err] 4, t hen SPR
'ranges from 300 to 600. In systems such as McKown's, Tc is adjusted in
“increnents of w dhysfgonds in order to | Mprove system pecrRsiaiIea by
~avoi di ng frequenC| es that 20 contain |arge pgi se conponents.

Figures 3(a)-(d) show standard Bode plots of Sxx and Sxy i n one actual

test. Note that S0 is) eSsedli the¥eZfQukBiSthe estibhger @F 4R ,pdtienthew
t he correspondi ng Bode plot of the nmeasur ed transfer function Hxy,

whi ch was conput éfxsgdacheubput (i ithepf 03158/f; 0840 = 3.9 1l/min.| The fannex,

the inventors hawg Wz%h”hﬂ@dpif@ﬁeﬂérs' Sire detéHpfrdd %.'%t dk8cPPBed e 1dw.
only at the frequencies where X([err] has significant power, that is,
at the nost doninant & usefwquanalyelicsl t fermesf |ﬁt&|t“§i§halgai-(lt )lmmdtsea

PRBS i nput 7 2
PCT/ US96/ 171545 respwas% 4‘:‘35 élQe lagged normal m%qjel is:

these are the | ower

harmoni ¢ frequencies located at [err] = n/f(N*Tc) for n =1, 2, ... m
In tests the inventors have _
h_ln(tlpn,o,t} = (Equation 12)
( -(t-u) _.i) ( t-u-tozl':)) ( u-(a’/r))
1 e\ 7 20 )erf\” o2 + erf\ °v?
2tTFs

where erf() is the known error function and t is time in
seconds.
This expression for h_ln allows the lagged normal model
to be readily evaluated based on cross-correlation as well as
10 in the frequency domain. Once again, assuming the system is an
LTIS, it can be shown that:
Cxy_model(X) = dc - h_1ln(t,n,o0,7)® Cxx
where ® denotes convo_lution. Tests by the inventors have
shown very close agreement between the modelled cross-
15 correlation functior_i Cxy_model and measured Cxy data for the
same patient and lagged normal parameters as in Figures
5(a), (b).
~ The inventors have also found empirically that the
dispersion parameter o is often poorly determined from the
20 observed Cxy or Hxy data. Iﬁ clinical tests for which the
signal~to-noise-ratio (SNR) was high enough to determine o,

the inventors found that 0 was linearly related to t. For



found m=10 to be sufficient, but nore or fewer than ten frequenci es may
be i ncluded; the actual nunber nay be 5 determ ned using conventi onal

simul ati on and experi nentation. By way of exanpl.e only, it is assuned

t hat el O bel ow. This means that the transfer function Hxy can be
adequat el y svdevmszzoed by only m conpl ex nunbers (each of tROX/USI6/17154
frequencies is conplex) Hxy([err]), whd8h categorize the 10

rel ationship between the power signal x and the tenperature signal vy.
Thi s represent theyr Raticnfsut dhonbinear i neglations®ipar®d= war F+l heaBode600

compl ex” nuimber ggta@yi LAdal 455 dinc s £1L8PLETAD IRARH niknblE T URE IS KX

and Cxy. aracterizing the input-output relationship based on the
15 transfer furdt 160 bayientserthedmventohe abservedidhet elatibesship o =

correlation cury as,at least _the fqllow.n vant.ages: .
Efficiency of roéglﬁg's(%hé]’at%:l%?: regﬁ{“f/ ¥ & Eﬁpﬁﬁxg“gfl’ni#&xgsaaf%e’P%iW@
i nstead of tshe t}0£608ihgs obhaassingthivaighte, fex a1.9i ven application) for

Cxy. 20 2) ise whitening: ..the noise, is 6 often alnost
uncorrel ated bet weed*t RBScASTERES %aﬁufeﬂ'i‘th‘?@%?’}’ betysens Ta@dgd o

between the el aifRnl onef reed only estifatB8asgbi per&mdidracid W¥ddiSitdd HahR
transfer function I nherently avoids the problemof estimting the

basel i ne of 25eskimaiAAdPil. JIhfthe Prefarred eyhodinent s1f sheninvention,
| ow frequency Otfhengz%%e§§pksegeim%y 1 Yl }Lbeisaaega& &40 WU e

4) Efficiency mat hemati cal nodelling and anal ysi s: tlhe transfer
functi on apdt omstrnglrl ofeequeriayp| of F&be| dxansfer fupotdpnis5230It is also
PCT/ US96/ 17154 ;

representation e éleprtgf g??’éﬁa eI'IoS ar?gdgpepofgﬁpuﬁ:%df'ggtaggﬁglg*u‘% iiosn.theThi S

has the added awbrsnrigeripaideéntifishlleofeathre st tife faansfer afhnctiohudt

routines for e%ti nﬂi-eﬁen possible to reduce the lagged normal parameter
vector X by one parameter, so that X={[dc,u,t].

15 The problem then remains to estimate this parameter or
"state" wvector X. According to the invention, two
complimentary estimation routines are used: SNR-dependent,
local, signal-averaging estimation in the local estimator 112;
and trend estimation based on "raw," that is, unaveraged,

20 transfer function observations. Note that an accurate estimate
of X is all that is needed, along with the assumptions stated
above (such as LTIS), to generate an estimate of the dc gain,
and thus of the cardiac output.

As is stated above, the lagged normal model, which is

25 characterized by the parameter vector X=[dc,u,6.t]l, has proven
to describe the transfer function for cardiac flow very well.
Assuming conservation of heat and that the channe‘I is an LTIS,

however, the invention may be used with any other suitable



t he paraneters of the chosen nodel. 5 As Equation 9 and its
~deveropnment Tnply, i1 _tThe unity garn transter tunction H([€rr]) or the
"inpul se response h(t) were known, then each single one of the ten
respective conpl ex nunbers woul d be sufficient to provide an estinate of
t he st eadywaloafi&sgai n, dc, as follows: [err] 10 pEUkosasisaTaL €
of dc would then provide an associ at ed essimate of cardiac output by
dividing dc into Klerr], according to Equation 8., The problemis that
bef ore one can gmbdem tbfs theporcatrdiame umansﬁanuaﬁnmm£1pdeath&ttheanhape
of the indicator & uton, gurves MhICQé gv %%>t e LTI'S assunpti on,
det er mi ne 15 botcltulaﬁ?f: eﬁﬁﬁeq—ﬁfyerar pprameter ¢ context of estimating
cardi ac output, the "l agged nor mal nodel " descri bed by Bassi ngt hwai ght e,
et al. in " Ap Ilcatlon of Lagged Normal Density Curve as a Model for
Arterial Dilutio ti | ati on Research, vol. 18, 20 1966, has
proven to be parti cul #hkVoASwitdioR aBeursediy 1es%rlﬂlat1nbtx'§sté§fﬁifaq"eﬁtt g8
preferred nodel for cardpac out put according to the invention. In this
di scussion, t I$e K&@g@ﬁoblefméf-rrﬁl-ndmﬁ laggrd nermalstransierStypeizion mpdﬁ%e
response is C Ut ke@n u a gg‘@
di stribution) 25 ng{llYo aﬁg aefﬁ?t r%oéa ?gglangﬁ%xg%nent I a ﬂ?asured
Gaussi an trgpsfen £a@etion in some predetermined sense. The difference
Fﬁl/ #gggl [1(7ar1r5]4 angtyﬁ an ar g\(/il 3??o%he measuzred trangfgr tﬁ’l\ﬂa&% %rre%gns
be quant:.fled by a cost function, whose values depend on the

10 choice of X. In the preferred embodiment of the invention,
the local estimator 118 evaluates and minimizes the following
cost function Hxy_cost(X):

(Equation 13)
Hxy_cost(X) = f [Hxy_SAE (o |X) *W{wo )]
n=l

where

Hxy_SAE(w | X) = | [Hxy_avg(w,) -Hxy_ln{ae_| X) |?

is the sguared absolute error (SAE) of the average

15 measured transfer function Hxy_avg(w,)relative to the lagged
normal transfer function model Hxy_ln(w,| X) at the PRBS
harmonic frequencies w, given the state vector X=[dc.n,t] (if
reduced) . Each squared absolute error value is preferably
weighted with the weights W(w,); this is the same as forming

20 the weighted least-squares approximation.



The exponential has one paraneter: the tine-decay paraneter r. The

unity-gain, lagged-normal transfer function HIln at each f requency
[err] thus depends on [err], [err], and [err] as foll ows: [err] 5
The physical neaning of these paraneters is: [err]: a pure tinme
del ay that wepwemasnts transl ati onal flow, PCTUS96/171S4r ] :
measure of random di spersion [err32 a tine constant
associated with mxing in a 10 di stribution volume, which,
in this exanple, isNehitce that the mppgwrededymnsfer functiomhe VRIUES of
[err] [err] [ r d
[err] were knoE]ISLY gﬁéko’ga%ﬁ%oggtﬁe teﬁ’dcorrp ged' Th%%g%?é{d}ed [nge'{ﬂs?d ot
Hxy ([ err]) woul eévierdgindubs | Jesrmikiede bebowst i mate 15 of cardiac out put (CO)
according to: 0 u

In order to apply tﬁ‘ﬂ‘gh?ﬁt %Bﬁskeﬁgﬂvﬁs V\Q?‘@T) o eoprr%s hoseh %}é %% T m ne

a

not only wh&@ isimutakies ahd| expeérihentdtiand fhey ]a::eh(pﬁaferablbe,seluulasal Yo}

how t he ten card
shoul d note th&P

H([err]),
dc.

h(t),

gai n,

Si nce the experinental W(arpsf:ej:_____

10

15

20

25

R_Hxy (0 )

where Sxx(w,) is the heater element power at w, and R_Hxy(w,)
is the statistical variance of Hxy(w,). The heater element
power can be determined beforehand at any given frequency
using standard methods of measurement and analysis.

To obtain R_Hxy(w,) . one should first note it is also the
observation noise power, which is discussed in more detail
below. This value may be obtained from the "raw" data using
the trend estimator. (It is the n'th diagonal element of an
observation noise covariance matrix, which is described
below.) The advantages and other properties of the preferred
cost function, shown above, are discussed in the well-known
text, System Identification for the User, Lennart Ljung, pp.
173-75, Prentice Hall, 1987.

The value of the three-element vector X that minimizes
the cost function Hxy cost(X) for the complex transfer
function measured at ten frequencies w, may then be used
directly to calculate dc and thus CO. Minimizing Equation 13
over X for ten frequencies involves a non-linear least-squares

minimization, and there are several well-known methods for

ilﬁc out put estimates should be conbi ned. 20 One
R¥Sgar di ac out put does not depend on the shape of
or Hxy([err]), but only on ts:oec(LTI S zero-frequency
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—28 fomctTom MRy TS neasuredTat tem frequencres [err] That are not
zero, however, it is also necessary to estimate the unity gain transfer
function H([err]) in order to extrapol ate the neasured Hxy([err]) to
zero frequgpoin sum ng the | agged normal nodel, 5 thiscimssmwarisaat one
must estinmate the "shape" paraneters [erri3 [err], and [err] in order
to estimate the gain paraneter dc. The first step in estimating

[err], [err], perfdrainh thikOopeimiddtion. ! EXxappIEE- b9- seEWaieiREds are
frequency donai.n transfer function err]), at its first_ten

har noni cs. ThéR&@eRY gragiert drsceny ’“FSKé ludeg NeweonrRARRSong; t h

the aid of thetﬁi@e%e&iﬁaé Bechﬁggegf W&i‘ﬂnt@@deéoﬁx%r Rel I 8RS Ifthod
function dat a. [dc, [err], [err], [err]] be the vector of

paranmeters to ;meferre@s:érp @Peélnvq#@?n is the Nelder-Mepq simpflexryoydine,dc *
Hln([err] ierwﬂlcr{]%r]a w&filelét&fh &Qﬁrf@aﬁ(ﬂ Bd' b Os ESLIBEF ot hE
f‘er 3 al T

state vector X suc descri ten Hxy err])
measur enent s @@Exameitley space rtcsmwengea fuﬁmquﬁﬂtheopammms Jds

"optimal" is a f.d hqi.ce, b ef e isnLtion
according to the i r?\i/rlgnt | oﬁﬁle’s{ %%aq;gflﬁeq'guﬁ%oo gfg’ﬁéggﬁ‘zéar ed % queg(r%rorg
m nim zed; thiparametes vrakeer [30 hiatd beshefinss tHe laggedr hormahrmodel to

advant ageous t| mat i on | nes,.,as, is ri bed . bel ow, . _

Fi gures 5(a), (D)® MEREYT %W%f’?ttrheee n?f’%rprev“’fuﬁngﬁblﬂaﬁ%t"f X.
(plotted aso datttacaﬁl Bihngs zfafplﬁugugsmdwl:(eah, véh)e Qﬁncaﬁdld&e dutbudsi neh tthe

| agged nor nal de Hxy Inﬁ% rr >2 In th act Ljéest the system
defined as the &RPE- cEhReperuracy qf d‘ﬁ’t Shé'éPf"d Xﬁ was

wel | char acternoae@-lﬂee ththfeR3h AR FAG HxyXalvecC 1[serr]sﬂnerer ]thb] raw
[0.0040 Cerr], 2.4 s, 0.6 s,
data Hxy is typ1cally very noisy, the measured values should

preferably be averaged to at least reduce the impact of noise

15 before they are used in the simplex routine to generate CO
values.

According to the invention, the input to the simplex

routine is preferably a weighted average Hxy avg of a

predetermined number N_t of the most recent transfer function

20 measurements Hxy. Because the transfer function includes

phase as well as amplitude information, the signal averaging

preferably uses a weighting function that is inversely

proportional to the square root of the noise power.

Similarly, a weighted average of the measured cross-

25 correlation values Cxy_avg is computed. Thus:

Hxy_avg = 3, —=® and Cxy_avg = Y, —=
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29 4.0 s]. For these values, the estinate of  the patient's

cardiac output is then 0.0158/0.0040 = 3.9 1/mn.. The nmanner i n which
the paraneters are determ ned is described bel ow. A usef ul

anal ytical fowowwis2sthe unity gain inmpulse 5 response for tPeT/UR§IEI4nor nal
nodel is: [err] (Byuation 12)

where erf() is the known error function and t is tine in seconds.

Thi s expression for hwharal [Vawnsis hshpaqpddenopomsr nbas| the mothe neasgires
eval uated based %Qaﬁ&?ﬁé'ﬁ%éﬁ'o?}.' Oﬁ‘héspé‘@éLéirrrga vay ! ih Ach AOLEQ otvfé‘}”&b”-

Once again, assum ng the system’i’'s an can bé shown fHat:

Cxy_nodel (X) = deomputedhisndesdwibeld bedow], [err])[err] Cxx wher e
er], donot s, convolUbhgtaalalael e e TG SRR i MR LB oS
neasured Cxy datdnfieialbeing: &k vadulecohtnabel degged nedr from parsiTRfler $ixgs
ORI VRPN (MY I HUCR T NN AR A
observed Cxy or Keyrifatas bliékip] Cahdt €5t ¢hhor walll cBuibéd for use in the
signal -to-noise-ratio (SNR) was high enough to determ ne a,
*stat mode." Still another advantage is that the 1local
estimator is always stable: no combination of measured
10 transfer function values Hxy can cause the estimator to
diverge and fail, since even an extremely noisy or erroneous
value will "disappear" completely from all calculations in the
time it takes to input the number of measured transfer
function values used in the average (which may be only one
15 wvalue).

One drawback of the local estimator, however, is that the
local CO estimates are noise-dependent. The local estimator
takes values as they are presented, noise and all, and the
best that the local estimator can do to counteract noise is to

20 apply weighted averaging in order to reduce its effect.
Weighting helps, of course, but in order to weight the average
in some useful way, one must have an estimate of noise power.
The preferred method of calculating the noise power estimate
is described below.

25 Another shortcoming of the local estimator is that it is
not self-verifying: it gives no indication of whether the
currently calculated CO value "makes sense” in the light of

previous values, since it does not consider any trends.



the inventors found that a was Ilnearly related to [err]. For WO
O 1525u PCTIUS96/ 17154

30 ot her patients, the linear relationship [err] = a.[err]+b can be
established and quantified using known nethods. In one test of 100
patients, thewgyaedsprs observed the relationship [err] = pcRaSédnms4] -0. 5;
this result was also in qualitative agreemengswith 5 the findings of

Bassi ngt hwai ghte, et al. | f one assunes a_linear relationship

bet ween [err] andirless avéhegmmea.mem&maéa,eis&ucmﬂtamsmqoamtgwlm@rﬂer
to have estimated hoth., In: tJ@ ‘ag rred enbodi nent_ of tlg hnvgntlon
the processor est¥YRHAEING: 5] 1BELY elnsl&§s{98713’f3édlﬁmsttﬁ hEBPEE "t o her
frequency of the transfer function. (It is al so possible to estimte
[err] and then conpute [err], ,although [err] is the nore clearly

I dentifiable feat sfer function.) It is then possible . to
reduce the lagged norige %ﬁneae&ncreagscme AmioPPe BEN AP &duindtdrNals
X=[dc,[err],[err]]. 15 The problemthen remains to estimate this -

paraneter or 5 simplyeto feclede in the A&Qm&ﬁm nEpY PoRe L‘-}Wémlﬁo?ﬁluﬁa/\o

conpl i mentary estj s hgn t
si gnal - aver agi ng %st I et F{)(r%ﬂl %%ﬁ%&f est | nag?g‘rggﬁggnfor av8¥9§£11r1]% I
estimati on based athénr awords.t bne nay mmmemeagedhez&en@mtamatgnclmmsing

b Note .t h L
needed ol ong w Uh PRE" RN BA ve o eragih Dol st 4AFLR Tpppice

generate an esti rmipulﬁe trléepdnsgal fl:l,lter that ubses aﬁoﬁd}em@vdbas vallyed .of
ed normal mpdel , which i.s_ 25, char

As is stated ove cterized b
the par anet er L8 ocbbr- CPRVAHErPISY BAPETIRBREation 200 0RIAT LechRauEs drithe
the transfer funcindn Brappaiddatof thvoyer yheetilter cobIFHHLEHLS 0OS EfeidedN
of heat and that t:[.rpee e(:fhfzierl:r{:elofl Sex%@clf-erclisnoz.se and to provide a CO value that
has been averaged in a way that experiments show to be
sufficiently useful as an indication of a CO trend. If such

15 an FIR implementation is chosen for the trend estimator, then
it should include at least two times as many previous values
of Hxy as are used in the weighted averaging for the local
estimator, and preferably four times as many, in order to
reduce even further the effect of noise.

20 At the cost of potential instability, an infinite impulse
response (IIR) filter may also be used to implement the trend
estimator. Conventional techniques may be used to select its
coefficients. One of several problems with such FIR and IIR
arrangements is that they, too, provide no indication of

25 noise; rather, they assume that one has taken anticipated
noise frequencies into account when selecting their

coefficients.
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31 nodel of the cardiac transfer functiion that can be
characterized by a paraneter vector X Local Estinmation The
probl em of WR ely estimating X is equivalent to 5 tRCTHIMAM of
finding a | agged normal transfer function3fodel Hxy In([err] X) that
approxi mates the observed, nea transfer function in so

asur ed , I LN . e .
predet er mi ned sensdCCATEING; £ Ehee invenyion, &he frenddestinater 13 is

measured transpestdrimili Ghsrédirsive hastduakbll i by &dmpile fiUG | Rloyvhose
val ues depend on the 10 choice of X. In the preferred enbodi nent of the

i nventi on, reqursigenl It i At soueresal estinatem. ni ni Fheespraferred
foll ow n I3 _ (@4% . :
o Ma&%&? ]BB ¥y _Ganl i g}?ﬂd e, orbsac'ﬁ:ct:ﬂred"g1 roFo(Sﬁl\S of

(Equation 13) | ) e squared a (
t he aver aged 15invantsigned st r hawéver [ imRaloanHEyleey. ([err])rel ative to the

| agged There are several advantages to a Kalman filter

implementation, which include: 1) a Kalman filter does not

require pre-input signal averaging -- the Kalman filter can

thus operate directly on "raw," noisy data; 2) the Kalman

10 filter estimates noise, and adjusts its gain "automatically"

as noise increases -- as long as certain general assumptions

about the distribution of the noise power are satisfied, the

user does not need to "know" what the noise is in the channel

in order to reduce its effect; 3) using certain modifications

15 according to this invention, the length of the Kalman filter's

exponentially decaying memory can be adjusted depending on the

noise in order to allow an adjustable trade-off between the

speed {(responsiveness) and accuracy of the estimate of the CO

trend; and 4) the local estimate can be used to offset the

20 effects of the possibility that the Kalman filter will diverge

for a patient with a high SNR. The general structure of the

Kalman filter, its use and advantages are described more fully

below. PFor a fuller description of the theory and properties

of classical Kalman filters one may consult any of a large

25 number of known texts, such as Applied Optimal Estimation,
Arthur Gelb, TASC, M.I.T. Press, 1989.

Given the sequence of transfer function measurements Hxy

for the assumed LTIS, which is defined by the input power



normal transfer function nodel Hxy_ In([err] X) at the PRBS har nmoni ¢

f r eqguencres ferri—grvemrthe state vector—xX=tdc,terrt,[err] (Ff———r"
reduced). Each squared absolute error value is preferably wei ghted with
the weights W[err] ); this is the sane as formng 20 the wei ghted

| east - squar es ygP@iR¥dpmat i on. WO 97/ 15230 PCT/US96/17154

PCT/ US96/ 17154 3732 Notice that the
measured transfer function val ues Hxy avg([err]) are preferably
averaged. The preignalec(tet And ﬂie outpatetafpardturedeigidabedthel ene trend

Al though the weights WJerr] chosen using nornmal 5 sinulation and
experi nent ati on, Tﬁ'e’;’“@f{"g %‘F‘\"’-H 1yet egtimatef |thfs. pargmgter veghpn o

Sxx([err]) is thexhﬁmq;r qu ermmcwomr trd cBefimdl BhEXWidLigfley fundSiddie
statistical variance of Hx [err The heat er el enent power can_ be

det ermi ned bef or ehRhd-R©| y°§| %"Lﬂ i?mﬁmaiomﬁgfaﬁg%tMar dTRES hHkovst

neasurement angl afid YS¥Stem's direct current gain, dc, and thus the cardiac
output, to be estimated from what are essentially alternating
current electrical measurements.
The problem of determining X can be stated in terms of a
discreet time system model equation and an associated
10 measurement model equation. Time will be expressed in units,
such that time t=(n+l) is one time unit after time t=n. The
time unit in the following equations is the time between
generation of two successive measurements of the Hxy of the
transfer function. _
15 X({n) = X(n-1) + X_rw {system model)

Hxy = Hxy_ln(X(n)) + H_on (measurement model)
where:

X(n) is the present value of the state (parameter} vector
[dc,n,T)";
20 X(n-1) is the most recent previously determined value of;
X rw is a 3-element vector defining a random walk for X;
Hxy is the most recently observed transfer function;
Hxy In(X(n)) is the transfer function of the lagged
normal model using the present value of X; and
25 H_on is the present transfer function of observation

noise.



To obtain R Hxy([err]), one should first note it is also the

observation noi se power, which is discussed in nore detail bel ow. This
val ue may be obtained fromthe "raw' data using the trend estinmator.
(It is the n'th diagonal elenent of an 15 observation noi se covariance

mat ri x, whwee7s2escri bed bel ow.) The advant ages and®C3U#BHoperties’
of the preferred cost function, show?&bove, are discussed in the

wel | - known text, S t mldentlflc ion for_the User, Lennart Ljun
op. 173-75, PrESi By oot (1) | SadcRoqRoass Lo combiey’

three-el ement vestoFs Xwhkat am Neled@ft for lda@h COB! thbUTakisen ddty_smss ()
for the conplex transfer function nmeasured at ten frequencies [err]

may then be usBaFrmonicsyrectly to calculate dc and thus CO M nini zi ng

Equation 13 OVige Yo enl Eiﬁbc‘ferle‘l'é%%h%ﬁ R OLHQSJ.I?V&HB.CJI!I 1%®'roduces

| east-squares 25 mnim<zation, and there are several well-known nethods
f or 5 viche rargimyy walk term X_rw into the model. This pemsdelates

33 perfor ”hﬂg LQ%&PT@:?%&{“&?JE e d:éﬁé% mﬁoﬁihgé%s i 4R -3hGariahf®

many gradi ent déscen ods on-
(LTIS) and is not necessary to the invention; it is useful,

however, for controlling the responsiveness of the CCO
estimation zroutine according to the invention and its
10 inclusion is therefore preferred. The LTIS assumption can be
interpreted as requiring the variance of the elements of X_rw

to be kept so small that the system changes at most slowly.
The system model used in the invention involves a time-
domain estimation of frequency-domain parameters. Classical
15 Kalman filter theory provides a well-motivated apprecach to
time-domain recursive estimation provided that the system and
measurement model equations are linearly related to all
elements of the state vector; the observation noise is
stationary; and the observation noise obeys uncorrelated
20 Gaussian statistics. If the'se conditions apply, then the
Kalman filter can be shown to provide optimal estimates of the
parameters in the state vectors in the sense of giving the
minimum mean-squared error (MMSE). None of these three
conditions apply strictly in the preferred embodiment of the
25 invention, but the problems that may arise because of the
"differences are addressed according to the invention in such
a way that the trend estimator can still be implemented using

Kalman filtering techniques to give accurate estimates.



type routines. Because of guaranteed convergence, the nethod preferred

| nthe—nventtomr s the Netder=—vrad—sinptexTootTe,- 5 whichTs =

wel | - establ i shed nunerical nmethod for searching a par anmet er space to

m ni-m ze a function of the parameters. The sinplex routine is

NON-r ecur si Veyyg oisydgl OVi des a paranmeter vector X that basgiraseépnse

| agged normal nodel to t he measured data wwlt hout needi ng any previous
estimate of X. 10 It can thus rapidly produce a value of cardiac output. On
t he ot her hand, theiastyr anyexenidedskangind fidter ilemsedsimrchiwinvention

noi se-free the neasure nt dat a, Hxy .av Si nc the raw

typical ly very not®yr 3@%1 e’ﬂ%/%ltg‘&spﬁm PBFW%F%|I§P%319%¥%@@11
to at |east reducgeddids, rme&tpﬁbmd Scef Lﬁ:b@‘tfarteohhey 3bSer¢Lthid) hdlise is
sinplex routine to generate Accor di ngjyto t he

i nvention, the irfRAlt dvitheby |’H"HF’€B€ t:her Balrar fidteroFenk¥pl Rarp@egRYeAnd
average Hxy_avg Ofh@ estPhLes €61 PRE RUIBRE cDvhr PAnddladprliveeCeNnird, a

transfer function 20 neasurenents Hxy. Because the transfer function

i ncl udes phase"@ausgian gdisapl i isdnglwdedmini the prefeynadenhodingnt Pt
preferably uses that_4J.s LN

t he square root g?ﬂgﬁg%%?ggﬂt)%%kagr @%ian%:’?g?:l g‘% 254\/%?8%? av%gggg{%fﬁﬁle

nmeasured cross- leav:mg rel@ﬁummalampiiﬁh@eadi;;sti:simmipnt.ed'rheﬁbuextens:.ons

[err]
PCT/ US96/ 17154 c; o%z%gcatn.ons of the trend esé:d.mator are discussed below.

10 Observe that the lagged normal transfer function
measurement model Hxy_ In(w|X) is linear with respect to the dc
parameter but is non-linear with respect to p and t. It has,
however, continuous derivatives with respect to all three
parameters, which is required theoretically in oxrder to use an

15 extended Kalman filter. This is. established in such standard
texts as Applied Optimal Estimation, which is referenced to
above.

The following Kalman filtering equations define the
first-order extended Kalman filter according to the invention

20 for the system and measurement model equations given above:

Kalman gain matrix:

L = SIGMA ¢ dHAX' e+ [dHAX*SIGMAsdHAX' + R_Hxy]™?

State vector update:
X(n) = X{n-1) + Re{L * [Hxy - Hxy 1ln(X(n-1))1}
25 Note that [Hxy - Hxy_Iln(X(n-1))] is the error between the

actually observed and predicted wvalues of the transfer



where v. is the noise power for the mth nmeasured transfer function.

The preferred way in which noise power is conputed is described bel ow
One advantage of the local estimator is that it is self- 5 initializing: a
CO val ue can be determ ned froma single Hxy measur enent. Yet anot her

cl ear advant NRIVB20hat | t provides estimates quickly, REIVSIAHTE el |
suited for use in the "stat node.'’ Stil140 anot her advantage is that the
| ocal estimatqgr is, always. stabl e: g conbi natign of neasured 10

transfer functiofuparieR. HxyThan ixdtdalt nealus i fa¥ ot othat giger gil®ind is
fail, since even,aaegxds 88 e Firdt! UARISE x & Sl dA atel! by Regal
corrpletelyfromall calculations I n the time it ta est0|nput

number of measur edtimaner er In mHastdicen heiefixstedthree herazaveqsag’é (thach

may be only one ﬁ?ﬁ£¥§$ﬂf%oca al E@e%ﬂ L APDACIS Qetl %?ﬁlhgéahyéi%ﬁg&%og

however, is that estl mates are noi se-depende
esti mat or 5t aketimatores sindeheyr deasprchres eda,luuesl for aliixly are pmectetrhed

wbi ghi 04 aver agh B FF GTHrARS; TGRS, (oo FHRTE SULmEPEn FRAGARRERE. he

course, but in O{rdﬁaﬁeemtghﬁaﬁ&a_mrage in some usef ul way, one mnust
have an estinmate of noi se power. The preferred nethod of cal cul ating

t he noi se power estimate i s descri bed bel ow. 25 Anot her

short com ng of tbev59§&hc@aﬁ5m,phpaatghat it is not self-verifying: it
gi ves no indication of whether the currently cal cul ated CO val ue "nmakes
sense" in the |ight ofIGMA(RY & SFRAJRribsT Re{fPaHEX SISMA (Rot) tonsi der any
trends. WO 1

PCT/ USO6/ 171 %2 976 1E8AR a starting value forBEIGMA, the system set the

i'th diagonal element of SIGMA (off-diagonal elementes are set
to zero) to (o_init-X,(i))*? where o_init is an experimentally
determined, preset initial stahdard deviation factor (in one
prototype, o_init = 0.15) and X, is the first estimate of X =

15 ([dc,n,t] calculated by the self-starting local estimator. At
each iteration, the covariance matrix is extrapolated
according to the following preferred covariance matrix
extrapolation:

SIGMA is set to £-SIGMA + Q

20 In these expressions,
¢ indicates vector/matrix multiplication:
' denotes vector/matrix (conjugate) transposition;
Re{.} indicates the real part of the argument;
SIGMA is the real 3x3 error covariance matrix for X;

25 L is the complex 3x10 Kalman gain matrix;



Unl ess averag| ng Is included, it contains no "nmenory," and if aver agi ng

| s Thctuded,—tiemr Tt~ menory 7S St —Stort=term Tr end—estTITEILT ON
One way to increase the nenory of an estimator i.s 5 sinply to include in
t he estimati on many nore previous val ues of Hxy, with appropriately
chosen wei ght syd @91s386er agi ng. I n other words, one nay i AU 7IENE
~trend estimator 120 usi ng a known non-reqarsive bl ock-averaging filter
~or an FIR (finite i mpul se response) filter that uses enough previous
val ues of 10 Hxy. ConvRidsthprial t@epeokientedl Wiagonallesheisd amviattes mausix
t hen be appliedtgchooset fllter %(Fifflmentstoreduce the effe #
of expected noi sef9hd B pr ted usipg papy SPIVERLIONRL o

way that experi ”Eﬁbﬁtﬂi@\’bés%dbSn pﬁ&éﬂe&h&ﬁéhmﬁﬁ%‘x{lbfaﬁréiﬁddyjlvﬁihlegnof)f
a COtrend. If such 15 an FIerrpI enentation is chosen for the trend

estimator, then ¥X¥jt should include at |east two times as nmany preV| ous
val ues of Xy as aﬁ‘dﬂs% | Bnd Neoifp18 oy er 10&1:&% tl@f‘a

estimator, and preferably four times as nany, I n or uce even
further the effecHxutlmtwke. wih respegt tch&icost of potentlal |nstab| lity,
an infinite inpulse I S t.o i mpl enent
the trend esti mator {%osé;\%%%?’l ggh@?ec#rﬂl ue%?é%g% Kgpﬁ)s'e}%t%o select its
coefficients. One of s@evisa rmadeaBrBrmddmsfzﬂJk EbRazaihandd Matrix.
arrangenents is that t t.00, OVI de in ti oise; r er,
they assune that one lg?)%’ﬁ’l@ﬁ 5 f %8?’88“- fr 3ng ar“r‘??ggelr
account wheniosekg€étton LR l’estlmﬁﬁﬁéﬁlfdtﬂﬁtrﬁ are known i %hHel2az20

PCT/ US96/ 17154

These filter equations are in?;?lemented in the processing
system and recursively estimate both the state vector X and
the state vector covariance SIGMA. In this context, the term
"update" refers to the portion of the recursive estimation
15 cycle that is based on a new observation, whereas the term

"extrapolation” refers to the portion between observations.

Between observation, it is assumed tha_t the expected
value of X remains constant. This is consistent with both the
LTIS assumption and the random walk modelling construct, since

20 the expected value of any element of the random walk vector
X_rw is zero.-

The frequency dependency of the Kalman filtering
equations is implicit: The experimentally observed transfer
function Hxy and the lagged normal transfer function model

25 Hxy_1ln(X) both consist of ten complex numbers, one for each of
the first ten harmonics of the PRBS power signal. Each

element is thus given as:



According to the invention, the trend estimator 120 is preferably a
recursive estimator. One exanple is a known recursive LQ

| east -squares estinmator. The preferred i npl ement ati on of the
trend estimator according to the 5 invention is, however, a Kalman filter.
There are wavemsisoadvantages to a Kalman filter i npl NETAISEI73H  whi ch

i nclude: 1) a Kalman filter does not d@qui re pre-input signal averaging
-- the Kalman filter. can ‘thus operate directly on "raw, " noisy data; 2)
the Kal man 10 filt Alemanbfipyd moH¥X (Weh LIRVES tragginr " Sunehien &k | y-
as noi se incregsegyg as long as certain general assunptions about the
distribution of*the noise power are satisfied, the user does not need
to "know what the resiementdHxy_LaéXtharmelBxy_1n(w.&)der t #odeducéranafer
effect; 3) usi [ I T [, 0N8 L C ' Ot hing | NeUd on, the |
| ength of the ﬁgﬁ"%g{n&fi ?Fg‘raﬁs Cﬂergp(c?nsé%tpligl %’qjdgg:a{/iﬁ% r@r’mry caén' b%s

adj ust ed depenbefwrenn Fshés the nuimdeeri pfosamplds pelrl secamd aijuSPRblieg the
trade-of f betwee thef speed ére si veness) and accuracy of the
estimate of thEHRFT °F SARG=SaR r4§%ﬁno'cal estimate can be used to
of fset the 20 eff ecise Ofietivatiioasimatrixy dHdR dhesietisTedt f thies vblimns
di verge for a ient_with a high SNR. The general structure of the
Kal man filter ,d‘?f’s"?%iwaﬁaeaéﬁf’n‘fﬁdgf ﬁfeﬂ’ﬂég‘é’r(?‘bgg KoFR ¥SARSFT tO BRFRW,
For a fuller desckhpticlemehtkh@ft HeO&yd aBen PEERET EoeS the Wlud asSi 6a¢h
Kal man filters_one may consult any of_a Iarﬁe 25 nunber of known texts,

such as AppPi edexifatiye ot ithet FS‘ryi,Value%r"t @ GeTe WAdCToN PETAHEK 18

1989. thdYefotd iveausyce of transfer function nmeasurenents Hxy
for the assunmed LTIS, which is defined by the input power WO
97/ 15230 1 -§0 CT/ US96/ 17154
37 — , “Jre_ ., ———‘-’-——r Hxy_1n(w_|X)

dc n 1+jw -1

As the state vector update equation shows, the system
decides how much X has changed from one observation to another
based on two factors: the Kalman gain matrix L, and the

" 15 difference between what the system just measured the transfer
function to be (Hxy) and what it was ‘“expected” to be
according to the lagged normal model Hxy_ln(X). In other
words, the more the'model deviates from "reality," the farther
off the system assumes its estimated X to be, and the more it

20 is changed. The gain matrix determines how much weight each
deviation is given. If the gain is zero, or the model agrees
exactly with the observation, then the system continues to

assume that the most recent estimate of X is the best.



signal x(t) and the out put tenperature signal y(t), the trend
estTmEtOr—TECUTST Vel Yy EStTTHrEes.  LHe  paraneter vector
X=[dc,[err],[err] , which in turn defines the transfer function

Hxy | n([err]) of the | agged normal nodel of Hxy. This allows 5 the
system s dirgeeraszpent gain, dc, and thus the cardiac PCOAUSSEAY154t O be
estimated from what are essentially alternaggng current electrical
measur enent s. The problem of determning X can be stated in terns
of a di screet timhe :ersberrcwaiﬁamwmajmmxaﬂdam ass(eisat fatuifive in
measur enent nodel. equation. Tine %3 ressed in un suc that

time t=(n+l) is OfF t’1trr§°ﬂﬁf'"i"n§f‘f"é? “E‘? . Cepgtructs t‘ﬂn% AR Qi T ¢
fol | ow ng equat i gferrs ﬁl‘féf—‘ghllﬁeobetneeﬁalman genaigt lwmcnf J.i:V\@u:beng‘&ﬁé‘:iﬂ&

measurenents of the Hxy of the transfer function.

X(n=1) + X rw the resPPﬁéYEﬁ?ﬁﬁo%ﬁ )the. CCO eStllFRSF‘ -tq_b@apgeg(m)ca.rq:}a&n
(measur enent H008lput wher e: X(n) is the present val ue of
the state (paraneter) ‘vect or [dc, [err], [err]][err]; 20 X(n-1)

is the nost recent prihs owyaldeﬁéﬂhﬁﬂe@emame peframeter £ is xdefinedg as
3-el ement vectorg dﬁféﬁﬂgrﬂ ¢ £RHEOMARLE WOFade is a positidey ir?téék‘ar el

recently observed tr Tunction;
represents a number of PRBS runs. N_fade may be predetermined

by experiment and preset in the system, but it is preferred

10 that it be adjustable based on the block size of the local
estimator and an estimated signal-to-noise ratio; this is
described in greater detail below. Inclusion of the term
N_fade forces the recursive estimation process to
exponentially "forget" data in the past, that 1is, it

15 determines how quickly the contribution of a given observation
to influence the calculations will decrease. .

The random walk covariance matrix Q is a real 3x3
diagonal matrix, whose diagonal elements represent the
variance of the elements of the random walk vector X rw. The

20 variance of such random variables is easily computed using
known techniques. The system generates the random walk wvector
itself, as is described below.

- As the Kalman gain equations show, for high noise (large
R_Hxy) the gain L increases as SIGMA increases. As N_fade is

25 decreased or the diagonal elements of Q are increased, the

Kalman again will increase and the system will become more

responsive to changes in the observed transfer function Hxy.



Hxy I n(X(n)) is the transfer function of the |agged nor mal nodel using

the present value of X and 25 Hon is the present transfer function
of observation noi se. WD 97/ 15230 o

PCT/ US96/ 17154 . 38 For m=10, Hxy,
Hxy I n(X) amP#/Badare 10x1 corrpl ex vectors with an el BRM6AYS cach of
the first ten PRBS harm)nl Ccs. - 4the system nodel according to
the invention int roduces the random wal k term X rw into the nodel,

This termviolates Unlikg 'él%%uﬁ‘b"c'? nestinators &he Fhend |estdmptarey when

time-invariant jmpléhdltdd ¥39nSaf bxtINTRSS RA Ymds? f.tz.rl‘ie'rnvéaéé q{bt 'rteduire
useful, however, for controlling the responsiveness of

estimation rout PEE-BERERRFING tHianed | ¥RANAGLDE ; aF@thes, 1Ghien(1ﬂal}5'?9n fiidter
therefore prefegigdeeihe h%xhtéss Zﬁ?é‘% | 7 CALLDE nxy ﬂé&%ﬁ&%@ﬁ@g asr¢ rhe .

requiring the variance ments of X rw kept so snal
the system cﬁangessatlsml‘sl then. the Kalman Fain sgastm@unedebymdnqreahe

i nvention invol yes t f ue danai_n
paraneters. C a}é{gl Eg? jl‘gg%é-‘l manq%:ﬂ?{e gﬁ%e%él%%ogl H%gf%nv\gl tfﬁft’ﬁ A8 -
approach to thrane:dﬁrmé n iheecaasing N:fﬂald&&irham qlfeawzgndlt-haa:ndm Fagiem
and nmeasur e t equations are |inearl ed to al

el enents of t hqugﬁ{ g‘@f” ﬂ ﬁ H‘é‘%’ﬁ?ﬁ?v‘é&? (ﬁ‘pﬁ %Elgt mem“gta i Gitatyengngd
the observati oneaem&&be%s theclesel e tholBe (B AYrehdbi Sthé Sinfikntbese
condi ti ons aﬁg L t hen t he Kal man filter can be shown to provide

opti mal est i} EPthéfaluesp&Faﬁéﬂé?}@ i Ot hE P detrEIiping; fhendrepdse
of giving the nuBl NidBIMNGRAR- StMRGeR, M Ofhe (WNBR) -is hRBAcEA tdiRpechlree

exponential integration is increased.

Together, R_Hxy and N_fade create an adaptive Kalman

filter that provides an accurate but slowly responding
15 estimation of the trend of CCO for low SNR and a faster

estimation of CCO for higher SNR. By changing N_fade one can

thus adjust the trade-off between speed and accuracy. The

local estimator, however, can be forced to consider only local

averaged data, which guarantees acceptable responsiveness at _
20 the expense of accuracy.

Note that the trend estimator periodically inputs Hxy,
which it processes based on an assumption that the cardiac
output is substantially described as an LTIS. A new transfer
function measurement is available only once per PRBS run of

25 time data. The dual-estimation method according to the
invention is therefore highly undersampled when compared to a

traditional time-domain Kalman filter.



condi tions apply strlctly in the preferred enbodi nent of the 25 I nventi on,

but—the—probtenms—tihat may arf Se because of tnhe differences are

"~ addressed according to the invention in such a way that the trend
estimator can still be inplenented using Kal man filtering techniques to
gi ve accur at enw@sdyniabes. W97/ 15230 PCT/US96/17154
PCT/ US96/ 17154 45 39 First, an
extended Kalman filter is used in the invention in order to deal with

t he probl em of paraneteacanse- bfnehei ﬁydersam;ﬂﬁ.mgnd;.ft hepatbérhterw:cﬁh a high
non-stati onary obgervati on noise is W t,h b I ng_the Kal

filter control pa%ﬁ?ret@?? ETa o ! att‘}grgft %ntg? of t % g° utput  batiween
covari ance- adapt invasurehhts, of the tr&Ass6r a&hxﬁiﬂlbﬁrﬁxyscheiplmded possille
preferred enbodi nent of the invention in_order, to adjust for the

observati on noi sefqfofthe trengy esyinatey <3 medel tp 4iyerosi CHmisiety frandde
extensions  ganghd@didd Cradns zﬁ-f m@ éﬁl@ndu?étfiﬁéif g%ﬁ@x disciswad the

bel ow. 10 bserve that the lagged nornmal transfer function
measur enment nndellweggﬂartépértm issgreaten, wndhthe fidgert tendse tgctrack the
paraneter but is &R{E 1oLy h dneeSpsﬁ{raﬁQaégr rc]f. a@ﬂﬁ[ e.l.rfdenth.tonha.%s that
however, continuous der| vaitves w th respect - to al par anet ers,
whi ch is requiredlirvesgeaciecef |thei hrend esstiipager can be éﬁtmbkatmarmg
filter. This is eyablished | aUehosbaBRatlle 1ochfXbieAfadoP! | Sh Ml TRl
Estimati on, whi ch erence fol I'oWl ng

Kal man fi l ter1019 tarpral | essidetone tdme the fotlsir ohded, ex't}mlcﬂ:ecl Kehenrtocal

L;{Jgﬂoﬁgcg{?eggaegsgvg&% V" el aCing e Yalle R Tl (o, TE AL S "R

estimator uses to determine weights in its cost function
(Equation 13).
The three-parameter local estimator described above will
15 inherently track high~SNR data. At low SNR, however, it is
preferred to use a two-parameter model in which t is
controlled by the Kalman trend estimator since there may still
be too much noise in the averaged data for the local estimator
to accurately estimate 7. The Hxy ln(X) model is such that
20 the estimation errors for dc and Tt are highly correlated. 1If
© is underestimated then dc will be overestimated and vice
versa. By letting t be controlled by the trend estimator,
which automatically extends its integration time for noisy
data, the ability of the local estimator to estimate dc (and
25 thus CCO) is improved.

Experience has indicated that the ability of either or

both of the estimators to accurately estimate CCO may be



Kal man gain matri x: L =SIGVA [err] dHIX [err] [dHdX[err]SI GVA

[err] dHIX' + R Hxy][err] State vector update: X(n) = X(n-1)
+ Re{L [err] [Hxy - Hxy_ In(X(n-1))]} 25 Not e- t hat [Hxy -

Hxy I n(X(n-1))] is the error between the actual |l y observed and

predi ct ed val N@9HI52¥he transfer WO 97/ 15230 PCTUS96/17154

PCT/ US96/ 17154 46 40 function. The

initial value for X t,gat [ Si Xég% IS preferably set tqo the first

val ue of X cal cul &@8153CRRELY ophFected by paYoPE SGYSFRACHOLES SOMECPE OF
three val ues of XcjatacterPi€f&s ably rh@iseC0¥abi1bde ! horak¥as 1 9846F M NEYGHIY
the local 5 estimator, since at |least three values for Hxy are preferred
to be avail abl e b&rsrelaked maise ecmmenky assariated withhtemperarareaneise in

estimat e RHxy. ' e X =¥ A Noies .

SIGVA(Nn-1) - Re{ L[tgrer %\I@S{)?Pg?g] g%%/%?ﬁ_ 'f)ggﬁ&gatory t‘%“é"?‘?r m a goalrstei'ndlmse
val ue for Sl GVA causedsbena sdtug hwlus; noikedcawsedibyelsurgicadf pSideddures;
(of f-di agonal ele [ .Sef . r o. (Lerrl. i.nit[er err](i).

)[err] where [er r%’_i?%?{@*.agc aﬁgleﬁepe?él“?rsen a& ylg‘-"d éoé’&éecf%lohgd, e#égre? gfﬂ%tilgl
standard devi ati orintaeferefde) {EMT) froprmédentpaurpecal imstrumefitdd)caghing
X[err] is the first timate of X =_15 dc,[err],[err]] calcul ated by the
sel f-starting | ocZﬂy S’i‘ﬁ Pﬁ%&f”."t"A?nd sp Wé"t“él&t i‘BRT {’ﬂeacgﬁ%ﬁ’r ) and
matrix is extrapolidregularlpasfetiitgt pakthientsl | owi ng preferred covariance

mat ri x extrapol ation: , .- ) .
10 The invention therefore provides two different types of

noise rejection: 1) signal conditioning; and 2) PRBS run

editing. The signal conditioning procedure according to the

invention minimizes the effects of low-frequency noise and

sample outliers. To remove the low-fregquency noise, a run-

15 length moving average filter is preferably used. To remove

outliers, the invention includes a noise editor, which detects

and removes measurexnent§ that statistically cannot be wvalid
temperature signals. _

In PRBS run editing, the processor determines that no

20 wuseful information can be extracted from the current PRSB

block of temperature data. It then "intercepts” and discards

this data so that it cannot corrupt the local and trend

estimates. For example, a poor cable connection typically

shows up as a triangular feature in the Cxy data. When this

25 condition is detected, the associated Hxy data is not

processed. As an additional feature of run editing according

to the invention, if any of the elements of the state vector

X suddenly undergoes a large excursion from what would be



SIGVA is set to f[err]SIGNA + Q 20 In these expressions,

ferr—ndicates—vectormat T ot ptrTat o, _ [[ferTi—demnot es
vector/ matrix (conjugate) transposition; Re{.} indicates the rea
part of the argunent; SIGVA is the real 3x3 error covariance
mat ri X f orywee74e30 L is the conpl ex 3x10 Kal man gai npgfissdesvis4

WO 97/ 15230 47 PCT/ US96/ 17154

41 R Hxy is the 10x10 real diagonal, noise variance nmatrix

for Hxy, whichexpaected mlthucahedlatslms@)ytaeﬂvm& lpzmdessor iﬁﬂid:aﬂ@esb%sed

on a predeter
t he conpl ex
respect to X

Qis a real 3x3 random wal k covariance natri X.
These ternms and their 10 effect on the estimati on routine

{5 nev signal sidibREpgauations are inplenmented in
g System and recursrvelry i mate both the state vector

def i ned above.

are known in

t he processin
and thebs
"update" refe
based on a ne
the portion b
assuned t hat

consistent w

10

15

20

25

m hed nunber of prevjious val ues of
SR tian Ve e SOOI L Preventy (She qmRR FT9RS.
estimator fErof dpd&Bind adNGtHREDGYcEHAar (f>1); and

t at e Féouye €olldnistnates| ¢ teipexdtiurec nolisx tnowelrespes trrum

W observati on, ereas rerm exXtrapo
e!ﬂveammseamt ildnsthe large inBeeasenimlseisetpoawer idt ithe
E evbg(ﬁ J%%cg.genca.es,a he O) tﬁgﬁ%aggtcg‘r‘}gt I;trmolng Io the
ventilator noise at about f= 0.15 Hz and £=0.3 Hz.

The powerful noise below about £=0.05 Hz is particularly
problematic since the cardiac output estimate is based on an
estimate of the =zero-frequency gain being divided into a
constant. In order to eliminate or at least lessen the
interference caused by the harmonics, the invention preferably
adjusts the PRBS pulse duration Tc in the manner described in
U.S. Patent 5,146,414 (McKown) so that the PRBS harmonics fall
to either side of the ventilator's fundamental frequency (and
thus its harmonics). Since this procedure is known, it is not
described further below.

The low-frequency signal-conditioning method according to
the invention takes advantage of the periodicity of the PRBS
signal to remove noise trends. Provided that the cardiac
output is substantially constant, the PRBS signal component in
the temperature data sums to a constant over any time int;erval
that is equal to the length of the PRBS sequence, regardless
of when during the PRBS cycle one begins to sum. The

invention therefore includes a trend-removal filter, which is

S

Remaining terns are

X

"For & :0B1RAL! O0; Blr e o GRHERI XEES! IR hi@lnlPeLMB L LAt 18



LTI'S assunption and the random wal k nodel | i ng construct, since 20 the

expected val ue of any el enent of the random wal k vect or Xrwis zero.
The frequency dependency of the Kalman filtering equations is inplicit:
The experinentally observed transfer function Hxy and the |a gq%gd nor mal
transfer functWeAVH3¥el 25 Hxy In(X) both con5|st of ten conpFE¥

one for each of the first ten harnonics off8 he PRBS power signal .

Each I t t

P?:‘CI'/ US96/ iﬁgﬁn | S ers Ervaelnmgémg average é/ﬂ&r v]v‘gose 1engf:gn:e§]tt{q%(§?me_ as
Hxy([err]) = obsermesi-_tdﬁamepnﬁsurmn onmhe factd® that déCermine this length
element{Hxy In(X)} = Hxy .In(Jerr]X) = nodel transfer function at

[err] = 2[err] n[A%S (PRAIPLIPRPOYSr n=1 to 10, where, as 5 before, Fs is

the nunber of sanples peiguwerond 80d aSPBibek! iagranUEREE Qlfllmlaﬁﬁspe{he
PRBS r un. The derivative matri x dHdX consi sts of three col umms

defined by the BHerPrefenredistrychuny 2f | Rheyitrendesgoeving dpening aversdue

el ements of X and 4pfbd:OWsehOto bilot! Yo Frdfielioy o fld Eiéé:’h'éé-ge: VemplEal &b

val ues of [err]. th row o FEtore given
data from the thermistor. The terms in Figure 7 are as
follows:
SPR = the number of samples per PRBS run;

10 z? the conventional backward time-shift operator, so
that z?[y_maf_in{n)] = [y_maf_in(n-1)], which is simply the
most recent previous value of the measured blocod temperature;

yv_maf_in = y_maf_in(t) is the "raw" temperature data as
measured by the thermistor in the pulmonary artery. It

15 represents the input data to the moving average filter.

y_ma = yma{t) is a normalized output signal from the
moving average filter. Normalization is by multiplication by
1/SNR.

v.maf_out = y maf _out(t) is the zero-mean temperature

20 data with the noise "drift" removed, that is, the output from
the moving average filter shown in Figure 7.

As the figure shows, the current and {(SPR-1) most recent
previocous values of the temperature signal are arithmetically
averaged. (A total of SPR values are averaged). The SPR

25 average is then normalized by division by SPR (multiplication
by 1/SPR). This normalized average y_ma is then subtracted
from the temperature value obtained SPR/2 samples ago, the

result being y _maf_out.



[err] As the state vector update equation shows, the system
' onto andt‘h'e'r———based on

two factors: the Kalman gain matrix L, and the 15 difference between what

the system just measured the transfer function to be (Hxy) and what it
was " expec‘g,gg.mgzgo be according to the | agged nornal perresoshrags! N(X). In
ot her rds, the nore the nodel deviages from"reality," the farther

of f the systemassunes its estimated X to be, and the nore it 20 is
changed. The ga| n rm:tmr»ded-stanmﬂbs Hsennﬁﬂtcbfmeh@hﬁmea:@averagdeﬁihtemn S

If th th d ctl th the
glb\sfgpvat i on, e 'ﬁ" ehe é%é?én%gﬁflgn%gg?gegflf%ﬁﬁsﬂﬁgx at WIe rHent

estimate of X PEqihe hedas a Fourie¥OXHah2?2dPm of the form sinc(x) =
PCT/ US96/ 17154 43 The error
covari ance mat$Hk(X)/&at whigh| & contegpdi 3k F9rc freguercy+ Jbst Braferxgd

model 1ing consg{iicdss 15 fertiid Ghe - wel@lknown 99BEkSatNe £48LE Of wHiEnKa dran
filter, which in turn governs t he responsi veness of the CCO estimte to

Changes i n car@ﬁ%@fﬂ‘@domnpmny standard texts on digital signal processing,
such as Oppenheim and Schafer's book Digital Signal
Processing, Prentice Hall, 1975. Since the width of the filter
is SPR samples, the filter has zeros spaced ¥s/SPR Hz apart,

10 where Fs is the sample freguency. Note that Fs/SPR Hz is also
the frequency of the first harmonic of the PRBS signal, and
that the filter thus has zeros at all of the harmonics of the
PRBS signal. In other words, the harmonics of the PRBS signal
-- which are, or at least should be -- the only ac signal

15 component in the input temperature signal y maf_in, will be
filtered out. Therefore, no ac component remains in y_ma, and
the noise remaining in y_ma will be the input temperature

noise filtered by the sinc(x) spectrum of the filter.

The input signal delayed by SPR/2 samples, that is,

20 z ™2 [y maf in(n)] contains three principal superimposed
components: the PRBS ac signal (which is used to compute
cross-correlations and the transfer function measurements
Hxy): the low-freguency input temperature noise; and a dc
component common to all the values of y_maf_in. In y_ma,

25 however, the PRBS ac signal is filtered out, leaving only the
low-frequency noise and a constant corresponding to the dc

component. Subtracting y_ma from y_maf_in(-SPR/2) thus leaves



The scal ar fading nenory paraneter f is defined as f = exp(1l/ N_fade),
where N fade is a positive integer that represents a nunber of PRBS
runs. Nf ade may be predet erm ned by experinent and preset .in the
system but it is ref erred 10 that it be adjustable based on the bl ock
si ze of the WQnN estimtor and an estingted signal -t oSN o
this is descrlbed in greater detail belo IncI usion of the term
N fade forces the CUI’SI % estLmation
exponential Iy "f8Fget tpH 19m?h¥"m3§'r°u? hé{‘ g gtl% E’g%?e?‘rﬁ RATPRBWES
qui ckly the cont unamstmai atghaenzeubsenteaa:t iagd no dztx:fu.nf Figuce 8 is a
cal cul ations w || Eaﬁg The ndom wal k covari gance natri Q IS
iddn'd

a real 3x3 dP&@ n8 PRED M fforkY SEERERREUTR A

variance of the bbeasétﬁlmeﬁlhg HafEe e Infovi agt ai’ref&g‘éNflIber@ccdﬁm@nﬁs
of such random variables is easil mput ed usi_ng known techni ques. The

syst em gener aPes tf‘ﬁe’-?‘éﬁ@l‘éﬂﬁ’%alﬂ@dz@'églﬁfe 8 (b} t%*%ﬂ‘?s Ya®afsoWes bt d shetbs,

As the Kal man gakasﬁge%f%ﬁﬂwg ftﬁé baaht&gséﬁa&&%r 88ta. teigugai
L increases as SI GVA | ncreases. Nf ade 1's decreased or the |agonal

el ements of Q ar 8hpwWer e@&%cﬂ%@l risgingrirendarf wimaf_jincisasbiminatede so

t Il b dt f
systemui || DeCORRaUDy et HESNANSKechiphaNISA JabS ARASrved transfer

PCT/ US96/ 17154 It is well known to mplementﬂdhov:.ng—averagﬁnkaBmISheand

| ocal estinataqr he ndetlma when rrent Il ng, an ..
ext ended Kal tr}%n F%Wt)é’& n%%%ﬂ'ﬁ”? &y bepPgngr%cw lﬂa é’x%g.\é}ventlon
aver agi ng; ratherprt he:akﬁptleans[PRI memory pdsieftbhy bnpat shhlﬁe l:t@lgi#tei—rsm

Hxy measurenents. hle oLse |s hi gh, then th a| n
reduced by an |n89‘3‘3§%ts ong, MaKLe Jusgd FonSEohFe %b‘%é’? PEFV?)?I %o‘(?a.lﬁeéneg
rra:ri X RHxy. yEmaENeh POkRichnakreashes NuatedWaed tSrd fregnlactal®iys€or
ratio

effectively, by address indexing) each sample period. As one
15 alternative, the known overlap-save fast Fourier transform
(FFT) convolution method may alsc be used.

Although only SPR values of y _maf in are required by the
moving average filter, as is explained below, (nRUNS_y)*SPR
values are preferably stored in a memory buffer y_mem for use

20 in signal editing procedures, for example, to reduce the
effects of electromagnetic interference. NnRUNS_yv is a
parameter that indicates how many runs of data are to be
stored. NnRUNS_yY should be large enough to allow an
approximation of the standard deviation of the temperature

25 wvalues sufficient to identify spurious values. Tests have
shown that nRUNS_y should be at 1least £five, and, for

computational efficiency, seven.



(SNR) is low wi |l increase the exponential menmory of the trend

esttmEtOr ——the €355 the noise 15, the greater the influence I0 of past
values is allowed to be in determ ning the trend. Thus, as noi se
i ncreases, the gain is reduced and the exponential integration is

i ncreased.  wo9ms230oget her, R Hxy and N fade create an adBEE/P8S1RB# man
filter that provides an accurate but slowy Bésponding 15 estinmation of
the trend of CCO for | ow SNR and a faster estimation of CCO for higher
SNR. By changi nd® SismadnGonditioningys adjust the trade-off between

speed and accuracy. T@&ooa-fiasgmko ;&?gk '19‘?:}?1 Jboﬁgeinv&%ho@ieairgrﬁféeﬁ Qsea

consi der only | ocal aver age guar antees acceptab
responsi veness atneéd pcherdupegovroés aot uebestromagneticNonberfarendse tBMINd
rocesses base

asstmpton’ Chat  (TEt BpaPabeaid dheesre-Fabidhiniall PERTGRRAR Bacatratine
LTIS. A new triinsfeom.  ThisCEMIN deastoriaminate anhai |tiiperashyeodatapeind
PRBS run of 25 t dat stimation, nmet hod according to the
invention is the S&h%aﬂhﬁér‘gar%ﬁeﬁgﬁhﬁﬁt%r ed to a

traditional tinme-donuiageckaiimd tdo kherinvention, dé/\‘!a ok 0884 by EMI, or any
PCT/ US96/ 17154 Because of the

under sanpl i ng, i fotr9Fat PRHerfithh §“JH$Eﬁ=Ftlangl\lR“-mP‘b¥&3‘é’rei hREse, paryeSchdifge

in cardiac outputelieli¥RRRa in BRESHLEHENT %ﬁeﬂ@f&&@ﬂ%ﬁ&@i‘éﬁéﬁh KX ¥nem
then it is possible for the trend estimator' s nodel to diverge

conpletely frimtdan B oHswededadatan MRUNSLYINRPRt harfay« eroxyaias i she
lover, the @Vfwa%h%glweors GRBRSCY. GOCLAE Tldd LM | duldiits
1

t he dat a advant age invention 1S
,...,SPR

In a first step, the standard deviation o_y of all the
(nRUNS_y) *SPR values in the memory buffer y_mem is calculated

15 in any known manner. A first edit threshold T..; = Deasr:°O_Y
is then set, where n,,,, is an experimentally or theoretically
predetermined parameter. All values in y_mem whose absolute
values are greater than T, are then set to a predetermined
outlier default value, which is preferably zero, since the

20 wvalue is assumed to be so corrupted that it contains
insufficient information to determine a "replacement" value.

The remaining values form a working vector y_edit, which still

can be partitioned into nRUNS_y sets of SPR run values.
Furthermore, for every valué that is identified as an outlier,

25 the corresponding element in an edited-data identification
vector y_keep is set to zero; other elements of y_keep are set

to one.



di vergence of the trend estimtor can be detected by conparing its
results wth those of the local estimator. The Kalnman 10 trend esti mator,

on the other hand, "hel ps" the | ocal estimator by generating the val ue
R Hxy([err]), which the |ocal estimator uses to determ ne vveisghts in
its cost fYWRAITNFA0 (Equation 13). The t hr ee- PAFRRB1EI| ocal
estimator described above will 15 inheren??y track hi gh- SNR data. At | ow
SNR, however, preferred to us nodel whi ch
[err] is contri‘ﬁ el oy°" hé‘“‘éST‘nﬁrPe[ n&%l% fherg may ‘stil |

be too much nairams g, t &ed av eicagann talricho e béla:ﬂe)ﬁ&htbéﬁtdﬂ‘f&hersamplé Gn
accurately esti mt\%#% . ge Hxyl né?x% m)del i such that 20 the

estimation errfbr&t raffdT[ err - ar e®Hirghl Fateliom ¥ Y_mem{n,s)
under esti nmat ecadd8n 3 Wi aaleverﬁﬁtwtﬁéaand thh€Cone oY Ghd¥e ofShthe

letting [err] be controlle “by the trend estimator, whi ch automatlcally'
extends itsi rﬁlﬁ}%soﬁ t |Yn@dﬂér(rn%l s‘paldallﬁve tbﬁ,erabﬁqqqeyl ¢ t3ex9.oc &or '
estimator to ,(qed B Eb:er d.

Experi ence has |nd| cate %at tﬁsefhgél | ty B EIthef:‘)Y%I‘ aero el‘ﬁne t-'st ﬁ'en

estimators to thecw' &bebylmmﬁaWee@w nelyathd s, the num@ropflEe@perature

PCT/ US96/ 1715 | tly
af fected by aﬁ’y S sgggtr:a'fern%llseé‘gssgﬁér\%e%’r (thatld ﬁar ac er %#ﬁ%‘gaﬁm“rh

i ncl ude: non-tHeatziexwamgan bf ghlmem). correl ated noi se commonl y associ at ed

with tenp ture nQise_i.n nona rter p|ra oryte erature
noi se; noé‘il 5 ca§§58r8§n% %‘?&3’%3?"%““%1\( r@ﬂué% e (2),3)
procedures;  isc| sabtradtediothe apithfietic badefﬁmesfl ang; tﬂieeCﬁds:mmmﬁt ic
i nterference El\f‘) from nodern sur gi caI i nstrupents;_ coughin
es in column s, he remaining values fo an array
y_noise, whose elements are residual values used to determine
the relative SNR of each run. The array y_noise is further
15 used to identify and eliminate statistical outliers so that
_ they are not included in the cross-correlation with the PRBS
reference signal to form Cxx and Cxy. y_noise is thus

calculated as follows:

y_noise(r,s) = y_mem(r,s) - ktls) Z y_edit(s) for k{(s) * 0
= y_mem(x.s) - -—1—2 y_mem(s) for k(s) =0
NRUNS_y %

20 After y noise has been computed, the variance {0?) of each of
the nRUNS_y sets of data in y _noise is computed in any known
manner. Recall that noise variance is egual to noise power.

The noise power values are then normalized by dividing each by



by the patient; and spont aneously (not on a ventilator) and irregularly

_ breattmmgpatTentsT—10 The TThventrom tnererore provi des TWo different
‘types of noi se rejection: 1) signal conditioning;, and 2) PRBS run
editing. The signal conditioning procedure according to the i nvention

m ni m zes thewsdd9mmsiw of | ow frequency noi se and sanpl e EINISIE/TLISATO
renove the | owfrequency noise, a run- 15 | eAdth noving average filter is
preferably used. To renove outliers, the invention includes a noise

edi tor, which det'des smaxirun r Fhrass nma}n@ﬁénpglsﬁapogwatvew%lwe cehaiot

be val i d t enpe a ; S strdR']
processor determé]%;s‘}%lﬁtaet% %% é cﬁ%% sult° A&?‘ngtﬁlgonig&f% ex ract ed from
the current PRSB bl2o clecondt edi;érfahmsimial Teard:t 18 hicher! fiormedepss” and

di scards this data t.h t c not cQrrupt the Iocal
estimates. For exg‘&’r?bléoohé‘%gg 'cab grgonn E8 on yp| Tal Fﬁylﬁ%ngz\%la’p & a

triangul ar feasurenédrdtieally (iiﬁéﬂet\éhﬁﬁlnéhl pazhmeveardi tndn o_hideNRrRctied, tide
associ ated Hxy data i s not roces ,ed As an additional feature of li

edi ti ng accordi ng®veraqs ﬂ#etpﬁvﬁﬂ 284 PRWFToVathe® P RS 8Fepher st

vect or X suddes \xpRdeneResl B bi' Gledeticalop freaareaind@ Whitose value.
WO 97/ 15230 PCT/ US96/ 17154

47 expect ed ThHe Vadygss faom idies &wWor Beft { FREGNL £BBS oF U fiteFeSsin y_mem

"CGaussi an edit" cofgll Q) gpBhEBr PERNE N tsla%o&ial Dttﬂ?ﬂéishold aBal tHEM Yet
from updat| ng its state véctor X Low frequency signal conditioning
10 to zero and output as y_edn.t 0, which corresponds to y_mem,

but with statistical outliers having been edited out.
y_.-_edit_o thus is zero-mean temperature data with any trend and
statistical outliers removed. In this context, statistical
outliers are values that are likely to have occurred because

15 of disturbances such as EMI.

SNR estimation

Both of the estimators according to the invention use an
estimate of the signal-to-noise ratio (SNR) of the temperature
data, the local estimator in order to adjust the weights

20 W(w,), and the trend (preferably Kalman) estimator to
determine its gain adjustment.

As Figure 9 illustrates, the invention estimates SNR
preferably by performing two PRBS cycle-length discrete
Fourier transformations (DFT's). The processing system

25 computes a ten-element signal-plus-neoise spectrum Gyy_.S at
each PRBS harmonic, and an ll-element noise-only spectrum

Gyy_N at each PRBS half harmonic.



5 Figure 6 illustrates the tenperature noi se power spectrum for a

typical patient on a ventilator. Two main features of t he noi se are:
1) the large increase in noise power at the | ower frequencies; and 2)
the first two harnonics of the ventilator noise at about f= 0.15 Hz
and f=0.3 Hz.WQ@8715230  The powerful noi se bel ow about f=0. BCTPS647154
particul arly probl emati c since the car d*4c out put estimate is based on
an estimate of the zero-frequency gain being divided into a

const ant. In order to elimnnate trs@f)|?east | essen_the |yndN|erference
caused by the harnoni cs,a—wsgﬂs/(?n%wgef@?gblw(é‘b] ¥ | ('(:i")tl PRBS.

pul se duration Tc in the manner described in U S. Patent 5,146,414
(McKown) so that the PRBS harnonics fall to either side of the
ventilator's fundanental frequency (and thus its harnmonics). Since this
procedure is known, it is not descri bed further below. 20 The

| ow frequency si YhgrecHnand &n AyenBF oY afc &bedivg mest recenhePRBS annsoRf

t akes advant age | Ogllcl t f P . Si I ngi_se
rends. Provi dSSPPRATCire SaThy gaftott Weldibrea 1, Y vadkd ST bRa 1528
t he PRBS signal ebepehent in the tenperature data sunms to a constant

Ouer a0y e | terVabec 28 bl 1 ool YRk SDORD Sl R e

The i nventsi odather efthen iYeluldes wHs:, entherensvak fthlet @t WiioddckS the
elements of Ws = exp(-j-m-w/Fs)= e\ I™vF for sample index
m=0, ..., 2-(SPR-1) and w=n-2n-Fs/SPR for n=1,...,10.
Similarly, Yn(w') = ysWn, the elements of Wn = exp(-j -m-w'/Fs)
and w'=(n-%)-2n-Fs/SPR for n=1,...,11.

10 Because the boxcar window size of the DFT's is 2-SFR,
they estimate the spectrum of the temperature data using a
filter that has zeros at multiples of the half frequencies of
the PRBS harmonics. The advantage of this is that there is no
PRBS signal "leakage" between the harmonics of ¥Ys and no PRBS

" 15 signal power in Yn. The ten elements of Gyy S therefore
represent the signal-plus-noise power in DFT bins centered on
the first ten PRBS harmonics and the 11 elements of Gyy N
represent the pure. noise power in DFT bins centered on the
first 11 PRBS half-harmonics.

20 Gyy.S and Gyy_ N allow the invention to estimate the
matched filter bandwidth SNR for the two PRBS runs of
temperature data, which are associated with each observed
transfer function:

' SNR = (£S-¥N)/(2-TN)
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|JICIC

rabty—oving—average T ter—whose | ength i sthe same as

that of the PRBS run. The factors that determne this length are

expl ai ned abo

ve. Figure 7 is a block diagramthat illustrates

5 preferregoyvasds ure of the trend-renoving, noving aver BRQgEUS96/17E54| t er

-t herm stor.

to renove | owfrequency noise fromthe tebperature data fromthe
The ternms in Figure 7 are as fol.l.ows: SPR =
%s 204 TN ars arhe] sinist o€ ddvey edemengls of

nunber of sanples per Pe&reu

backward ti ne-
[y _maf _in(n-1

hat. z

i B, SV Feemect 0Ly i aOip e aelat et g

t he
used

t he

t he

measur ed bl ooelréxwmataf umaquencles, the Baisidre pr;feﬁblm(m)utedtm theaw'

tenperature d
It 15 represe
= ym(t) issa
hbrnallzatlon
y _maf _out (t)
renoved, that
Flgure 7.

nor nal i zedLav
obt ai ned SPR/

15

20

25

.a as nmeasur the herm st | n t nar art
Rt nmns PRBY, BorBoRhe B e ek
fwﬁr&bkzgglyout put signal f rom t he m)V| ng aver age filt

is by multi

i cation by
is th§121§?ot§%% tdmasEarlr mm%ate&%#hft% Wb?s%amedﬁwa
BEBS tt}ﬁngut t tfehﬁgkaturé heg¥aVi PRaeY Yrafaaki | €6 SRt

ery.
ty m
er.

n

i gure shows, the current and {SPR:1) npbst recent
previ ous val u@ssaa@nremnt mﬁo&hatmveerswtgmmeramreartmmx dancgion Bxedgged.

hor mal 1 zed by 8 Evas BpieliBtEaRth pardif e Ro"apl ECIRsR! 4 hator

orcdigihtiingnand Kabwars gatinacontirol. from t he tenperature val
2 sanpl es ago, the result being y_naf_out.

Bolus noise run editing
An attending clinician often uses the injectate port of

the pulmonary artery to deliver drugs intravenously. These
injections are usually in the form of a 1-10cm® fluid bolus at
room temperature. It is also common to inject a saline
solution to flush the catheter lumens. In either case, the
thermistor detects the bolus as a large negative transient
(room temperature is much less than normal blocod temperature)
in the measured blood temperature. It is difficult simply to
filter out such bolus-induced signals, since they often have
a noise component that is 10-30 dB greater than the CCO
temperature signal, with substantially the same transfer
function shape. If such data is allowed to reach the
estimators, the resulting CCO estimates will be erroneocusly
low.

According to the invention, the system's processor

examines the measured temperature data in y_mem. If the

ue
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49 To understand the benefit of the noving average filter,
notice that a noving average filter of the type shown in Figure 7 has
a Fourier trapnsformof the formsinc(x) = sin(x)/x, which is %e tered
at zero frequ¥@y15¥he preferred 5 filter g thus the wel | PERBERAS Y8 car -
filter, which is descri bed in many stan 8rd texts on di gital signal

processi ng, QG i.qi.t al  Si_gnal
brocesei ng. preniTLEFbEcd REDISEE, 00 pEARE) SRR diflihlly, Belblrarungs,
sanples, the fil tealyss ZAexves sqnb]:ed:Hés/SB%sttaqm in10y_owixgr cekseedst e

le f Not.e that .Fs/SP f th
ot har moni ¢ oS BESA L RFeoarrnindd ae; fb2RPRP LT Frem: o) ik

at all of the harmmndaa:aoffofhaae mostPPRSefit GR@t .isl @iChELId&XUtER okNEhe run
har noni cs of the PRBS signal -- which are, or_at |east should be. --

the only ac signats obherwdss ftadoed, ashdovahid sc‘éﬁﬁéFa%Erhs fUnased wafamn,

wll be filtefq et calbgigtPbss, NO ac conponent renains in y_na, and
the noise remaining in yma will be the input tenperature noi se filtered

by the sinc(x) spectrumof the filter. The input signal del ayed

by SPR/'2 sanpl es,qptliledyS sualei6h Shédsddea@®le | N(N)] contains three
princi pal superlmé(#_“&—'—_—

As is described above, the invention preferably uses a

10 PRBS correlation technique to measure a £freguency-domain
power-to-temperature transfer function Hxy. The transfer
function Hxy measurements are obtained by cross-correlating an
ideal PRBS wave form and Fourier transforming the resulting
Cxx and Cxy correlation data.

15 See Figure 10. Let x _mem be the vector of the 2-SPR most
recent sensed input power values and let x_cor_0 be a zero-
mean SPR-length PRBS signal, which may be generated in any
known mammer. First, x_cor_0 is correlated with the last two
runs of the zero-mean, outlier-edited temperature data y_edit,

20 that is, the PRBS signals; the result is an unnormalized
cross~correlation value Cxy_un

In order to properly normalize the PRBS correlation data,
x_cor_0 is then correlated with the vector y_keep, which, as
is described above, contains "ones*" only in elements

25 corresponding to values of temperature data not found to be
outliers. The result of this correlation is an SPR-length
vector N_prod, which contains the number of lag-products that

contribute to each lag of the correlation vector Cxy.



conponents: the PRBS ac signal (which is used to conpute

eross=corretattons—and—th ' renents Fxy)—the

| ow f requency input tenperature noise; and a dc . . conmponent comon to

all the values of y maf in. Iny ma, 25 however, the PRBS ac signal is

filtered owyogrgsds N only the | ow-frequency noi se apgrasssanssisant

corresponding to the dc conponent. SgPptracting y_ma fromy_ maf
in(-SPR/ 2) thus | eaves WD 97/ 15230

PCT/ US96/ 17154 Element-by-elément d:.vis:.on of Cxy_ 86 Produces caltmormss] igedl

y _maf _out in which the PRBS ac_ si undi e It has ze nean
Tad o drifr.  repeaguss veoss-cotiiiarion veckii, YRGET heberl e, (e
tenperature datm,. yNoBE_tHat if theber&rd idd outlfetSédits allvelagertus okge
filter according to 5 the inyention, and Fi gure ?e((gtb) shovvsﬁgy rraf out that
is, the r esldeepr amq equaly tohenelw

shows, the ggang(ﬂalr ksl Bgrtrend of ymafi n S eI i m nat ed SO that

y_maf _out is "ac-coupled,” with zero nean. is well known to

i mpl ement novi ng- avémgéaﬂw ekscornn® is apayeiabes mherﬁmt aRomyredidedoe

used accor di ng J e GYER' kOfem, and s GXPRI £2e5T5 HEIBLYONOS) (4GNS dhed

shift register el ement’s ong nay used store the previous
val ues of yamilti is bl ARES ertssrcommaiad iondvedtidn €kx( fior ubadds/ 0 ¢o
effectively, by(éﬁag%c:_ms i ndexi ng) each sanple period. As one 15
alternative, over | ap-save fast Fourier transform (FFT)

convol uti ortoret hod mhe avaludx Cgd.and Cxx ard t Bhegh converSeR ved uaheof y
maf_in are req%rreeq%e%\éyt rEei\amain using Fourier transformation at the PRBS
harmonics. The respective results are Sxy and Sxx, which,
when divided element-by-element, provide the power-to-

temperature measured transfer function Hxy.

15 Transfer function noise estimation
As is described above, the preferred trend estimator (a

Kalman filter) uses R_Hxy, a 10x10 complex matrix containing
the noise covariance in the ten-element complex vector Hxy.
The more thermal noise there is in the pulmonary artery, the
20 larger the elements of R_Hxy will be. Although it is possible
to calculate all 100 elements of R_Hxy, the inventors have
discovered that better performance is obtained by calculating
only the diagonal elements of R_Hxy (the auto-correlation
elements). Not only does this simplification provide
25 consistency with the assumption of white noise in a Kalman

filter, but it also reduces computational complexity.



novi ng average filter, as is explained below, (nRUNS y)*SPR val ues are
preferably stored in a nenory buffer y memfor use 20 in signal editing

procedures, for exanple, to reduce the effects- of electromagnetic

i nterference. NRUNS vy is a parameter that indicates how many runs of
data are to bWO971523¢ o ed. NRUNS y shoulg be..1arge eREUYROH* al | ow
an approxi mati on of the standard devi ati % of the tenperature 25

val ues sufficient to dentify spurious, val Test § _have shown at
TRUNS.y shoul d be ai TPEasPrarieite W™ {fey WY, bl Uehmucen® i3, LHE)
seven. WEL27ktao@30 formula for statistical wvariance. Thus, a

PCT/ US96/ 17154 . 5 M _Si |
Conditioni g Predetepind FRBRERANPNOPE RRTEE FREPS Tore fERERLeR Faltesn

used near pawr bite 566£EQSiINTa Gha@RdHOBRETRE Sxihéahf ereE iy nHxy
such as certain el ectro-cauterizing equi pnent in_an operating 5 room
This EM can Sonfa¥i nBee THRSQenpYr (BPEMantandn one [ piQEatyPR qfal ithe

of the CCO estiM@hGention, 15 vafli&Q sk BodOwbie dRUGALAOM 19%hRy CRE UP TR

by EM, or any other powerful, substantially inpulsive noisée source,
i s el i m nat &ithnof ithes tepsdiaronaly elements wofaR_Hxy Houghepneomoureashasbe
viewed as an (nNRENPi¥yeXSPR array, or as the
nHxy
Hxy mean (k) = 1 . E Hxy _mem(k,n)
nHXyY pn1
1
R_Hxy (k) = ——-—_—Ig |Hxy_mem (X, n) ~Hxy_mean (k) |2
for PRBS harmonics k=1,...,10

The values of R_Hxy may then further be smoothed using
10 known methods.

Responsiveness control
It is pointed out above that the responsiveness of the
Kalman trend estimator can be adjusted both by the fading
memory scalar £ and the random walk covariance matrix Q. In
15 particular, the covariance matrix SIGMA(n) is a function of
SIGMA(n-1) (see above), which is extrapolated according to the
relationship SICMA(extrapolated) = £*SIGMA + Q.
In the preferred embodiment of ‘the invention, f fades
exponentially, that is, f = e!™%#% yhere N_fade is chosen to

20 be the greater of the block size of the local estimator (the



concat enation of nRUNS_y vectors, each with elenments 1,...,SPR

| ma fTTst—step, the standard deviattom o_y of—art—the RUNS—y)*=SPR
values in the nmenory buffer y_ memis calculated 15 in any known manner.

A first edit threshold T[err] = n[err] is then set, where n[err] s
an experi ment\WoPBY15380 t heoretically predet er mi ned par aneCEUSIATES4 val ues
I n ymem whose absol ute values are greaté@® than T[err] are then set to
a predeterm ned outlier default value, which is preferably zero, since

the 20 value MR OfBRBS FuRe ifoingiudan £ar ealkaulating cepnliessimate)
i nsufficient infgfMhieOhdetadat fgisadniy” fﬁ%@ﬁ@ﬁ?“%i'\mv%fuethe bloég The

remai ni ng val ues forma working vector yedit, which stil
partitioned i nt ofARiRGy mamoryof coprtant \tHerefore gﬂ;ﬁt rh;tgm Aod etisey

value that is ideg | S LN ment _in_an
edi ted-data i denti i&érﬁ%o?\& Bpeﬁ%tugr EEG%%’%]H&SS ?é?)gs ger%the AXPERETT s
of ykeep are Betnoisiemw aidock is. V\D 97/ 15230

PCT/ US96/ 17154

The random walk covarianceS%atrix Q is 3x3 a-diagonal
matrix whose i'th element Q(i,i) = (X_frac * X(i))? where
X_frac determines the standard deviation of the random walk in
terms of a fraction of the i'th state vector element X(i).
10 Until the trend estimator has received enough sequential run

data to generate recursive estimations, X_frac i; preferably

set proportional to a sigmoid function of the average SNR, for

example, .

X_frac « {1+ 1/SNR_dB)™, where SNR_GB is the average SNR
15 expressed in decibels.

After enough values of Hxy have been measured (usually,
three) for the trend estimator to begin iteration, then X_frac
is preferably set to an experimentally determined small
constant (to prevent too much excursion in the steady state);

20 in one test of the invention, X_frac was set to 0.02.

Non-Gaussian noise run editing

It is known that Kalman filters are optimal least-squares
estimators if the observation noise has a Gaussian amplitude
distribution and is uncorrelated between observations, that

25 1is, it is so-called white Gaussian noise (WGN). It is also
known that if the observation noise if WGN then the error in

the Kalman filter's state vector estimate is also WGN.



Let a "row' index r be the nunber of the run, r =1, NRUNS y, and a
"colum" index s be the nunber of the sarrpleln agivenrun, s =1, ...,
SPR Note that y mem=y men(r,s)  and yedit y edit(r,s) and recall
that one or_nore of the 5 elenents of y_edit(r s) may hay orced to
zero. For WO col um, let k(s) be the?r‘gunber of non-?gr’gg?ﬁ&ffénts in
the s'th colum of y edit, that is, the nuhber of tenperature val ues

that were | ess that er ]{13_1“ el t mean
of y mem. 10 chor%mréé he #llvel: r#u]’?nr yr‘#&écﬁg ?@Fren%t}e %%rt S)
I's subtract ed t:be‘raiathdefrmamag@%fnailm htehen amexzte ra;nd J.umlamlumde
col um s. n | u for arra noi se e .el enents
are residual va ﬁgﬁ G&f()z'%de ety n a‘?‘él a?l?%ese%ﬁhﬁ %gc‘?PSfelﬂ The
array y_noise itxahslféherfuhatiu:aednky I(dhlilbhf ;randmleamylahrelateal 8bi tale
outliers soth t included in t cross-correl ation W|th
The prbs 08 | Eemperetitt (AgniD yEFTH tate Fhetatpre Alar, arral stad an
cal cul ated as hehl@4fissian. [®idde char&@teﬁé@i[cé’ﬂ@:’l&@eheﬁe b@@eﬂ:féﬂﬂéﬂtled’
the variance ([err]) of each of the NnRUNS y sets of data in g noi se is
8

conput ed in anpsRHBRRions Fhakeundradar| Fefmenndiidders iandcecan dgadl tro
noi Se pover.  g3oRie; BRhE e NOMBI R UBSs@r & bk NOr MRl i zed by divi di ng

each by
According to the invention, the system examines
10 statistics of the elements of the state vector X and parameter
covariance matrix and determines if they satisfy Gaussian
amplitude distributions. If they do, then the Kalman filter
trend estimator proceeds normally. If not, then the trend
estimator does not update the state vector and the covariance
15 matrix until the next estimation cycle and the corresponding
observed transfer function is simply ignored and the CCO
estimate is not updated. '
Of the three parameters in the state wvector X = [dc,
n,T], the statistics that the invention examines for u, t are
20 the parameters themselves. For the dc parameter, however, the
system evaluates its inverse, since the quantity of interest
-- CCO -- is inversely related to dc.
According to the invention, nMEM X previous values of a
statistics vector X_stat = [1/dc, n, 1] are stored in inemory.
25 In one prototype of the invention, nMEM X was set to fifteen,
which provided meaningful statistics without adding needless
delay; any other number as long as it is large enough to

provide meaningful statistics.
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53 e TTax T om TNESE nornal i zed noi se power val ues are then
converted to decibels to formthe signals SNRrundB. A second edit
threshold T[err] is then forned as nferr] ([err]_hi_SNR) , where
nferr] i swoaisBaperi nentally or 5 theoretically pred®CEURGAELE4
paraneter and [rr] _hi _SNR is the avera®d of the normalized power val ues

that are greater than an experinentally or thegreticall if‘ pr edet er mi ned
cutof f val ue. THe TEARUYSCEREFLUIRAR WS (FBSP FEBRRePRBSTRENIT SERIFRALS n
y_mem that guf aieahed Hhal f RRectRrand edie! <thhashe! dedl £ iS5 ainel0
to zero and output as yedito, which corresponds to y_nmem but with
statistical outdNMEM X valueg bfeh/ddi tied angt T are thenyjindipidpally hesther

zer o- mean tenpe at.q Wit S | Slk.ls ut) |
renoved. In th‘?%ﬁﬁ%x%’?%%a??%?‘?%%# %%%ggf ri%zfséxgér eES‘= &éﬁgggaf h%‘%_e%o}én
likely to ha¥e aacstanddrdedaviatidn otvedtorunthancesirsushpaeotbiipe of tHe\R
estimation . Both of th stimt.ors accordin o, the inpvention use
o oot mat ITXeRTAPR; NN GR, N (YR SKFSUGH (RE SERpEPaL il -
data, the | ocalswstfinars ors i IX_gicdey, t awhddieuStstidiEraei ghias 2@ Wiiezrtok) , omd
the trend (preferably Kal man) estimator to determne its .gain

adj ust nent . Predeteﬁ?‘?%tfg@séaﬂtﬁuﬁ?%%? ??féaw&ﬂt?’@?r@g‘ﬁf‘ﬁﬁ}%% TO\NR

preferably by pesfry.mzngot.we, PRBEsFyClxed 280thHedi SdfRir@bly mi0tipEied by
transformations (DFT' s). The processin system 25 conputes_ a

t en- el enent 18 ghRredersrnined peadiustdy eviatien cFPrsBYthi foWhichand
an 11-el ement nglSKaANet BRCRLWURUch a SYANALi LY BBEPaPE! he TN G
edited out.

For each new estimated X, the system then computes the

absoclute value of the difference between the current statistic
15 wvalues [l/dc, u, t)] and k_0-std_frac ¢ X_mean. If any element
of the resulting comparison is greater than an experimentally
or theoretically determined Gaussian edit threshold wvalue T,
eair+ then the current estimate is edited out and the state
vector is not updated. For exampl-e, if k. 0o = 2, then the
20 Kalman filter will not update the state vector if any of its
statistical parameters are outliers, that is, more than "two-
sigma® away from the mean. If, for example, k.06 = 2, then
‘parameters values more than "two-sigma®" away from the mean are

identified as outliers.
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54 [err] where Ys and Yn are DFT's of the two nost recent PRBS
runs of terrperature data, which are stored in the vector y nmem (see
above). y be the 2*SPR | ength vector of recen ure 5
data. Then V’?T’Q = y[err]Ws, where [er{é2 I's the dot p&chﬁ%?ﬁ

el ements of V\S = exp(-j[err]lnferr] /Fs)= e[err] for sanple index m=0,

.,  2[err] S‘g&fﬁ dlw%ekg%rﬁ—gg%%ﬂ#[err] Fs/SPR for n=l,...,10.

Simlarly, Yn( [ enments of Wh =
exp(-jl[err]nferr]w /&s)is menhilofesi raboten- [ 2fr1 R) @am]aﬁf.em}:ﬁs/asmdmrsm
n=1, ,11. 10 Becaus thecg%car W ndaw._Si 4

olerr] SPR, PRISFRSS Rat T 9T SEEREE USSP PR Y é’r%:e#?f een c‘l:ecl’f’ge YA a

filter that hasczmsﬁemtfmdtﬁbpl aeasiiréhents| thdn afieengidersainpled KABmdRBS * .

harrmnics vantage .of this is_that.there is nho al

"| eakage" be \/vegﬁ1 “%ﬁflnﬁn%%e BreferLsd) &“EF%?’%“& ﬁ‘ﬂ&l‘%ﬁ’cﬁ%e i nTHE.
The ten el enent fodd1 CexLiACsEf OtRwever! EPILSBRAbLEE el akoP! BSROI SR .
power in DFT bins cent ered on the first ten PRBS harnonics and the 11

el enents of CyyAfFordingpkasdiie t ABVEREEOMo; $8epRimatesrTirems thent BWed
on the fi réétﬁﬂagﬂ%g Q@laf M&Bcsto determine whether the Kalman

filter's estimates indicate likely diwvergence.

10 After each Kalman update, the system computes a relative
trend error vector Cxy_trend error as the scalar error in
percent of the ratio of: 1} the root-mean-square ({RMS)
difference between the averaged cross-correlation vector
Cxy_avg and the modelled Cxy_model (both defined above); to 2)

15 the RMS of the signal Cxy _avg itself. A relative l_ocal error
vector Cxy_local_error is similarly calculated using, for
calculation of Cxy_model, the value of the parameter vector X
determined from the most recent local estimation.

Let Hxy model be the transfer function values obtained

20 using the current parameters of X in the lagged-normal model.
The system also computes a relative trend erxror vector
Hxy_error_trend as the ratio between: 1) the square root of
the sum of the weighted differences between the average
measured transfer function values Hxy_avg and the modelled

25 transfer function values Hxy avg; and 2) the magnitude of
Hxy avg itself. A relative 1local error vector

Hxy_local_error is similarly calculated using, for calculation



20 Gyy_S and GyyN allow the invention to estimate the mat ched
Trtter—tandwrdtiTSNR—Tor—tHe—two—PRBS Tuns—of t enper at ure—data;—whi ch

are associ ated with each observed transfer function:

SNR = [err] WD 97/ 15230 '

PCT/ US96/ 1 WG 47/15230 55 PCT/US6/1TA8€£1 €
[err]S and [err]N are the sums of the el effénts of Gyy_S and GyyN,

respectively. To avoid sensitivity to ventilator frequencies, the sums
are preferabl yof | Bxy.depdel + ffhe valuesef tthe pappmetenrvesntiar & desarnined

GyyS and the fersh eive ¥le TRce¥YNocal estimatPhhCe this estimate of SNR s
derived fromthe sane two PRBS runs of tenperature data that provide

the | at est measThenematddst hd Cpywbrendngrarcat) /i Exyr hosd krefnordt i oandixy,
it is a go i t r r se_for. local estimator, 10
wei ghting and &%‘iagp%q‘ﬁe%gﬁ/ gfl@-ﬂ?gle-@cﬁtr(ég "jn%f%eﬂ?'eﬁh < HPP?'ﬁa ahd'is An
att endi ng cbhi neither chtcmedasespréirtenmintdt @iyirgenoé threshiad doul JPneken
artery to del i§ﬁr drugs i nt ravenogﬁl g The;e inpections are usually in
the formof a T°SOENEEPP] 3FPUPGS bbPRE APe15TPEoRPELMRES at By 4nreligbles 5 5o
conmon to inj egéjectsflthiee curren®| trdnd ebeinatsh theatsd haldied ¢RBNEredd

ei ther case, the , therm stor, detects the bolus_as a | arge negative

transi ent eFbiRtEser Ehat oLt DRvaReres and) 8hA%  VeFtanSo o SUEBPR % ur e)

as set eqgual to the corresponding values from the local
10 estimator, as when the system first is started up. T, may be
any experimentally or theoretically predetermined function or

a constant, and is preferably a function of the measured SNR.

Trend convergence detection
It is helpful for the user to know not only v}hen the

15 Kalman filter has diverged, but also when the displayed CCO
trend values represent reliable, steady-state CCO values. For
example, when the system is started up, it may take several
PRBS runs before an- adequately accurate CCO value is
available. According to the invention, until that time, the

20 Kalman state vector X is set equal to the state vector X from
the local estimator. Any or all of several alternative
convergence tests may be used.

As one example, after the system computes a current CCO
estimate CCO(n) using the current dc estimate in Equation 8,

25 the current value may be compared with the most recent

previous value CCO(n-1). If the change (preferably expressed

in percent relative to the average) is smaller than an



i n the neasured bl ood tenperature. It is difficult sinply to 20 filter out
such bol us-induced signals, since they often have a noi se conponent
that is 10-30 dB greater than the CCO tenperature signal, with
substantial |y the same transfer function shape. 'If such data is all owed
to reach th¥O%1588: nutors, the resulting gCO esti mat es RCF{USHKI7IS4
erroneously 25 | ow. According to tr? I nvention, the system S
processor CffliRntdq1§P83 UERdot SEPEIAY %eggﬁf;@g%;ﬂaﬁs dd ¥,

56 di f f er endreerbeheecspstée n?(lassumnandomvkagmled muthaenpsr ather esr_;lulnate
val ues (over alj_the runs stored i e ceeds a experi.mental |y
predet er mi ned rand® MEEs K8 ﬁeqf%??r]‘élq ﬁ%a%rsgat? HSHIRY S 6F ¢ he most
recent run is either deleted or thL ,“n 5 {:é 5I‘WI se flagged as invalid
so that it is not used in an}00- ':CC }- S dili-ons. Tscco Transf er
functi on measur ement As % ur1’be‘c“ J the invention
preferably uses a 10 PRES correl ation techni que to measure a

f requency- donmai n power -to-tenperature transfer function Hxy. The
transfer f unct i oSHRpORRRE amPAts afteroBnatrRerimentadbly mdesewmngi an
i deal PRBS WiV ey, fisdp r EHLT I n
correlation data 15 B "Fé)%ede Isdgure 10. Qt@ﬁ%}%@néﬁfg Béﬁlg =t da ﬂt

2[ err] SPR nost give r shent txend edstipatopovieimes altgesreach | @t steadyesﬂm:ea

- h
nown manner - KTAretS  ortig RerSLd By chardloPPYy SR Sl B-BRhny
the zero-mean, deshieage-edThegyseaparhsnefordaimditeties, convergence whenever

either (or both) of these values is 1less than an error

10 convergence value T, which may be determined by experiment.

on-PRBS input power signals

The preferred input  heat signal according to the
invention is generated as a pseudo-random binary sequence
(PRBS) since it allows for efficient correlation and since its

15 power is discretely spread in harmonics that cover the
spectral region of interest. Other input signal pat:térns may,
however, also be used according to the invention. For
example, if the applied input heat signal is in the form of a
given number of sinusoidal components (see, for example,

20 Newbower), then the various filters and transformation (such
as FFT) circuits will be tuned to the known input frequencies,
which will not need to be computed. Banks of analog filters

could even be used instead of Fourier transformations in order



20 that is, the PRBS signals; theresult is an unnornalized

¢toss=—correratTomrvatrue—Cxy u. tTT—order to property normalize the
PRBS correl ati on dat a, x_cor_0 is then correlated with the vector
y_keep, which, as I s described above, contains "ones"” only in elenents
25 correswondiiseget o val ues of tenperature data not foun@CTASHATIS4
outliers. The result of this correlation6%s an SPR-|ength vect or
N_prod, which contains the nunber of |ag-products.that contribute to
each | ag of t e pspPvifetryish measuremgnts of the tyjmafer) fyngtion Hxy of

PCT/ US96/ 17154 e channel. 57 El ement - by- el enent

di vi sion of Cxy_un produces a nornalized ~tenperature cross-correlation
vector Cxy for |agdsOves (BRither exampleppitlie: fputput offerthenrdisRexsitve er

edits (all el ?{é(%%l 8%%6%&&%593&&?5%& ngﬁ off BeRoA! Ieglaq]qeqtss of

N prod are X _cor O 1s correlated
with the nd- afhet daipulsepoesporda @fx thenchamiel s Foumder z xhmgfatimatsioan by

SPR. The rfes It is the PRBS cross-correl at ihgn vect.or (P(X f};r Ita%s Oto
(SPR-1). 10 © vAFDRLS, OEROPTS 24P YREMCE oAV TR IES (Hipction
frequency donmieasugeiéntourte cbtferdticinistepsasdt ttiee RMBEntion may then

be eliminated as long as the remaining equations are suitably

adjusted; such changes may be determined theoretically.

10 Non-thermal indicators
Moreover, in the invention, heat is used as the indicator

that is injected into the bloodstream at an upstream position
and temperature is the downstream signal that is sensed to
form the basis of the CCO estimates. This is advantageous
15 because heat indicator does not accumulate in the patient and
is relatively safe, well-understood, easy to control and
sense. Other conventional indicators may, however, also be
used according to the invention. In such cases, the transfer
function of the channel can still be modelled, preferably
20 using the lagged normal model, to provide a state vector with
a gain parameter. The techniques described above can then be
applied with at most slight modification to provide the local
and trend estimates of cardiac output with the same advantages
described above. Needed modifications will be readily
25 determined by known experimentation and theoretical

calculations. s



har moni cs. The respective results, |ch when di vi ded
el enent - by-el enent, provi de t he poam,l Zml"i " m rature rreasured

transfer function Fky Transf er funetion Noise estinmati As
i s descri bed above, the preferred trend estimator (a Kalnan filter)
uses R Hxy, WOBISBOconplex matrix cont ai ni gg the noi SETUIWA1Mnce in
the ten-el enent conpl ex vector Hxy. nore thermal noise there is in

the pul nonary artery, the 20 |arger the Egﬁgﬁgts of R Hxy will be.
Al though it is possible to calcul ate 00 el enents of R Hxy, the
I nventors have di scovered that better performance is obtained by

cal cul ati ng only the dia | ement s of (the aut cor I on
el ement s). Not onily dﬁe@ga?‘?#sfe s PRpiTRT o F’Ebégdp?‘b'?ﬁ"lfe gug n"§|é]t°é"hcy
with the assunptyejiodf odhht patDése ¢ bolykakBRPrising itHeCEolDolring &8s

reduces conputational conplexity. WO 97/ 15230

PCT/ US96/ 17154 ‘A) injecting an indicator agzan indicatqycinpit signad
matrix R Hxy may,Qe %ﬂ”ﬁﬁb&ﬁ' M bbBfile Wido SROUBst ﬁmwoglti in the
statistical variance. predet erm ned nunber measur ed

transfer fundirdﬁnmakasson. ny are stored in a nenory buffer Fky mem The

nunber nkky 5 may be @hgéﬁ%ﬁ)%m g%gEH e of t%'&e#&éi?éﬂ&ép%% 888nstream

i nvention, 15 val ues ccunul at ed
position in the flow region as an 1nd1cator output signal;

C) estimating as a predetermined function of the input
signal profile and the indicator output signal both a local
10 blood ocutput value, over a local estimation time, and a trend
blood output value, over a trend estimation time, in which the
trend estimation time is longer than the local estimation
time, thereby providing estimated blood output values
corresponding to both relatively fast and slow changes in

15 blood output.

2. A method as in claim 1, in which the step of estimating
the trend output value comprises the step of recursive

estimation of the trend output value.

3. A method as in claim 2, in which the step of recursive

estimation comprises Kalman filtering.

4. A method as in claim 1, in which the step of estimating
the predetermined function comprises measuring a frequency-

domain transfer function between the input and output signals



k'th of the ten diagonal el errents corrput ed as fol | ows:

[ ETT] ~TOor W M !i ., 716

The val ues of R Hxy may then further e s SI ng 10 known net hods.
Responsi veness contr ol I s pointed out above t hat the

responsi veneweo afisxnhe Kal man trend estimator can be adj weTmsodnoisa by the
fadi ng menory scalar f and the random walék covariance matrix Q In 15

particular, the covariance matrix SIGVA(n) is a function of SI GHA(n-1)
(see above), whiEeri eash rapoieded thecorersrad £requengysidomadnshtpansfer

SI MACext r apol at egineri dnsS! £3¢hihdR in i sz%ﬂa@lé hfo?r SEEF 988 @%‘ﬂ(ﬁaﬁ rg

the invention, f fades exponenti a err wher e
is chosen to 20 ¢rtpute egtdmpbionf the bI ock size of the | ocal esti mator
(the W97/ 15230 -

PCT/ US96/ 17154 59
5. A method as in claim 2, in which the the step of

estimating the predetermined function in turn comprises the
following steps:
measuring values of a frequency-domain transfer function
5 between the input and.output signals for each period, the
measured frequency-domain transfer functions forming input
signals for both local and trend output estimation;
selecting state parameters of a predetermined transfer
function model relating the indicator output signal to the
10 indicator input signal;
determining optimal 1local state parameters as a
predetermined optimization function of the transfer function
model and the measured transfer function values, and
estimating the local blood output value as a predetermined
15 output function of at least one of the optimal local state
parameters; and
recursively estimating optimal trend state parameters by
Kalman filtering the measured frequency-domain trénsfer
function values, and estimating the trend blood output value
20 as the predetermined output function of at least one of the

optimal local state parameters.



nunber of PRBS runs it includes for cal cul ati ng each esti mat e) or the
aver age (possibly snoot hed) SNROH“‘“ENH‘““HN m f adi ng menory
constant therefore gets bigger, a f®ence of previous SIGA

val ues decsys faster the larger or* § noi Si e__rs_ a block is. The
random wal K¥@8EF%nce matrix Qis 3x3 a d'égagonal mat FESOSHAES | t h
element Qii) = (X frac * X(i))[err] wher X frac determ nes the

standard devi ati on @f apdo <N .. fractio t he
i'"th state vec{sdr e enn%gﬁoé( ?g %th’%ﬁipl ?'tﬁ%r%k?éeér%ngsﬁul%r%%o%hﬁasgtg cé)?ved
enough sequent dalitiahizing tiet Kalmamdidrering etepsiving thienapt tmsl Déchiac
Is preferably s set g&ogortional to a signoid function of the average
SNR, for e%ﬁﬁlg?r, eters. X frac [err] (1+ 1/SNR dB)[err], where
SNR dB is the average SNR 15 expressed in decibels. After enough
val ues of Hxy gave been rre(gsure,d %usual ly, thr,ee¥1 for the trend |
estimator to bdgin ftREERPA MRS e SR, further ingfuding \thefqldoywing
experinmental | y sggpgrm ned snal | constant (to prevent too nuch -
excursion in the steady state); 20 in one test of the invention, Xfrac
was set to 0.02. A gARezagisgatbgoiisPucusignpli pgofile as a pseudo-

random binary secquence (PRBS);

5 B) determining an autocorrelation value Oxx of the input
signal and converting the autocorrelation value Cxx to the
frequency domain;-

C) determining a cross-correlation value Cxy between the
input signal ahd the output signal and converting the cross-

10 correlation value Cxy to the frequency domain; and
D) computing the measured transfer function values as a
predetermined function of the quotient between the frequency-

converted cross-correlation and autocorrelation values.

8. A method as in claim 5, further including the step of

removing any low-frequency noise trend from the indicator

output signals before local or trend estimation.

9. A method for estimating blood output through a flow

region of a patient's body, comprising the following steps:
A) injecting an thermal indicator as an indicator input

signal with a pseudo-random binary sequence (PRBS) input

5 signal profile into an upstream position in the flow region;



- It is known that Kalmanfllters ar I Ieast squar es estimators if
t ﬁ"m MI”", di stri butiomrand—i s
uncorrel ated bet ween observati ons, is so-called white

Gaussi an noise (WEeN). It is also knovvn that i f the observation noise
I f WGN then wWiporasiydr 1N the Kalman filter's state vegorusseginsmte i s
al so WGN. WO 97/ 15230 69

PCT/ US96/ 17154 60 The

tenperature in the pLB)rmamsgingr tke \pridsepceeaf the dodichtivral repdopnstPERBS

th d, b SSi
Lo the o gheitlan AP Fey el AL U S et il SRR P
related to the 5 tenpey atremevihgnainyy (Loy-frrepidneyef moisel spendr rfalont ethand

non- Gaussi an. Theﬁ% characteristi¢s vjolate the statistical assurrptlons
that underlie Kalt hc?'?‘ﬁ PR (SEERAT®Ad to significant estimtion

noi se or biagp s%qeewﬁ%%a@.et Berafitisi 6P, a IgrRdsYEHRIRRX d¥anSter O
statistics of the el errents of e state vector. X and paraneter

covari ance mat ri i%@%t@‘?ﬁ%&e%ﬁmﬁe}r@aﬁ@ya@ﬁsQP’éﬂ“t sighm i fQudehe
di stributions. na{@%tgp,mtpﬁen Kal man filter trend estinator

proceeds normally not, then the trend estimator does not update
the state vector and Bheletevmining earn sutpgorralation vakue et ofstheninpt

cycle and the CO%&P”Q&&‘%onveé&%"g’ w8l taé&%%‘é‘é&ei&@féﬂ Q@a&éet sg_,g{) Yo the

I gnored and the mat e 1S not hree
par anmet ers i A5t héredqueérecw avmainX = [ dc, [err],[err], the statistics

that the invention ex&yﬁdg%%rhgﬁiﬁéwg]droLgLELrégf%tion value Cxy between the
input signal and the output signal and converting'the cross-
correlation value Cxy to the frequency domain;

G) computing measured transfer function values as a

20 predetermined function of the quotient between the freguency-
converted cross-correlation and autocorrelation values;

H) determining optimal 1local state parameters as a
predetermined optimization function of the transfer function
model and the measured transfer function wvalues, and

25 estimating a local blood output wvalue as a predetermined
output function of at least one of the optimal local state
parameters; and

I) recursively estimating optimal trend state parameters
by Kalman filtering the measured frequency-domain transfer

30 function values, and estimating a trend blood output value as
the predetermined output function of at least one of the

optimal local state parameters.



20 the paraneters thensel ves. er however, the
system eval uates its inverse, sr mﬂ m wmﬂrﬁ i nterest -- CCO --

is inversely related to dc. t he invention, nMEM X

previ ous val ues of a statistics vect or x_stat =_[1/ dc Iuer ! [err]
are stored™oP4e¥ry. 25 |n one prot otypg of the i hvent PGH ¥ was set
to fifteen, V\/m ch provided neani ngf ul 8t at | sti cs Wt hout addi ng

neodl &S an Y a, AN O oo V IR En@Bs P 8341 bk Bub 219EoRIRL" o

provi de neani

PCT/U896/17154reglon of a patient's body, comprlslﬁﬁs A mean vector
X mean i s then conputed as the arithmetic X vectors.

.. rean of the.n
The standard devi atYoniBiethien me ?l’l'\‘)EMerva’r’t?e?g:%d‘Pgll?jclnFé O AR [#r]

are then indi vigliaddoreisinpit sign8DMRiklethn UBiPIE Highdar grbei ¥ Bto Gin ar
estimated, to form5 a standard deviation vector X o. In a prototype of

t he i NVENtYRFETSSIPOEALLon iR fheddomWegBg&eR by setting X 0 =

std_frac [err] Xgpeahgi Weresedtind 'Aéand'efor Sensitn OEheo%resence of
pr edet er ni ned constants tlhat were determ ned experinen be

[0.12, 0.16, Oths]indicatios ahed Gowristireamppsitioniin the f)éOH pegiier e2%1i ned
. but adj ust abl e t C t whi ch determ nes by how nuch a
LS oy R B i

statistic may edited out. For each new
estimated X, the sydt eestimaticonpoeans t hacludinhsel Uicealal estiglatidre for

di fference etwee.n t.he current tat sti.c val ye [1/ [ecr e and
k [err] stﬁgf e ﬁ“&?f’gX%ﬁﬁn ?caa yesetl g‘ﬁgﬁ tr of °da1 gtﬁjf’%)d Lu{pllt
conpari son is ¢HiRi @ hhgﬂea@t@rﬁm@dnemeﬁqn of the m@w d:rgmlll proflle
determ ned Gaussjan ed|t _{hreshold val ue T%g %nii then_the current

to s@n

estimate is ed™LdRYt1BFFIYRF [uppst SESBRa8EEFIa e for

exanple, if k_@sfimatinged tH&n blood output value over a trend estimation
time, in which the trend estimation time is longer than the

15 9ocal estimation time, thereby providing estimated blood

output values corresponding to both relatively fast and slow

changes in blood output.

11. A system as in claim 10, in which the estimation means
includes a recursive estimator for estimating the trend output

value.

12. A system as in claim 11, in which the recursive estimator

is a Kalman filter.



20 Kalman filter will not update tTe__s_'t'éf—é"_\'iWT'any of its

statrstical paraneters are outrl eT MMJ han "t wo- stgma”
away fromthe nmean. |If, for exanpl ﬂ "lﬂﬂum H! par anmeters val ues
nore than "two-sigm" awayfromthe nmeén aret s entified as outliers.

WO 97/ 15230 WO 97/15230 PCT/ US96/ 17 pbfrusosi171s4
62 Trend di vergence detection As is nentioned above, if a
patient with a high SNR undergoes a | arg&81lchange in cardi ac out put
bet ween consecutive transfer function nmeasurenments then the undersanpl ed

Kalman 5 filterliised asystam pasef drr exlaiment0 esfinther Angluding gorafsfer

| ocal estinmator, pﬁ% gxen ' tQ"NEig n he
i nvention, the estinm es T ér%sn‘ﬁl%? emvm £§ét P‘Engpgrs ré con%%rgégb Pohdis
det er m ne whet hetranefdsal frmrtion bekweehs thet inptesanddoaapet | skehyls for

di vergence. 10 After .each Kal man uypdate, the systemco

rel ative t r FRFE RS o cHRT Eﬁ gF‘F‘E‘?’eW [dﬁéaéeapé@%roiupﬁtmns
percent of the rpddmfir@f inbltt Eﬁgﬁé)l?é - A botiAbeal RM trendlidkhkemanses.

bet ween the averaged cross-correl ati on vector Cxyavg and the nodel |l ed

Cxynodel (both defined above); to 2) 15 the RV of the signal Cxy_ avg

itself. Avrelatiye 10GR)st@l Q5 in YELIW11IOXEhOGRECRIrOr is simlarly
cal cul ated using, for cal cul ation of C><y nodel , the val ue of the

paraneter vector X txamsdex nEUNEEiNR t IReastIingecBeAns ookl ®yovAdefontor
Let Hxy_rodel bepd ,_tlr S{&ludd/NGE O g@%&ﬁéﬂp%ﬂéﬁ% Zgrﬁ%f&t?.ﬁngt!{&?m

paranmeters of X 1n agged- nor nal system al so conputeS a
relative trend eb¢meexec¢h§ 1nputi—l><a;mdar¢mtpmc esitgnslg hEor aeach bpewibmd, the

the square rogt x&?éa eé h&&#ﬂ%n%& a5 ¢ agdﬁgl f‘}.ﬁnégfg b?éwee” t e ut
aver age measured trans ctron valtes _avg an Hoaet | &
signals for both local and trend output est1matlon,
the local estimator is provided for determining optimal
local state parameters as a predetermined optimization
function of the transfer function model and the measured
10 transfer function wvalues, and estimating the local blood
output value as a predetermined output function of at least
one of the optimal local state parameters; and
the trend estimator is a Kalman £filter recursively
estimating optimal trend state parameters by Kalman filtering
15 the measured frequency-domain transfer function values, and
estimating the trend blood output value as the predetermined

output function of at least one of the optimal local state

parameters.

15. A system as in claim 14, in which the local estimator is

connected to the trend estimator, the optimal local state



25 transfer function val ues nya r} t he magnl tude of Hxyavg
itself. A relative |oc ’ E”Eﬁ) w”m’ﬂﬁ! Hxy | ocal _error is
simlarly calcul ated using, for WD 97/ 15230

PCT/ US96/ 17154 , of Hxynodel, the
val ue of t VOPHIEMet er vector X determ ned fromthe nDSTUSSATSE | ocal
estimation. The ratios (nytr%?nd error)/(Cxy_local _error) and

(Hxy_trend_erraqr)/ | ogal error, re.thep, uted and i i t her
exceeds a pr ed&%ﬁéﬁsd%\?ﬁégﬁcé‘%ﬁﬁﬁgéﬁﬁ? G\*[nEFT‘t?hgﬁramet?‘Fr% g?Eté’f
assunes that thk&atmandeebtente i s unreliable, rejects the current

trend estimate. It also resets the trend estimator so that its
paranmeter and ot her vectors, such as X, as set equal to the

correspondi ng 4gl.ueg gygﬁg,{‘mas lioCcdl1alR 185t i Bion:@s When the systemfirst
Is started up. T[err] may be any experlrrentally or theoretically

predet ermined functPdn &he inpyt ceignahtpraofide 4sprepepudeyrandam dinemyof
t he neasured Slgg Jﬁ@d. conver gence detection It is hel pful
for the user to kngvnvcnot only when the 15 Kalman filter has diverged, but
al so when the displ ByedheCOransfiexenfunctims mepswsiong meansiblis, further

st eady- stat g Cg? y&hgé For exanpl e, when the systemis started up, it
may take sever RBS runs before an- adequately accurate CCO val ue is

avai | abl e. According to thefomndeterminingtan ddtaicdriretatibe Aludla:onot
state vector X S sel equal to_the state .vector X from t he | ocal

esti mat or . F‘n%?’fas BRI YRR TAG %ge AULQRARFELFERTR YRHS Rty be
used. tASthaefed@m:ﬂ@y Guiniadih;t he system conputes a current CCO
estimate CCQO(n) using thz?) cgrrent dc estimate in Equation 8,

or determining a cross-correlation wvalue Cxy

10 Dbetween the input signal and the output signal and converting
the cross-correlation value Cxy to the frequency domain; ahd

3) for computing the measured transfer function

values as a predetermined function of the quotient between the
frequency-converted cross-correlation and autocorrelation

15 values.

17. A system as in claim 5, further including pre-filtering
means for removing any low-frequency noise trend from the

indicator output signals before local or trend estimation.

18. A system for estimating blood output through a flow
region of a patient's body, comprising:
A) indicator injection means for injecting a thermal

indicator as an indicator input signal with a pseudo-random



25 the current value may be conpared W th the—est—recent previ ous

to the average) is sm f2?”?ﬁa‘np;ﬂm[l?”mmgﬂfﬁdzso " pereentTrelanive
! L [ *

PCT/ US96/ 17154 " experinentally or

t heoreti calwgoptsasbet ermi ned threshold T[err] t hen t he pyt®enfwy assune
convergence, that is, the estimte I's assuned to represent a
steady-state estimate if: [err] 73 As anot her exanple, after an

experimental ly predetermned 5 nunber of valid CCO trend estimtes have
been conput2d RIRRTY spapenchRe (PRBRY dmuthwignali pecfble datie ansupgtyeamat e

estimate), the,&LiQich QY theeRlofF&igd HXy_trend_error wll decrease.
The systemthgs?efore i%llycat es convéeHrlgence whenever ei ther (or both) of

these val ues is | es® tbhermiston onears cfovesgsaieg vihee pHesenke wifi ctherny

bé determ ned exneri ment_. - P | hput, r si.gnal.s. The
preferred i npu@?‘nle&;#oﬁ g‘ﬁ:ala é’@é’é‘?&?’%@mtggg’h%l& llng\%\g%t if;ﬁ%i §e§écr’1 3t e as a
pseudo- r andom indixrateegquepoe sighdRBS) since it allows for efficient

correlatiopn,and since its_1 ower i.s discretel spr ea i n har nopi cs
t hat coverf? he scéearleéffligff?dﬁea&‘fs R cFERQVing %EV APUtTEREY patterns

may, howev etxrend| fxonb & hds €A BE& Gl At pu@ sagnadyent i on. For
example, if the applied input heat signal is in the formof a gi ven
nunber of sinusoi di) dFRpEhkent Supskion maasuripg| geans:

1) for computing an autocorrelation value Cxx of the

input signal and converting the autocorrelation value Cxx to
15 the frequency domain; '

2) for 'computing a cross-correlation value Cxy
between the input signal and the output signal and converting
the cross-correlation value Cxy to the frequency domain;

3) for computing measured transfer function values

20 as a predetermined function of the quotient between the
frequency-converted cross-correlation and autocorrelation
values;

E) local estimation means for determining optimal local
state parameters as a predetermined optimization function of

25 the transfer function model and the measured transfer function
values, and estimating a local blood output wvalue aé a
predetermined output function of at least one of the optimal
local state parameters; and

F) trend estimation means for recursively estimating

30 optimal trend state parameters by Kalman filtering the

measured freguency-domain transfer function walues, and

estimating a trend blood output value as the predetermined



20 Newbower), then the various f;L” sfornatlon (such as FFT)
circuits will be tuned to the kno ﬂmwwm# es, which will not
need to be conputed. Banks of anal oy f¢ Id even be used i nstead
of Fouri er t@@g;l rnatlons in order VI)97/15230

PCT/ US96/ 171 65 t oPEFUS6HEISough
measur enents of the transfer function Fky of t he channel . As
yet anot her exa t of _th per si filter. used _in the
spr ead- spectrun?@i é ngéggnog ?E ?e g °%etﬂg FhguPREIRAL hinrad srtatiee
channel . FOUFIePaFBQRSEDSHHtIOH of this inpul se response also yields a
transfer function measurenent. The correl ation steps of the invention
may t hen be elimnated as | ong as the renmi ning equations are suitably
adj ust ed; such changes nay be determ ned theoretically. 10 Non-t her nal

i ndi cators Moreover, in the invention, heat is used as the

i ndi cat or that is injected into the bl oodstream at an upstream position
and tenperature is the downstream signal that is sensed to formthe
basis of the CCO estimates. This is advantageous 15 because heat i ndicator
does not accunul ate in the patient and is relatively safe,

wel | -under st ood, easy to control and sense. Ot her conventi onal

i ndi cators may, however, also be used according to the invention. In
such cases, the transfer function of the channel can still be nodelled,
preferably 20 using the |agged normal nodel, to provide a state vector with
a gain paraneter. The techni ques descri bed above can then be applied
with at nost slight nodification to provide the |oca



and trend estimtes of cardiac output wth the sane advantages

desCribed abovVve. Needed nDalrlcatlons WH—be readi | y—25—deteri ned
by known experinentation and t heor eti cal _.cal cul ati ons. WO
97/ 15230 PCT/.US96/ 17154

66 WO 97/15230 CLAI M5 1. Acpbdeeshicdr
estimating bl ood output through a flow region of a patient's body,
conprising the foll ow ng steps: A) injecting an indicator as an

i ndi cator input signal with an input #9gnal profile into an upstream
position in the 5 fl ow region; B) sensing the presence of the

i ndi cator at a downstream position fl ow region as an indicator
out put signal ; O estinating 4u1 erm ned function of the

i nput signal profile and the indié¢ c Ut put signal both a |local 10
bl'ood out put val ue, over a | ocal estlma | time, and a trend bl ood

out put value, over a trend estinmation Sfn&l in which the trend
estimation time is longer than the | oda ! mat i on time, thereby
provi di ng esti mated bl ood out put val ugs C ggpondlng to both relatively
fast and sl ow changes in 15 bl ood\put A nmethod as in claiml,
in which the step of estinmating <3 the nd out put val ue conprises the
step of recursive estimation OfY o out put val ue.
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recursive estimation

ATerod—=as in claimT—ThWwhich the

redet ermi ned function conprises neasuring a

3. Anethod as inclaim2, in V\/mch the step of

Compt rses—Karmam i ter my. K3

step of estinmating the p

frequency- domai n transfer function between the input and out put
si gnal s wo 9715248 97/ 15230

PCT/ US96/ 17154

nmeasured frequency-domai n transfer

PCTAUS96/17T154
67 for each period, the
functions formng input signals for

both local and trend . output estimati @{9 5. A nethod as in claim
2, in which the t ﬁ%’ estimating the predeternined function in
turn conprises the,,ji oW Nng y DS PIREH tﬂ' values of a
f requency- donai n t{r- s &4 o1z tﬁa. he “anfit ~8dd . Lgnal s
for each period, equenty- in ap3f gr |u cti ons
form ng input 8 gnat -lw?ca-t-&nd-ntr ch-otjt put T estit et + on;
sel ecting state para etermn ned {ty anpf qr fyndti on rodel
relating the i ﬁlc.ﬁr o rjre 1q 1T dayqriT n signdl ;
determ ni ng orw | oC. r‘@t erb_asdal _ 1. Acedel er.m _d__
optim zation functlon o] it rlags ¥ fun,tldr 3dél and}th- meadur ed
transfer function o i+ rat -ng-,t- be 1 H|-poed- 1o peH - val ue
as a predeterm ned 1p fluct ifjon of jat tljepstjorfe|df jt hd opti mal} | ocal
state paramet ers .?IIGL_ZO 40 &0 80 100 120
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recursively estimting optinal trend state paraneters by Kal man

fTTtering the neasured fTEquUency- dome T transter— f unct i on—vattes—and
estimating the trend bl ood out put value 20 as the predeternm ned out put
function of at |east one of the optimal |ocal state paraneters.

WO 97/ 15230 wo 97/15230 PCT/ US96/ 1pciadso6/17154

68 6. A nmethod as in cIa|n15 further including the step of
initializing the Kalnan fllterlng step u3|§8%the opti mal | ocal state
parameters. 2 A netbdﬂg ,y@)clal further including the

foll ow ng stepi‘D - g the input signal profile as a
pseudo- random bifhary sequence (PRES);1 5 determ ni ng an
autocorrel ati on val ug- Cxx of the input signgé—and.faefertlng t he

aut ocorrel ati on val ug ency

determ ning a crosggdorrel ati ofMayal ue Cxy Jbet we he I nput S|gnal and

t he out put signal anc converting $ 10 correlation value Cxy to the
frequency donaAMP and i g the nmeasured transfer function

val ues as a pr edet he quoti ent between the
frequency- convzﬁﬂ correl ation fand autocorrel ati on val ues

8. A nethod as i 2imb5, Lﬁéﬁher Irnclu ang the step of renovi ng any
| ow f requency noi se end fro he indi caf out put signals before |ocal

or trend estimati on.
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9. A nmet hod for estimating bl ood out'put_":t hrough a fl ow region of a
. o e AT . an

thermal indicator as an indicator input signal with a pseudo-random

bi nary sequence (PRBS) input 5 signal profile into an upstream position in
the fl ow r egp®isr3e WO 97/ 15230 PCT/US96/17154 :
PCT/ US96/ 17154 69 B) sensing the
presence of the indicator at a downstream position in the flow region as
an indi cator output signal; (@) 4/8novi ng any | ow frequency noi se
trend fromthe i ndi cator output signals; 10 D) selecting state
paraneters of a predeterm ned transfer function nodel relating the

i ndi cator output signal to the i ndi cator input signal; E)
determ ning an autocorrel ati on value Cxx of the input si gnal and

converting the autocorrelation value Cxx to the 15 freque_rﬁy donmai n;
F) determ ning a cross-correution value Cxy between the i nput si gnal

and the output signal and ctqverti ng the cross- correfation val ue Cxy
to the frequency donai n; . G conputing neasured tr fer function
val ues as a 20 predeterm nedQwnction of the quotient betiligp t he
f.requency- converted crdgs\correl ati on and autocorrel & on val ues;
H) determ ning optimal |ocal state paraneters as a pr edet er mi ned
optim zation function of the traster function nodel and the greasured
transfer functio =28 @stimating a | opztrbiood—outpmy SYal ue as a
predeternined Lgn of at |east onp_gf-1hel aptDixal Iocal
state Q g F=—4-7T-r--
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paraneters; and ) rchpSLver estimating optimal trend state

paranet ers Dy Karman fitrertng. the measuredfrequency- dorarm—transfer 30
function values, and estimating a trend bl ood out put val ue as t he
predet ermi ned out put function of at |east one of the opti mal | ocal

st at e par anaicey7as23o WO 97/ 15230 PCT/US96/17154

PCT/ US96/ 17154 70 10. A systemfor
estimating bl ood output through a flow region of a patient's body,
conpri si ng: A) injection nmeans foﬁ/Pnjecting a indicator as an

i ndi cator input signal with an input signal profile into an 5 upstream
position in the flow region; B) indicator sensing neans for sensing
t he presence of the indicator at a downstream position in the flow

regi on as an indi cator output signal; C) estinmation neans
including a local estimator for 10 estimating over a local estimation tine
a | ocal bl ood out put val ue as a predeterm ned function of the input
signal profile and the indicator output signal, and a trend egtinator
for estimti @ut put val ue ove rrgtRon

time, in which they i tinme is |onge ocal
estinmation tine, E Ing estimated bl ope e L v gl ues
correspondi ng to felt v]fast and slow t-6hk ‘s-i:ﬂ—tﬁeod out put .
11. A system as i i i ch the estimat}eoA-mans—+—-q+Acl udes a
recursive estimat I+H+- g the trend outpgt_:__l__v‘l_al_g_e_..;__
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12. A systemas in claim1l, in which the recursive estinator is a
Rarman fTi1ter. _ ' _ 8. A
systemas in claim210, further including transfer function nmeasuring
means for neasuring a frequency-domain transfer function between the

i nput and output signals for each period, the neasured frequency-donain
transfer fuwopPsIrsge formng input signals for both | ocal peniisteriersd
estimators. 14. A systemas in 9#ain111, i n which: ' transfer
function nmeasuring neans is provideé or measuri ng val ues of a
frequency-domain transfer function bet ween the input and output signals
for each period, the 5 neasured frequency-domain transfer functions

form ng input signals for both local and trend output estimation;

the local estimator is provided for determ ning optinal | ocal state
paraneters as a predetermi ned optim zation function of the transfer
function nodel and the neasured 10 transfer function values, and
estimating the |ocal blood out put val ue as a predeterm ned out put
function of at |east one of the optimal |ocal state paraneters; and

the trend estimator is a Kalman filter recursively estimating opti mal
trend state paraneters by Kalnman filtering 15 the neasured
frequency-domai n transfer function val ues, and estimating the trend

bl ood out put val ue as the predeterm ned out put function of at |east one
of the optimal |ocal state par anet er s.
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15. A systemas in claim14, in which the |local estimator is connect ed
PCT/ US96/ 17154 ' 72 paraneters form ng
initialization state paraneters for th eKal man filter. 16. A system
as in cl ai mylgomnistspwhi ch: A) the input signal profpdrusesfass :
pseudo-random bi nary sequence (PRBS); B) the transfer function
measuring means is further 5 provided: 1) for determning an
aut ocorrel ati on value Cxx of - the i npﬂfg signal and converting the

aut ocorrel ati on val ue Cxx to the frequency domai n; 2) for
determ ning a cross-correlation value Cxy 10 between the input signal and

t he out put signal and converting the cross-correl ation value Cxy to the
frequency domai n; and 3) for computing the neaswed transfer
fuhction val ues as a predeterm ned function of the quoti e@ bet ween t he
frequency-converted cross-correlation and autocorrel ati on 15 yal ues.

17. A systemas in claim5, further including pre-filtering™~s rmeans.for
removi ng any | owfrequency noise trend fromthe i ndi cat off out put

signals before local or trend estinmation. : )
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18. A system for .estimating blood _out put through a flow region of a

patTent s body, CONnprising: A TTdrTator—nj ect i on—reans—f or
i njecting a thermal i ndicator as an indicator input signal with -a
pseudo-random W97/ 15230
PCT/ US96/ 17 Wafle7/15230 73 5 bi ngicoramsséivece
(PRBS) input signal profile into an upstream position in the flow
regi on; B) therm stor nmeans for sensing the presence of the
i ndi cator at a downstream position in th&/® ow region as an i ndi cat or
out put signal; 10 C pre-filter neans forlyr%\zp nﬂ.,any | ow f requency
noi se trend fromthe indicator output signals; - D) transfer
function neasuring neans: ) DAS TENPERATARE
aut ocorrel ati on value Cxx of the o t he
autocorrel ation value Cxx to 15 the frequency 2)
for conputing a cross-correlation val B @Xly---Hdetween-t-he Jnput Jsi gnal and
t he out put signal and corygét bng t he cross-c}or atio e |Cxy to the
frequency donai n; 3665 -~ _
36.6 ————
Fﬁ' Ba :
26.55 4
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3) for conputing neasured transfer function values 20 as a predeterm ned
fomctiomof thequotient—betweem e fTeguency= conver t ed——-
cross-correl ation and autocorrel ation val ues; E) |oca
estimation nmeans for determ ning optiml |ocal state paraneters as a
pr edet er m nego@phs289 zati on function of 25 the transfer fupetiusssntisgdel and
the nmeasured transfer function val ues, and estimating a | ocal bl ood
out put value as a predet ermi ned out put function of at |east one of the
opti mal | ocal state paranmeters; and 9/9 F) trend estinmation neans
for recursively estimating 30 optimal trend state paraneters by Kal man
filtering the nmeasur ed frequency-donmain transfer function val ues, and
estimating a trend bl ood out put val ue as the predeterm ned

74 output function of at |east one of the optimal |ocal state paraneters.
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Candiac output CO is separately estimated in a local estimator (118) and @ trend estimator (120) to provide CO values. A preferably
thermal indicator is injected preferably according to a pseudo-random binary sequence signal (x(t)) profile at an upstream position in a
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