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Background of the Invention

I. Field of the Invention

20} This invention relates generally to methods and apparatus for momiloing parameters

associated with the citeulatory system ol a living subject, and specifically lo the non-

invasive monilomning of arterial blood pressure.

2. Description of Related Technology

Arteriod Blood Pressure Measurement
Several well known techmiques have herctofore been used to non-invasively monilor
a subjcct's arterial blood pressure wavelurm, namcly, auscultation, oscillometry, and
tonomelry. Both the auscultation and ascillometry technigues usc a standard inflatable am
30 cuff that oceludes the subject's brachial artery. The auscultulory technigue determines the
subjoct's systolic and diastolic pressures by moniloring certain Korotkell sounds that oceur

as the cull s slowly deflated. The oscillometric technigue, on the other hand, determines
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values only intermttently, because of the need LO alternately inflate and
deflate. the cuff; and they cannot replicate the subject's actual bl ood
pressure waveform Thus, true 5 continuous, heat-to-be | { e
nonitoring Cannot be achi eved using these techniques,?ﬁ%gﬁﬁﬁgyﬁgﬁiéwﬁ

i nstrument of the kind described briefly-above ha e generally been
sonewhat elective in sensing long-termtrends in a subject's bl ood
pressure, However., such instrunments generally have been ineffective in
sensi ng SHOLE v &LASs, bAOAR PALBRUAD DS VaFanapieonse, Mhinshwaire oftur pre:oed

i nportance I n many mnedi cal ggglications, i ncl udi ng surger . The techni que

of arteri abanzentmbbeguriis the edf wekhe RAbisrdatlatadn BorbErRan s EEMmMICISFHYThg to
the theory of arterijal.tonometry. ft- u QL. rfi einals Y
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recorded gwriing a&ndkk ApPhtanaht ombjaseememab blddie prasaurs menedfopn.edbus elregual s
zero. The tern1-'agflanation" refers to the, process gfryargk?g the .
pressuf e appinueds.t pertfierbart blopd  BisSsEh | BARIGTEN STNOh b GFYFECG S1IE g8

peri od dug%gg_m@jch pressure over the artery is varied from

over conpr s IRt o under conpression or vice versa, At the onset of a
decreasi ng applcamaivi @ufiSneapcnther de thendyddssripudrediypbess bavy grneradly beer

bone" shape, so that .pressure 2 pul ses are not recorded. At the end. of
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appl anati on occurs durTng ich the arterial wall tension is parallel to
t he t dometesionsurfraae ardHef ecritichle hapontanical inpmasy unedicd  Faligetlidisc idvditg t he
surface and is the only stress detected b the tononeter sensor. At this
pressure, “1'EYs assuned that the maxi num peak 25 to-peak anplitude {the

" maxi mum pul satiyk ejcc i KS W CarRBhRiARIN@RT fLaReNdS]] tighozaT O the ansditdlaksts.
pressure. This theory is illustrated graphically in Fig. 1. Note that in
Fig, 1, Benedingto thvotheery ol giterialdrpainetns the dmpseret’s ¢ sebqifieiel aftes wilkkery.
One prior art.device for innple I Ng:.& 1 0 E[;Bé _ [ I 10es a
rigid ar A hcbcfl? CRY SYRReL- ng Jéhsggrﬂ% %rgéa?]ggtﬁléé?@*t %ﬁ“ﬁ‘gﬁ‘g‘gp@.&%ﬁ&ggg‘# t§ "t he

ti ssuesovephyhAmaswad PREH pRe frahsnarrhlepiessuee gquald lzeror adihaltem tepplanalive”
transducers _each directly sense the nmechani %al forces in the under IS){i_ ng
subj ect tref8Edo hnaressent wreng dhe prsseey eprlisl Y the FREy i h AoRlapatien swee

he. under 15/ S Perire, 33 Sy RS BITRE' oiclr ok T80 & o r nhha
pressure vagicahipansomn bhimdddrengedseny of oibe veoupl @d ther ourgh.of a decrcasing
applanation sweep. the artery is overcompressed inlo a "dog bone" shape, so that pressure
200 pulses are not recorded. At the end of the sweep, the artery is undercompressed, so that
mitimum. amplitnde pressure pulses are recorded.  Within the sweep, it 1s assumed that an
applanalion occurs during which the arterial wall tension is paraliel to the tonometer
surface, Ilere, the arterial pressure is perpendicular 1o the surface and 15 the only stress

detected by the lonometer sensor. At this pressure, it is assumed that the maximun peak-
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w-peal amplide {the "maximum pulsatile™) pressure obfained corresponds to zero
transmural pressure. This theory is illustrated graphically in Fig. 1. Note that in Fig. 1,
hone or another rigid member is assumed to he uinder the artery.

One prior art device for implementing the tonometry technique includes a rigid
array of miniature pressure transducers that is applied against the tissue overlying a
30 peripheral artery, c.g., the radial artery, The transduacers each directly sense the mechanical

lorees in the underlying subject tissue, and each is sized to cover only a fraction of the

underlving artery. The array i3 urged against the tissue, © applanale the underlying artery




the- tissue to at | east sone of the transducers. An array of different
transducers is used to ensure that at | east one transducer is always over
the artery, regardless of array position on the subject. This type of

t ononeter, however, is subject to several drawbacks. FizstLPTReERKEMby of
di screte transducers generally is not afiatom cally conpatible with the
continuous contours of the subject's tissue overlying the artery being
sensed. This has historically led to i naccuracies in the resulting

t r ansducedndStheRBl Sausk:he0G Bdaf Pressur® vEMRME 338 Heirery (60EPAMEP ALY can
cause tissue injury and nerve damage and can restrict blood fl'ow to ™distal
tissue,. @kmesucppiaicast someehiieduesdyvare Soayhy oMifhrer deoshates! iy uptdive a
;single tonor i.c..sensor |aterally above the artery. thereby nore
compret el doubridd- PRt S il BrEaFH aitteond GRYaRteRer
artery. Haweuier SUENHSY SITQGHuHBYr, Bbaeter! NEendRfRS @ sdlerd LREBAINEWMIENR it
is gegnetrically "centered" but not optimally positioned for signal

coupl i5ng,ﬂl‘&h‘d‘lfﬂﬁ%m‘ﬁérﬁwwc@alaeglera&mﬂ e avetrpredlyi welbptiblcogitke the continuous

re-calibration. . jtioning. due to. nmovenent -of the.suibject, during
neasurené%%hﬁg%ﬁgﬁ%%?@C%gg@%%éngﬂgngﬁgﬁugﬁﬁﬁ%ﬂ$?Jl%rt "%@ﬁgFﬁ?%%ﬁQEH%We

ori ent at i iamccofacidiein phessuhleing r ansducer s@oalkhdnsujiesd, hel fghdmnidsorad.
Specifically , such systens _show a degradation in accuracy when the angul ar
rel ati ons’HP‘B“HB”é‘?’\ﬂééﬁ?ﬂf‘ [rautey Bivee dUpIanEl eEe damess gng suy el Heghflay to
“optimal "ghncidence angle. This is an inportant consideration, 20 since no
two neasurenents-are likely to have the device placed or maintained at
precildel y t he Qheepamgiretenhitiuasdmpe sdugho id hereadcermykly Many acfnglhenbneegoi ng
approaches to | ateral. sensor positioning simlarly suffer from not heing
able to ral'Htaf ”j{}cﬁlﬁ%”t"a ‘Hﬁfﬁul ';Fregﬁllg?ﬁcoﬁ‘g'f’ﬁ?lﬁtet:‘ﬁ FRURING Et BRSPI BgEKd] ess
of | ateraleRefl {diRliondUShid HEBMErE A3 Bivdver, RASH t-00hH thaiBaRANLS B ich are
adapted to account for the anatonic features of” the subject, Such 25 a

cur vat ur dogftionhehoiei 8t issgacisgcallanGeheredS| i fidtcaprimalivapbsittmado far signalal

n r i, n ner gl .i hei.r. inabilit: .contin | ni tor
andad) uSeoPRE | aobi AR T bl i ongREEIE CEER BT PRV of
Zer o [r angpasi@inif QRS htvckRALSRhL MubjeRtiivhZ Akh@ferdnrar teri al wal |
conpressi on has been achieved only by periodic realibration. This has
r equit red an %Jniﬂﬁt‘?&"'rifpﬁlﬁnaf_éfﬂliihéﬂ@mﬁ'}l_b’cﬂmiﬁbﬁﬁiff_tﬁdﬁ'i;_dg lglglri_ufﬁnbﬂi,ﬂnvwﬁ Thﬁ
sonet i nme 0 ring criti . , hi s,-di.sabij | severe
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2004 degradation in aeccuracy when the angular relationship between the transducer and the

arlery 15 vaned from an “optimal” incidence angle. This 1s an imporlant consideration,
20 since no two measuremenis are likely to have the device placed or maintained at preeisely

the same angle with respeet to the artery. Many of the foregoing approaches to lateral

sensor postioning similarly suffer from not being able to maintain a consiant angular

rela Limlshiﬁ with the artery regardless of lateral position, due in many cases o positioning

mechanisms which are nol adapted o account for the anatomic features of the subjeet, such
25 aseurvatlure of the wnist surlace. '

Another significant drawback o arlenial tonometry systems in peneral is their
inability to continucusly monitor and adjust (he level of arterial wall compression to an
oplimum level of zero transmmral pressure. Generally, oplimization of arterial wall
compression has been achieved only by perindic recalibration. This has required an

30 mterruption of the subject monitoring -functiﬂn, which sornelimes can ocewr during entical
periods. This  disability severely limits acceptance of tonomcters in the clinical

cnvirenment.




A further Iimtation of the tononetry approach relates to inconplete
pressure pulse transfer fromthe interior of the blood vessel to the point
of measurenment on the surface of the skin above the bl ood vessel.
Specifically, even when the optinum|evel of arterial €owpfERYiRGR 2¢4
achi eved, there is inconplete and conpl-#x coupling of the arterial blood 5
pressure through the vessel wall and through the tissue to the surface of
t he skin, such that the magnitude of pressure variations occurring within
the bl ood vessgliuiRerdirhiL@icanis thd@hoiRel appRASUIELI:DY BedRNORBIEdsGreSRIROT
(pressure transducer) placed on the skin. Hence, any pressure signal or
wavef or m HEEEY feg-thedptegipr ghide Ihan vesesd de Hici nojntdif freaswemeninen the surfaes of
pressure ;w.thin the, ar ~Modeling the physical ,response of . the artcrial
Pt T il ot eI v BRI AB NG RONSUER ol BHRRIBEIRY W SrBEbE
feat, andinfjhesemt lsyachizebd disre Un Ceichiilat 288 canglexan@pihé o8 tHost@RE Blood
separate individual, These uncertainties and anonalies Introduce
unpr edi ctABECrREhithy vesselyvalhandsihros the GTsue| o dhe PrEse af G bl swibahat
L OnOMet I e EDARNde (eRbhVarfibnd BERCRLRMDIB NLID QIR Srlifigo UM €
nmeasurenents utilizes an oscillometric“device (1.e.. a pressure cuft or
sim | ar) mesped diacahbyetrobieasor (pastual trappdessiuplacedlbn ithd akimatHepo:, Wiiych i s
then used to calibrate. the tononetri asurenents, T\gj@s ppr oach
- ouf fer s IMFOHIC RN Bk B FEOFRITG HFOHGSE MEIGKFTBITAY iffers ot T (GBA¥FFIEal | y
inflati O_rl.%{t]qﬁfthéﬁhé’[@.sL-T(ﬁté]iﬁg"ﬁ‘leﬁthf Gicall RsRGehf 1R SR|AE AL HQYL Ghusc lature,
calibration. Such calibration e gnts are. distracting uncontortable, ‘and
can pilacttcoddnkybewl ykibef par forsmedo-smdhltal, cotpdradily ehgiudanmeperindai aidt v -
Furthernore., ..t hifs tecthni ue\dogsiﬁﬁ | i brate based gn neasurenent of
actual hoWBBPHS MR 58 HarGds BB '~n§}ﬂwbt AT ERECE i A8 Ui S SYEPERRE but
rather bap@edRalaX tRHNFHo ARARKARIBRM T MG TBYuR mARYviRAlioRSnetric sensor,
representative of the actual changes. No mechanismfor correcting for
i nconpl et e puldiee prigmst encthedb pl chldriitgonurmskie] Presurchaessarsmis fitiljags ano
i nt er posed_i, ) Ao o i i = prior art cal.d bration
t echni queoé’ mﬁ#ﬁ@é@t qeéﬁ%tc%%' E&P{E’?ﬁér%gﬁ‘l&t'ﬁgmﬁn Lﬂgﬁ&g’mcg@} %élrd U ﬁéﬁﬁ‘do P Wt n
t he hlsoodnfdnawidigwihitht Rethél aedl wesdidhate andesuheRu@Biduyensens aH hepeeaponent
of that signal wthin the asured,  henpdynam c paraneter (e.g., bl ood
pressur e WHYST BITyhe el dn By A E aoprfaEbragen @Wl?%éws'wﬂiﬂbwih&@lwéﬂéww
par amet er,; 136, fiQr -, . e ; 84 LiLed 3.4 t us
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Pr essur e"unasisignelt, el Mt @hcticalst by be perfointdOwplah entparatvnde tongGeritidhierty.
approach of the 649 tent, char in a variety of henodynam c paraneters
resul ti ndUrHEEH; IBIIS;}E‘%PBHF éﬂ%@égﬁﬁwﬁmﬁ B ﬂﬁﬁ%@%ﬁ@%&o HGAREPEAEREL or ed
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which may or may not be representative of the actual changes. No mechanism for correcting

tor incomplete pulse transfer from the blood vessel to the sensor{s) due to interposed tissue,
cte. is provided either.

Other prior art calibration techniques have attempted to transmit or induce a
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perturbation within the blood flowing in ihe blood vessel, and subsequenily sense the
compongni of thal sigmal within the measured hemodynamic parameler {e.g., blood pressure
wavelDrm} to gencrate an offsct or correction for the measured parameter. See, for example,
LIS, Patent No. 5500649 entitled "Apparatus and Method for Measunng an Induecd
Perturbation to Determine Blood Pressure” assigned to Vital Iasite, Inc. ('649 patent). Lnder
30 the approach of the ‘049 palent, changes in a varicly of hemodynamic parameters resulting
ostensibly from changes in blood pressure are modeled and stored within the device, and

compared 10 data obtained from a tonometric sensor This approach, however, has a profound




disability in that the calibration offset is deternined not by direct
measur enent of the henodynam c paraneters of the subject under eval uation.

but by modeling the relationship between blood pressurg on
£1,808 BBl 20

wave velocity; i,e-, velocity and phase are nodeled to
rel ati onship to changes in blood pressue; therefore, in theory, observed
chap get, in velocity/phase ol the perturbati on wave can be used to

generate esti mations of actual blood pressure within the subject being
eval uat ed T ﬁl\ | ”}&? R C[‘L]HB]’§IH§1Y SHEMN @I RiehBRE| Mot dhC Hat® dnbysurchivat a:lﬁnha t y
to accur afle'l ot many conpl ex, non-linear; interdependent pa ,
wel | us Eﬁiﬁﬁtﬂwﬁmmﬁmpammmmvdrﬂlamcle%fumiﬁ‘e@@hwﬁw kb‘ér‘i’arﬁé‘ﬂé‘lhé" W@ﬁ‘ﬁﬁ i cs

and Di seases of the Gircul S stem The SCI £nhce 1hhe
anal ysi s @F‘?“I‘EFTUP'&@%BT‘:BW?‘?‘{)% ﬁ?lh“f‘he" s lﬂQﬁgl's}en]H used&%d

ef fectivehy t cpcegg%%pmg,m{rﬁb cﬁa@gaﬁﬁﬂu&l 1&@31&1%5 ﬂﬁf-efuﬂe idéfcect, sbwwtddmhdrtgee
circulatory system For exanple,” val vul ar di sease, cardjac str ctu

def ect 5. , iverlous disseedes perurbadivs evive arbauser i SeIcHHE STPIGRS ShricHE shg%ase
may be assessed b udyy.n h o] aBPKL i ons
o die o PECRAE Sttt L AR e Libils i, UGN R M AarlpEd
arterial SRASCIo SHGhuEs neldeneanscdmiples, nohdinkagmicdepeediue pirgmeters, éi‘r‘f’vé]étl ve
cross-sectional area due Lo arterial plaque, etc,). It is known. that as
the degr easpfedst dndsmevapianss o RERIBIHBYAPEESel of a |iving subject varies.
certain changes in the paraneters of the circulatory systemand in the
overall health of-the subject occur. As illustrated in Fig. 2, varying
degregs stianeshemmiki HhD268ksay HitpoChretiitet 'ijblfem’od vessel will occlude that

b| d |t | 1 t | | t

T R T T

I n conpl et 91%:\! ﬁ%cﬁ%ﬁe%tonf P d.t! e@ﬁ"’an@’t&r Qﬁ%@gect Arseueh df he: dyfeais ekitieindthver y
syr‘rpot oI5 t

dire e subj ect . | evel s stenosis falling sonewhere them
bet ween, tdneummspmsﬁm k:mmdmplsmmwmmmm?eC@Tdhiplbb’b&du@bﬁiﬂf@%rfﬁﬂ@lﬁ qipgase.

subj ect may suffer _stenosis i y 25 significant t

ef fect i ve "EfI584 cadias; @H%ﬁ”"af‘ a@?ﬂ‘g%éﬂe@@nmﬁ g%(‘f <’é\ﬁéﬁé*g e"Jl St{"‘g%%“ ftgg;'gj wod
Ptsel fysin yREynd ﬁﬁhkﬁmﬁﬂﬁoﬁmbf’ﬂﬁ Jodetonngse, d}’Byzﬁ‘h@lﬂfmlei’@Ef i itlseamalysis
However, the sane subject can exhibit dramatic synptonms, with an i ncrease

i n exer ci 9¥ artarsal tlteassa st »@xm@efﬁir@a@? pioreguction i eHCSiE SIASHERFHORR 81 on
\oa a Ml oneL JELADPbhCudI SN iGaYh NG, AR dLRCE Sﬁ%&ah%%ﬁfﬂiéh%dmscl of

Nor mal | y, Tarerali ze rovide th

conpensat of iRk e@fianivasdsn cérfmm/ Chanpeyr i@alepirivgeie sl af st a:nmllcft{hr@\m fron medin thee

hi gher vol unetric demand. However. sjnce the ssel n| ficantly

st enosed, el ldyrienkihe éwg:eqwé%mf% Yragred iy Ea%d Vetne SR ALATR TR ¢ he

nor mal,, ng{;&%g&ﬁ%ﬁ%&ﬁ% %rret 1o ﬁcl%StH dlthlof;ch@csw‘ﬂc)/a f,@ném%%r@pﬂrﬂmhﬂ%ﬁ;‘r@&e

the 2 eman since It has no way of m nim zing
t he ener gyi.d, asssiassaacadtedn no bhelusion and no attendant symptoms, while complele sienosis

results in complete occlusion, with ne flow of hlood through ihe vesscl and very dire
svmptoms in the subjcet. At levels of slenosis falling somewhere there between, the response
cart be somewhat more complex. For example, the subject may sulfer stenosis which very
25 significantly reduces Lhe effective cross-sectional areq of a given blood vessel, yet mamilests
itsell in very fow if any symptoms under normal levels of exercise, Tlowever, the same subject
can exhibit drmatic symptoms with an increase in exercise. as the paticnt exerts more efTorl,
the tissue under exertion has a higher metabolic demand requiring an ncrease in perfusion.

Nommnally, vasodilation and collateralized Blood {low provide the compensatory mechanism to

Lad
uime

ineresse the volumetde 1low to meet the higher volumetrc demand. However, since Lhe
vessel is significantly stenosed, the compensatory mechanism has already been utilized w0

meet the nommal, non-exercise demand.  As g result, the body 13 unable to increase the
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overcom ng the resistance of the stenosed (decreased) area ol the

vessel ,If volunmetric flow does not increase, the increased netabolic demand
is not net and the distal tissue becones ischemic 5 By del-F4 A

stenotic artery as a fluid system having an internal prr‘}eisrgﬁf\et%g%%gﬁm

bl ood mass Row rate (Q or blood velocity (v), a nodified version of the
wel | known Bernoulli equation, may be applied to describe the flow of
blood within the artery as follows: AP 4 v 2 Fgn. (1) 10 Hence, the |
foregoing relafionghip Eﬂm 1 DRasURE Qw0 0B S8 ABSIzIap alib emerty Nasn s opaied ieitler
when  anoR@F i E"Rown. Eor exanpl e, the pressure g}f di__entl (f\l?g! (el - |
stenosi s widrbiminizhies sestsenye obihe penesst i Aerdecd e éﬁ"ﬁ?"ﬁéﬂ ddt & Sﬁ {Jhe

vel ocity of bload flow ng thropgh the Sil . 148 iRgud Bdcdmes

vel ocity datsann bdse ﬁ?m(f‘i‘*;“?djgﬁ%‘%%ﬁ %‘%‘iﬁ%]’@ lgzltﬂgﬁ{r%gg/mc}ogﬁ(r)ﬁbt ai ned by any
nunber of ", yell.-known techni ques, such as spectral Doppler ultrasound. 15 -

However , éﬁé’sm te their utility in assessing the, severity. of o]
present in t he Parmedsfing tansertifared s Hid Stag hayjps gp “ﬁ?rfl‘% ergn%%ngﬁl%gd

eval uation techni ques are.eff [ MeL Moy iNGAP. 19dd verding eESiha gwélhdnown
absol ut e M%@dmﬁ?begg’ﬂrIél[“\/\n((ﬁ%;‘)ﬁ%gch}\éeiaérf%{'é ;ﬁg’t ﬁgﬁﬁhgﬁ% ven time. In theory. an
accurat e mpdelulobqdalien ias beamdicdio déveriind the Ubetod bloodwathamihe guey 3B &5 t o
estimate the value of paraneters within the system (such as true arteri al
pressure based on known or 20 neasured val yes of 'other paraneters, As can
be appreciated, however, the circylRtord.pystem o |' a living organism
and especially a human being, is extrenely conplex, with literallyggn (13

t housands of interconnected bl ood vessels. This systemincludes , mter
alia, scores of capillaries veins, and arteries, each having their ow -n
uni que physical properties- Furthernore, wthin each of the aforenentioned
cat egdii ed lofee. b Gogeves g@m}ﬂnﬁlﬁaiI\H}'dE}‘a}leedﬁé%ﬁF%W?ta‘E yBL Wg‘cﬁgﬁﬂ%eﬁ&h y
different prqgperties and re i Lhi oL r S LB RN 10 artery
A e s e o R G o e S

di aneters ghy g £Rraat oy nftivthisy ah@ang did tebdityl obtiod ofiing frayhtheystenssi, o

| ess veins and capillaries than the ot her;é_ﬁi ii) have nore or I.esalI oy

el astici t ythen amide (thiv)vehgine datgr within Taisd st dhoSPociRs oz i B CREFER Phi™23
SFP' | EML3ER 2004.-7,. The rties,. R of the bl ood

vessel s al S89hhyT BEA ‘éﬂeggﬁq%%sf ?‘%?gg?éﬁ%y va%e?gw?@(ﬁ%td ernal and/ or
externg sti mul Howswuehcasite their imiliny ol uestisong thé seanrirmd stehetci gresent i Bictd&body
Even conmon aut onomi c responses W thin éhe deH%_ ]such ??%_gresglqi rat ieﬂnmﬁfchect
the pressuisl HICE iacli Feghes dNgT SFs PEMPINRRLE HaPRFEe W) dHee Y & Re' "

consi der edi‘ncapable ol assessing the ahsolute blood pressure within the artery at any given time. In

theory, an accurate model of the response of the circulatory system could be used Lo cstimate
the value of paramelers within the system (such as truc arterial pressurc) based on known or
W) meastured values of other parameters, As can be appreciated, however, the circulatory system
ol 4 Yiving organism, and especially a human being, is extremely complex, with literally
thousands ol imerconnected blood vessels, This system includes, inter alia, scores of
capillaries, veins, and arterics, each having their own unigue physical properties. Furthermore,
within each of the aforementioned categories of blood vessel, individual constituents may

have markedly different properties and response within the circulatory system. For example,
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£

two arteries within the human body may (i) have diflerent diameters at dif¥erent points along
their lengtl; (i} supply more or less veins and capillarics than the olher; (iii) have more or less

clasticity; and (iv) have more or less sienosis associated thercwith.
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Considering these "imtations, it beconmes exceedingly difficult if not
i npossible to accurately nodel the circulatory system of the human bei ng
internms of its fluid dynamc properties for use in bl _ 9
estimation, Even if a hypothetical circulatory system c%ﬁ?%prﬁ®%£cr§0?ﬂ§t ely
nodel ed, the application of such a nodef/-woul d be susceptible to
significant wvariability fromsubject to subject due to each subject's
particul ar physical properties and 10 responses. Hence; such approaches can
at best only hgpe rﬁtn%c}t%%ﬂr RESorP IOk Hadfi thashlodd tvbmsels rasrawiagr be afteclethe
circulatory syste and accordi ngly have_her et qf orig 1pro en. | qﬁflf §rfc Vg, at
accur at eeliyffegieilehrivaing itlmabireld crasd siaukvisii 3 B PR O e Rased
on the foregoing, what is needed is , ks IppatasUsidcor
assessi ng e sy aff @ %’M%?’@ %qmlf%%pg%@%%@ﬂ’o@gt%g’ﬁg%w e, Within a
living Sumaﬁ%ssm%‘iﬁhw drciiRichod send aabharitra mawocddoibdeabdiderdse non- i nvasi ve,
I i

woul d be continuously or near continpuously self .calibratir be.
bot h usef ul  andopsideugetles) | depam ety vl oo Bl o

subj ect physi ol ogi cal circunsta RShaNRih REteRHPLLRE luld Beddmic
consci ous “SHEEH E‘P‘ﬁ:«l:tt & giieuiqt %Fﬁgy; 1’nsucﬁgi npr oved gtm&*t hod and apparatu woul d
be based pioRGitbtsOh BsdpRERESstmader Euh fomypabttigheiraubinrapysiam et

bei ng assessed, thereby 20 allowng for, calibrati uni que. e e
i ndi vi dualbe usraiskr modded, e ARRIGRHAT Bntish “Tfﬁgg%r‘%%@“ﬂ?e DO g‘%‘?f% les

the af or ementypnefoRegdifcbl AL S darPLitgstanticapPanaius pharriassadsi ng
henodynam & ‘.}H 8per i'es; Incl uc!ll ng bl ood pressure, within a |jvi n%

subj eqly. Irpspofsehl Maice asip approdchihean atbesontyrhons s RGHOSRPEESERE Y of the
henodynami c_properties |ncluding bl ood pressure.w.thim.the o reatakery
system i s ghadpogkHc EF%‘%"#’ NCT eﬁ%‘f&?ci@én@gqrr{ﬁgf @%@M 6 @tﬂ ‘égis h%f O
TRasUr i NG R bk BlicRARRTRS B bldo@Prdase ik sselhjaf. a subj ect; measuri ng
a second paraneter fromthe blood vessel; deriving a Catlglb ation function
based on the. Bacord parfemetas, whads eeeded ot ispgmpFed | p mf[)a? ARET S g

the derived calibration .function. . Librated. the second.pacangier is
noni t or ed %ﬁﬁf‘?‘%@ﬁ@gﬂvaﬁ}“’ B%W“BEF(:é‘ﬁ“{,@lﬁgﬁgb‘gﬁﬁﬁﬁ)ﬁé‘&eﬁ%dﬁﬁﬁi”@ﬁ‘gnges in
that. paragehed muSShatss RELRAIRIBhaRges-InNade hatibdenamitmupudper t §eaof
interest. In a first exenplary enbodi ment, the first Bar aﬁier cﬁnﬁr- ses a
pressure m&emmﬁh’)Sﬁﬁﬁ@hbﬂﬁ@ﬂ%éﬁéﬁwuﬁhp"a%@éﬁ%ﬁ‘b‘{ producs JoHARlE Fen iy e ©
kinetic. energy of..blo Wi .t hin the Dl essel, LG RRASHE QIR bodf
t he pres-su’T'ﬂé”ia)a'\w"/Tefl eFﬁn?'g H%%I%%%o%/oégggwﬁgm%%é@ suctPHf .

conscious mnd anesthetized. Lastly, such improved method and apparatus would be based

primarily on parameters measured from each particular subject bemng assessed, thoreby

20 allowing Tor calibration unique to each individual,

Sumunary of the Invention

The present invention satisfies the aforementioned needs by an improved method and
25 gpparams for assessing bemodynamic properiics, including blood pressure, within a livhjg
subject.

In a first aspect of the invention, a method of assessing hemodynamic properiics
including blood pressure within the circulatory system is disclosed. The method generally
comprises the sieps of: measuring a first parameter from the blood vessel of a subjeet;

30 measuring « secand parameter from the blood vessel; deriving a calibration function hased
on Uhe sceond parameter; and correcting the first patameter using the derived calibration

function. Once calibrated, the second parameter is monitored continuously or periodically;




e

appl anat ed (conpressed) so as to i nduce changes in-the henodynam c
properties within the blood vessel and circulatory system the kinetic
energy during such applanation is then neasured and used_{.Q . | f, ne
or nore artifacts within the pre,,-,;tire waveform A gb?’égétgﬁﬂ%ﬁmﬁ on
is then generated based on these artifadts, and applied to the neasured
pressure waveformto generate a corrected or calibrated waveform
representative of the 0 actual pressure within the blood vessel. In a
second exenplLas Yo {hP Qe R ark RGedTBX i¥idate ViRdnoed Iy tief hdnftalybiradprbpavs nf

wi thin the blFood vessel is determ ned using an acoustic signal and used to
derive a aadrizhr dbi orfifunseipary embadisrsnbntica S chargfeleh SOMIRESHT PoRICI T

i nproved net hod of calibrating e e ShHAN ajned. LLaE, &bl
vossel “of " ipgrngE s SPhy dfnfhBHERgHRe, Ihaa AALAER, LhOR HAPIORE

di scl oseduggnemalifiynd tdhel nPidadmesmpimse s (hegasunicrvgvaigme dslrleodvassedl a5 m
fromthe bl ood vessel; neasuring a second paraneter at | east Pe\ripﬁi@cgl v
from the bprjoeedieenpressdse g Hyndueathapeep s MmedyneRicoeRdshwikg Wecond
par amet er ; SO TLatd Sk $e RAL UREiNG SR HBRhMRA is 1t
calibrati glrﬁ}%pﬂxncg%ldﬁ.ﬁ Tﬁggﬁég’?es;iset%r%f grey enﬁg‘glhﬁg%t , tge“1 rréi LE‘od corrlpsr ilgrés
measur i ngnichgurpl @ss ukel Wavdhtfimehe emraotb | wolicsesiskh thé rrventsubpedorn. 20
measuring a second paraneter fromthe sanic bl ogd vessel at |east once,

| dont i Tyi AGTEIONAEHION IR SIS 4P REhPA TG SRR AP ARt Br i BISRacn
the second pananehefomdf! gc‘/dc%f:% Rl B PRt AN GE GBmY 3SR AR DRI the
nmeasur ed second paraneter~and at Cfeast one property associated with the at
| east ldne aatoili fracine appinyihndldddevessdli boratdeond Euersplaoncmbodimastt tteroexipal t he

pressure. waveform enerate a.calibrated representation of pressure

B thin ¢ heoBroont oyl ah g Bn et o S Targ i e Bhe or
to identi ) vani@alkens, Laitkliredundiassure wish tinme. In a third aspect of
the invention, an inproved nethod of characterizing. the henodynam c

response of thén eiscetidatspes ofyke srvenfions anjipipayycdubjtbed of saldirgaitos rssurhe
nmet hod general |y, c I se S.£OF derlving.a f N ' <
rel ati onsﬁ\gﬁdbég{%lggp%%%fifrbl%h%aﬁ%s%sle%gr;dﬁggé "’R@t%‘élr gmg Zt%%i*g{t]gl h\?\,i a'uéﬂﬂ%l ood

vessel s ungerreait al disdodnd Grensly, tieasthbl Rgmiphigest hivaturand grecandwpafanet er s
nor - i nvasi_veli/ under those certain conditions; identifyi nﬁ %L | east. one
artifact Wiophihg Hpod sessel: gresymi hechBa PErER s st BOdicHE taen ol oogs

the irst “Faneer el SERHE TR hof on' GF R IAENier, B Qobul heast
fourth asfiestpaeimdtirendiny dret deorred calibratigr bwedomehhod ofmeiny bmbbdingng the
method comprises measuring the pressure wavetform from a blood vessel of (he subjeél;
20 measuring a second purameler [rom the same blood vessel at least onee; idenfifying at least
one artifact within the pressure waveform based on the second parameter; denving a
calibration function based on the measured second parameter and at least onc property

associated with the at least one artifact; applyving the calibration funetion at least once to the

prossure waveform to gencrate a calibrated representation of pressure withan the blood
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vessel, and continuously menitoring the second parameter 1o 1denufy varnalions in blood
pressure with me.

In o third aspect of the invention, an improved method of characterizing the
hemodynamic response of the cireulatory svstem of a living subject is disclosed. The
method generally comprises the sieps ofr deriving a lirst funetional relationship between
30 first and second parameters associaled with a blood vessel under ccrtain conditions;

measuring the first and second parameters non-invasively under those cortain conditions;

dentilying al least one arlifact within at least one of the measured parameters; and sealing




henmobdynam ¢ paranetric neasurenent having an error conponent is diclosed.
Cenerally, 5 the nmethod conprises neasuring a henodynam c paraneter
asscociated with a bl ood vessel identifying an error sq SS W th
the first parameter; generating a calibration function @a@ﬁmg ror
source; and correcting the neasured hemBdynani ¢ parameter using the
calibrating function. In one exenplary enbodi nent, the nethod conprises
nmeasuring a pressure waveformfrom the blood vessel; identifying a
periodic yarh al%urg@m]rtouistﬁé Ak BBt biiscile delaet the fiendugyio(alaelarinchiind

vel ocity) of |l ood wthin the blood vessel over tinme due to

respir at oty qefﬁmmsmgetneratl ng a calibration function based on

synchroni zatiop with the variati nln Jjnpetic t e A
appl yi ng th call B 4¢¥"8h afsﬁ?%tgt r%lo %mgr ggsﬂfﬁgﬁmve@{\gﬁﬁdt%@gﬁg@tg t he

waveform flcc?'rm&ﬁjﬁﬁmﬂeﬁdrﬂﬂhtﬁc\#ﬁédsﬂﬁetrﬁzm th§ ant e comtEnyniek disgtosed iaﬂngw!h
detectable fromthe pressure signal, and potentiall ot h lﬁaﬂﬂg Ez%m 15
G acydy

wel | 151 alhithétbérl eesppiites GTeas TS MRS BN I FovRY 1 4p

neasurin dynamn r r n . S neda lehN
subj ect gédcﬂ el %gléc? C’rr%'?lggﬁ%g@gatt%ﬂshgﬂgnteh%g% gbgl%eﬁt gf@ﬂreétﬁfs ucer frg?o ’

measur i ngfacfibh %hbelilaﬁmﬂﬁtrtﬁmrmouma,r ankt@reciss dei mt:mmﬂ hdmadyaaBcoBHavESS el

a second transducer, for nmeasuyri a secon
associ at edsigi tthe 14w bETies d Weide| | : Ad E’émgf(’j‘dﬁal'm%g@ g &‘eopgﬁg i vgﬁmm
?822?|Cgﬁd ! q“ éﬂgnd tph&taur@r\gaﬁ%ﬁﬁﬁ{‘ obl ﬂﬁsg]éﬁg yeh @I WEREK Al dﬂgaeﬂmﬁhawalﬁﬁﬁim on

e signal produced by the second tfansducers |,
appl yimg hﬁ.@m@&ﬂr‘@ﬂhl’rba‘l kinetic tenergyt (or thaximilgrelpeipn cdubeblesd pHETY Fhfslflﬂﬂd

transducer. In one exe Iar enbodi the bl.ood v o h

radi al ar #&# HEChiREBeloniFsPEHE™ ?Lﬁecispp*gpg’iah Efﬁl?'giéjél ﬁﬁg{ﬁ%‘i%&é’ &55
transducer, mynﬁcﬂl?%l%@ln @:ﬂfh hBVAS VR M KifeiRr @R dvir ﬁﬁef AidoippRin@touslibation
transducer” al so di sposed in proximty therefo; an appl anati on devi ce .used

to appl andtetivhes theopdssumsgeycionmty wqucbé@s‘s%}ﬁi%‘rTf’ﬁr‘*@i‘c@&dﬁg"?giﬂﬁ%l 1 1 om
vesshl - Theviagns AT By AR IR Bl plehdye 3BRNCR Sk hy LA HaRR ue

vessel ransmts an a I'c emssion in
bl oodyessgl). and receives an echo therefrom information regarding the
bl ood's velocity 30 and/or kinetic energy during | anatj on is derived

th
from the echoland G8Bdasrsciyere st dmyngighy ¢t i |‘BH“’FB‘§C?F?P§F?“\’/%| [bhy $1EaseHAR

applied to e r al e, ib8hard 2
SEPTEMBER ]Z‘E)’gg‘”ﬂ%ﬁ? Lﬂrg}gﬁ%sx?'ﬁmg]s 1Hé¥§¥%%? ‘ftgﬁéeﬁq)ltﬁver]lw %t @utfe]m |L|rbr%$ E)Segdcgﬁ%ut er

program f eppdrifk egmptalinga file Lraaﬁchmetrrém naedingeahids lehdignaoign aapmeter
assessnment, nodeling, and calibration is

associated will the brood vessel; o second transducer for measuring a sccond hemodynamic

2 parameter associated with the blood vessel; and a signal processor operatively connecied 1o

the [irst and sccond transducers for penerating a calibration function based on the signal

produced by the second transducer, and applying the corrcction function to the signal

procluced by the first lransducer. In one exenmiplary embodiment, the blood vessel

comprises the radial artery of a hunman being, and the apparatus comprises a pressurc

25 rransducer disposed non-invasively in proximily therelo; an acoustic transducer also

disposed in proximity therelo: an applanation device used 1o applanate the blood vessel:

and a processor for processing signals from the pressure and acoustic transducers during

applanation of the blood vessel, The acoustic transducer transmmits an acouslic emission into

the blood vessel and reccives an echo therefrom; information regarding the blood's velocity

30 andior kinetic energy during the applanation is derived from the echo and uscd to penerate

a correction (unction which is then applied to the meusured pressure waveform fo calibrate

the latter.




di sel osed. I n one exenplary enbodi nent, the conputer program conprises an
obj ect code representation of a ;++ source code |listing the object code
representation is disposed on the 5 storage de-ice of 1,Gl.Qco .
systemand is adapted to run on the m croprocessor of a?ﬂ%hEP@V@gg%%ﬁyér
system The conputer program further ebhprises a graphical user interface
(&J ) operatively coupled to the display and i nput device of the

m croconputer. One or in ore subroutines or algorithns fir inplenmenting

t he henodynani g @g%ﬁ&ﬁ&%r thdRSHioRYan Bhstocal éduialtérgopreihodahplgyenting
descri bed herein based on neasured paranetric 10 data provided 1o the.

M cr oconptiiesfvamentinodduthethods tii hehdmendy pesersTaLameddiiyd and caligries, is

enmbodi ment, the conputer progr onpr 1S ' LRAnSal Al Re$6d:
b T R e T L S i e
digital sigpalnRIQFEESOT sdukde OB liamo dicaibpstl vodchepeiovegoingoddwodynan c
measur ement apparatus. In an seventh aspect of the invention, an jq@royed
apparajussmomtahakyzﬁmgﬂmMEGHEWHﬁéfﬁﬂﬁﬁm@d$éd%%ﬁh@d@HQ§é%6FHPW6“F85 hé
f oregoi ng et hods and_ utilizing t ipned SAMRKELH REAGEAMS:S
di scl osed! FIGRETEA %f}g%{p-e od ne%@éroﬁﬁg appar at u;smgdrrpr i %Ié@ a
M cr oconp k@t RgGNYg operfi e saqiled tonha-displatinddnsitakage of e wesrocammbksm
access nmenory, input devjce, display evic%, aqd s%riall aqukel,q%%%“ports
oper at i vef¥icchupPEdstEoBREs @F_ﬁﬂﬁﬂ“éh@% i P e st clﬁf%a?j‘& & nee T om a
subj ect uggo%ra]irég iﬁl@a&eﬁﬁﬁ‘aﬁ'nhsmbﬂlgaﬁmé}c’ dbRSHedMEfRE GaRAL 81 nYdadurkf §usefdiad or
paral | el data port; the object code™ representation of the conputer pro
grai nigt orleid prvided st ohageicdevingater sirg oadeded nyitiin Hee prapasm kcdeisombnory
of the mi croconputer and executed on ghe rocessor._as r ine -anal yze
Che | npuE~GHRAR S DGR Hn e CORPUCT FEosBmaEE T patr gy et SRy g B
i nput  deviygeso Ve AcFic8 it AIRSERbEId FRodiMERENOR:) ol digidloNed] paidsadr of
providing treatffent to a 2 5 subject using the aforenentioned nethod is
di scl osed I¥Reawetiftod wibrbe Alrtapinohmpddyagmiciacasuginspsappiraligel ecti ng a bl ood
vessel of the subject useful for asuring pre .;dat a i he
pressure data i? &CEIB] S&“Chon- vggﬁb% y;&bZ%@%g??n %Eﬂ%h @i?%??%ﬁé
functiion; n.apRhyYd NGnd hegamal i Becakdign fountt i etedaing heetas uield piliaguriee dat a
to produce a calibrated representation of blood pressure within the bl ood
vessel ; antrpnoviaiiedgeampitmeragran oist Hsclogpl. skibjoae tesESEHY ofnpHdmER i B at ed
estimate. | n one exenplary. odi ty, .k he. b vessel., 1.6 i-S8S 34, he.
o o ar PERYRGE R BRI e a e RO TR o LRI SER IR,
pressur e wadehoramdsk omeimbey, r agivaldeaict.e displavadevips emsluneridliparsiduclets, podgs ng
are acoustic wave 23 SEPTEMBER -2004 -11 to ne sureF?nt 31 IeasE.qneLl
hermody nanicgegardinspericd g PP PhEaEe dsiig dRVissH 6 P B A6wR 3 gbiect under
20 analysis is input to (he microcomputer via the serial or parallel data port: the object code
representation ol the computer program stored on the storage device is loaded inio the

randem aceess memaory of the microcomputer and execuled on the processor as reguired 1o

analyze (he input dala in conjunction with commuands mpul by the user via the input device,

Tn a cighth aspect of the invention, an improved method of providing treatment to a

25 subject uzing the aforementioned method is disclosed, The method gencrally comprises the
steps oft selecting a blood wvessel of the subject useful for measuring pressure data;
measuring the pressure data of the subjcct non-invasively; generating u calibration function;
applving the calibration function 1o the measured pressure data to produce a calibrated
represcitation of blood pressure within the blood vessel; and providing treatment to the

30 subject based on ihe calibrated estimate. In one exemplary embodiment, the blood vesscl
comprizes the radial artery of the human bemg, and the method comprises mcasuring a

pressure wavelonm Irom the radial arlery via a presswre transducer; using an acoustic wave




| east in part on the measured henodynam c paraneter; calibrating the
pressure waveformusing the calibration function to derive a calibrate

representation of blood pressure useful for diagnosing o |caI
conditions wthing the subject; and providing a course ’o?sbghtrwgﬁ{rre

the subject based at least in part on thle calibrated representation. In a
ninth aspect of the invention, an inproved nethod for detection of the
human di sposed wi thin a bl ood vessel is disclosed. The nethod generally

conprises trs %Qﬁ Eu% ing @qﬁdﬁn@ﬁ@rm@mﬁm {IeH91nQI¢Dmﬂ1bv;esméluncteHlab@a¢ﬂ Flhg
t he 5|gnaf ffaver™ reflection’of the acoustic e ehs a functlo

propagat i @fsiofh ﬁ{hﬁnmﬂmugyawﬂdmmnqdhéﬂlblﬂdﬁ'@uﬂ@% &Rl rg W PIF R T ﬂﬁ ?f&l at

| east one regi on of red ces, signal. | eyl H Rsomne
exenpl ary VEfb o %Wfaﬂﬂa Bk Br@? ?%aicg gﬂrclﬁ\%g %?@%BEBEE% %éﬁuen\?el ope.

The integ ?[ql dlmmhhlg paskiaeal hedies patEbnasitinfiasttian of pdepdhgagoutst bf zed
to identifty artifacts (e.g., | at eaus”) which are used, with appropriate

const r &i ntisatntol deileemhlcd’héﬂ@ém agifin P of vl bIAELT e REREIY Bbodi ment
backscat t er ed goer %8(339%9 o g tamgg@ d,ﬁBPm@{l G1cRRAl 17 ASkMRINGE B HiBepower

cal cul ati on pe ecte th intervals to identify regions

of reduced;s,qal nhﬁvaeiﬂnb@eé@tlms diglaed eMhb nm}pﬁlcgcneﬂﬂﬂy hre mipnssesriEAnsmitingn
i mproved nethod of detecti ng at | east gﬁ@e wal | ]ﬁl Oi &mm 6 the .
di scl osed ucistic rreﬁmdinger‘i}éir Jaod veseRdr F gﬂ”c"k”a'll?ﬁrﬁ”é'l“l B éu% Fe'Shergyinto

the blood vessel ; de PAOR RS Ashat 8¢ Mbbd vehel, landen
in the bl oib‘dus\/ésf‘é"éf ' 0‘Ii i Ugtft e?ﬂé}ﬁ]aé%%ﬁeﬁ | ocat }eg%sof at | east one wall of

the bligod iyassahy reel ladsk wmect @egioheot tieogd wirenlelemcldutibin tivgrallseliese athy GWe

conpri ses anal 2| ng, A-node data derjve th ans C- -

energy. | n»‘fé‘f*i'éy HBEPHBREL 3 PRECHEFIIC Y Efé‘tegrc]]f‘éﬁﬁf?y& gb%péél%ﬁlgp‘?hg&isﬁ %g}l at ed

power at Q G,y g&%]ed“#)hﬂ «of Be ual’(ﬁf:ﬁkﬂ? of UBRR RAWRTred i [daeilnartifaabadipnent ,
a

the | evel rrp 't the envel ope-squared signal is conpar 'g io t hat
of the Iummrmﬁmlmh:ahnmi wdmﬁrhhasp@ptlﬂ’f@ﬂ?ﬂﬂﬁéﬂﬁtﬁ\lérﬁ'telebhthbéh‘nﬁh‘br v e'dvet hod

of determ ning the djapeter. of od ves

general |y Bo’h’p"f*‘n”é‘]egn%'?‘ge " P?‘l'ﬁ@ﬂrgjﬁ%o@ﬁ%" eéwT ?%ngﬁ'ﬁ Tﬂﬁ Q‘\P/‘Eelgggﬁ

det ectjisng ﬁor{k%rr el PRicAS SOThrAHeadoVirt ﬁketﬁﬁxicﬂ”@ébﬂh ﬂntt:hﬁlt-; b cm@lmfes[&einnb of
detectlng the location of a first wal of the blood vessel relative to the

| umen; detrentxhuedgwmhlelc‘f&jctWMn of a second wal | of the bl ood vessel relative
LI T L R
second wal] §ood fe@eltivngléibacds PRk hd bherd FMenipHes, rdsmitim avesioeichydatof
assessing ﬂc*:-? I(ilu%[i xr:aDsE:ie dic‘gegufsgszEITgaEJtVErEeRregggﬁw:cmtl..d with the lumen m the blood vessel;

A0 and detecting (he location of at least one wall of the blood vessel relative to the lumen:
wherein detecting the location comprises analyzing A-mode data derived from the transmitted
acoustic cnerey. In one embodiment, the wall is detected by comparing the integrated power
at a piven depth with the average lumen power. In another embodiment, the level {amplitude)
of the envelope-squared signal is compared to that of the lumen.

25 In an elevenih aspeet of the invention, an improved method of determining the
diameter of a blood vesset is disclosed. The method generally comprises transmitting
acoustic energy into the blood vessel; delecting the region associated with the lumen in the
blowd vessel; detecting the location of a first wall of the blood vesscl relative Lo the lumen;
detecting (he location of a second wall of the blood vessel relative to the lumen; and

30 delermining the diameter of at least @ portion of the blood vessel based at least in part on
the localions of the first and second walls.

In a twelfth aspect of the invention, an improved method ol assessing one or more



henodynam ¢ paraneters associated with a |living subject using | unen
detection is disclosed. The nethod generally conprises transmtting
acoustic energy into a blood vesel detecting the lunmenal region associated
with the blood vessel; detecting at | east one wall assbchBPEAMBERM2Hke

bl ood vessel . based on the detection of -tthhe | unen; and anal yzing 5 change,,
in the position of the at least one wall as a I'= ¢ cion of an applied
stress to estinmate the honodynam c paranmeter(s) of interest. In one

exenpl ar yhenhbdiminparsiigeraedshaghieE QR '&S@ﬁu%na{llyéutngmp% AL SHABH 5 Es
detect the front and hack arterial walls (via the and snappi n

vari at i on§5§'iredy tldei Bethal agasclly aeomaprisgs dranenittiag aipghsamattncog} DItess l]uhﬁ:d onto

a pressurg. \Mav arterl od pressure, 10 In a
thirteen t‘h k’as pﬁ?ﬂﬁﬂ%tlp%gﬁleﬁﬁlmcgum u‘wbncmtc%réqu&gbedjqﬂ% Hlaae gq.tg g gt Wartq}rﬁn of
a bl ood walsashciicthivith ehdt bissdiectt! Baskd bhitc SetebIRA of e JinSEh0fRhnTD G

nmet hod_ general l.y conprises _acne rati rig acoustic energy, transmtti ng t he

acoust’i c CHARGY™ it TEP“ftH‘é‘ ¢lilBs et opphwal @ppdencrion of we appiiadi sticssy/tooslimatsl 0od
vessel ; r I 0 ffhe,e bac al ter
18 GleHicAPnaAtic .ﬁ@aﬁcta(ﬁ g ) ng e PRIt ard S f:]%[h?lil%gx:mog\od

bl ood vessel; detecting at l'east one ar
vessel bamotbrises tindy xhn,Sﬁbamkis c;mhrteddmmgy froandndehed A gvdiRe vi:0gat | on
of the. rTTt}l ood ve sel based. at | east ggpart on the detected artifact. In

one exenpBF{- & SEHRRLI: VarpHan g ST Gt ﬁ%‘é@‘“’t REaprdanadion rapeey of
a human hegihg, 1rc@ﬂgeta}1$ef%ﬁﬁ‘ﬂ§ﬁét$rnﬂ?ﬁal%ha¢8 o\ B! 8”' C energy

transmtted into the artery via e Interror regl the subject's
wr i stlfif or ear min Ertblrf'tgwtbamcstocdtlhtemedﬁmom m’qmwﬂahm&rbmwfmiel 18c:@ing of BRddi S

recei ved b soni c nsduc and a alyze g Dui 20 integrated
bower et Ptk LR ERYE oha atnrittse o <Gl “Dat p%?E?’FIbﬁU@Fﬂﬂt‘;he

t r ansduceincrifiidach@aReGbr-QrdnB itfid @1[: Yieoustic @t’%&ﬁ%ﬁﬁfu lﬁgﬁ ’%uﬂ]%lh | Gpfat ed

power and/ or_si gnal Level"is analyzed as a ction o In the
tissue toidetecta tihel vesedt fceriviog at leest kposion of e dn@xgathadmcm rdd*i@ Lhabtmedy

| I h eb | |
of the 2 iranetar B Entel o HEca el it b ieuBerl Barh PootEo 1 he

arteny i Smald,j,m&ﬁ'@ﬂnﬁ@} agud @Leﬁ%&ﬁh{mé €odafien Makb hﬁ:@@@éa@w Hated(A1ARBh %Ku)t on
t hereby effectively maintaining the transducer (and i/ associ at ed
E

appl anat i'thdgesiee aitifetr Bceneyegitgbry kabadipwny ther hh‘i‘dl\g@ﬁﬁ pmpny thd sdidhe

adj ust ed Y n esired orientation with
espoct  ¢HCPIE Hflal o, LARRGHGRAC LR AR R SR Bl R R Pl
whi ch vanhesatasvia thainetioo g uf'ﬂ.}h:e,ubﬁet shveipEbRrmef Fidiey RlcRQdMes Sk thet C.

or to control the pq([)SItI on of the transducer based on other paraneters
such as $Pgmalvadang (pmep Ha rpecaednbe Bf wigpaanicc taaidpem efnids 2yl esng 1 and

the bjke ;11[&31§tr::3%%u%l%g%c%ﬂgﬁhc locaiion ol, and/or optimal position of, the transducer

with respect o the artery,

In another embodiment, inlegraled power and/or signal lovel is analyzed as a
function of depth within the tissue to delecl the location of the lumen. The location of the
artcey walls is then determined relative to the lumen, thereby allowing measurement ol the

25 diamerer of the artery, The position ol lransducer relative to the artery is adjusted w0 as o
maximize the wall separation (diameter), thereby ctfectively mamtanung the transducer
{and any associated applanatton device) directly atop the artery. The algorithm may alse be
adjusted Lo mmintmn the transducer in any other desired orientation with respect to the
hleod vessel; e.g., with a fixed oflsel, with an offset which varics as a [unction of the
30 diameter of the blood vessel, ele., or 1o control the position of the transducer based on other

parameters such as signal quality, the presence of eystic componenls or clutter, and the like.




Brief Description of the Drawings Fig.1l is a conposite graph illustrating
the cross-sectional shape of an artery as a functional of applied pressure
and tinme according to the prior art " maximum pul satile" theory. 5 Fig. 2
illustrates a blood vessel with varying | evel s of stenosi SEFBEREEFROMGhe
walls thereof, -) j () L C Figs. 3-3eldare a logical flow diagrans

il lustratuing one exenplary enbodi nent of the nethod of assessing
henodynam cs paraneters within the circulatory systemof a living subject
according to the invention. Ei_rigg_mga;ﬁ@ﬂgﬂépth@rma{ﬂ@hs illustrating the

rel ati onship between blood velocity and reduction of the effective

cross- sect i onal'2f | dhvadioaposic graph dbestsabing the crees-secienadsbugr adrsariery as a

i Il ustratif,pg; I i Qnshi t | anatj.on pressuyre. . cardiac, sinus
hythm o art of FEP R AT e e R AR R b R Rl B S S
| s a graphsoril | ustratuing the rel ati onship between appl anati on pressure.
cardi ac sinus l;.hy_ hﬁn and %rtg,;i al wal | displacenment according to

t hei nvent i on. 1%1%.‘ HipEs g blogdseessel vpilpyarsing deyshy off sarrosts farmsk o theotalls

typi cal huygeprwist illustrating the relationship betweenthe artery, skin
and interposed tissue and bodily conponents. Figs. 7a-7b are graphs
iIlustrating digexerpiramjoticadlofediagramst honratngobs arafpdiry efdbd@ined ol he
respectively, fgr_qtﬁhg crlossasl_ect.ton of Fig. 6, for both systolic and

di astos| it ShRAITTONE HEmgAyEAg Taramolyh “oihin b slirdaonatyram ofrilisial ed

(cal i br ati@Ecedct Sl o BiERSSURnversus tine for a typical human subject
utilizing the invention. Fig. 9 is a logical flow diagramillustrating one

exemplary embddgsdnatand bt ave crapbs ibebofingrvak atingshih betheon dimdnictocitespanse
of the cifgul: systemof a l|iing.subject. gccording tot he invention.
oo o LR e R Bhss e P A A R el ar v enbodi ment of

the method of gl ifarsat ﬁrﬂ_@gr?g}@em@@hmﬁ;@i Gle RAGASRNLT BerRES UpAIIR on Mssure,
resplratlon_ordother periodlc error sources accordlng to e 1n ntion.

Fig. 11 i $yigstsine rhyilny arbatariy! winld displiesnentanenrdipg (KEx ioferblbood f1 owi ng
i thi t ypircalz (bl - atjng, the effect _ irati
thereon: 1157 18 540t SUesaRR Gl ISl BhuRE pbGr S b it Hosire et end

appadat ugcfeeniagd 4cduction n {low arca (applanation pressure) for both diastolic and sysLolic

PLEsSLUTes.

Fig. 6 is a cross-section of a portion of a typical human wrist lustrating the
relationship bebween the artery, skin. and interposed tissue and bodily components,

Figs. 7a-7b are graphs illustrating an exemplary (ranster function and (ransfer

20 [raction. respectively, [or the cross-section of Tig. 6, for both systolic and diastolic

conditions.

lig. 8 is a graph of measured, actual, and scaled {calibraled) arteita) pressurc versus
time fur i Lypical human subject utilizing the invention.

Fig. 9 15 a logical flow diagram illusirating one exemplary embodiment of the

]
M

melhod of modeling ihe hemodynamic response ol the circulatory system of a living
subjeet according to the mvention.

Fig. 115 a logical flow diagram illustrating one exemplary embodiment of the
method of calibrating 2 hemodynamic parametric measurement [or respiration or other
periodic emor sources according o the invention.

30 Lig. F1 s plot of the velocity and kinetic encrey (KE) of blood flowing within a
typical blood vessel, ilustrating the effects of respiration thereon.

Fig. 12 is a block diagram of one exemplary embodiment of the apparatus lor




23 S EPTLM 3 F. R 2 004 measuring henodynam c properties within the. bl ood
vessel of a living subject according to the invention. Fig. 13 is-a
functional bl ock diagram of a second enbodi nent of the apparatus of Fig. 12
illustrating its use on the radial artery of a human beintFELBBER 2X4a- 14b
are perspective views of various machi nig-readabl e nedi a having object coda
representations of conputer programas incorporating the nethods of the
present invention. Fig- 15 is a block diagramof a first enbodi nent of the
appar at usméanrian abyadyigmid plopRis WsthdAihe HRERIOFGIANGT L ﬁvHé,%ub(}}fﬂﬂ.ch@fh 1)
Fig- 16 is a logical flow diagramillustrati ng one exenpl ary enbo i'rent  of
the net HBEIBERYbYI di ng treat ment to a subject using the af orementioned

met hods, Fig. &7 {5 i cal agramill ustr.ati ne_exenpl ar.

embodi nent of ]fl"em lsgndér anﬁ%ﬁ%&ﬁ@rﬂb ﬁ'ﬁ%ﬁecé}% cr\f\%i“?‘“’&&f c ?ﬁm’a&ﬁ@g‘?’ﬂi%g to
t he preselitillisivéing itoase dil the ralidédaigy af h hghaeheipl ock diagramillustrating one
exenpl.ary enbodinept of the 15 nethod of processing A-node signals per the
met hod of Fi g.m'd7. 19l 418 pssngcyeyisisapl Fapssumhing srdeltle anedialavingnode

si gnal asfct AR lePRsQTrafifRR o efv'Pﬁl@} éa%%stihé&ﬂﬁmﬂﬁ%[e}{égﬁ%}éi %sg@ttagegeggn& Com

nonitored. Fig. 19 is graphica epr ntation"of t
the raw Aavmtiendata of Fig- 18 F 1 ig. 20 is a logical flow diagram

i mode. oi gnal 1 o AR URGRRyoL S e RABIREFOR o PPatns O BrueRE

diagran1hﬁhm@ﬁﬁ@@h@gﬂ&ﬁ$ﬁg&ﬁ&gqgﬁﬂﬁﬂnquadrature denodul ati on of the A-node
signal according to the present invention. fig. 22 is a graphical

repr édent at i ot ipf 14 heaflopqlethey digspondlestoftingnecexenglay \emidentrodifimbat  of

the to pass, fjnite . | se r onse {FT. | filter of the present invention.
g, 2 o] St Rl HES i gk e ShSneRi dgeRbrE ent s used fn
the quadr at ur &ig dempduliaki-Anbladad dfabiate ihREaiR Bed eQuhplii e RERR/ of the
invention. Fig. 24 is a graphical representation of the envol ope-squared

wavef or migearihiaghodg pidmen engiwalh deediog matordihg Ri de pr8sntd0-eRiion. 25 is a

graphi cal representation of e |l pgarithm (base 10) of Elie envel ope-
squar ed mavefé§%1g% %fbH@EﬁFLE%Efﬁg%MFéﬂfnéfgﬁﬁP%é%m?@B?eggWP@Tpgﬁﬁ&#Ethe
appl ii6at ingihef oftpaeegatd s -halReiinaR pedhEindid of L'ip. 17.

Fig. 18 is a graphical representation of a “raw”™ A-mode signal as a function of depth

within the Lissue of the subject being monitored.
I'ig. 19 ts graphical representation ol the envelope derived from the raw A-mode data
of Fig. 18
20 Fig. 20 15 4 logical How diagram illustrating the general methodotogy of quadrature
demodulation and A-mode signal filtering according to the invention.
Iig. 21 i a block diagram 1llusirating the method of quadratuee dcmcrﬁu]ation of the
A-mode signal aceording 10 the present invention.

lFig. 22 is a graphical representation of the frequency responsc of one cxemplary

I~
L

embodiment of the lowpass finite impulse response (FTIY) Blter of the present invention.

Tig. 253 is a table listing an cxemplary set of (FIR) coelhicients used in the quadrature
demodulation and [iltering method o[ the present invention.

Fig. 24 is a graphical represcntation of ihe Gn‘.pff_tlf.]pﬂ—ﬂqllﬂrf:d wavetorm derived
fronm the A-mode signal of Tig. 18,
30 lig. 25 15 a graphical representation of the logarithm (base 10) of the envelope-
squarcd wavelomm of Fig, 24,

Iig. 26 is a graphical representation of the application ol the gain function (TGC) to




-15 23 SEPTEMBER 2004 the envel ope-squared of the A-node signal of Fig.

24. Fi ?7a is a logical flow diagramillustrating the "plateau" nethod of

| umen detection according to the invention. Fig. 27b is a plot illustrating
measur ed hack scattered power as a function of -depth fot3 3:BlIISHRGIREZAMNDde
laic. Fig- 27c is a graphical representktion of the normalized integrated
power function according to the plateau nethod of Fig. 2.7a, Fig. 27d is a
graphi cal representation of the plateau detection netric used in con
unction VﬁlhbﬂﬁdlﬁwrmtéraﬂobtheﬁlJﬂgd@ft{?na] s0Fki .. 27c is a graphical
representation_ of_ the nornalized teau detection metric for a single
A-node |ine. Filg. 27ggalagic] Bﬁ‘aﬁllfﬁ%éfaﬂ“ [heisatingdhe Zplitean”ofictbivbo Homer decofonl e
(I'mmint ecfc}fﬁjd)r%%ﬂ{}%%?:‘ﬁu t ?C -corrected node |line of Fig.26, Fig- 28b
is a logi cal ow Chart 111 ustrati ng the "interval" nethodol ogy of |unen

15 detection uUSiriybAs aplbeilskgnalsnasacd kg aterct RewbnMeTih@n oFlgyh 223 1S a
| ogi cal ro hart illustrating a first exenplary nethodol ogy of front and
hack wal I¥'Het ectPénased on integrated poker calculation. Fig- 2%is a

| ogi cal fl ow r n d d ) front 20
and back wal | iy tﬁe%Ltl ona{g{gse%l Qﬁ%éﬁﬁ%ﬁ’ﬂp%%gﬁb §£ Yzé*?gﬁl% %gv‘%?(" ot funddion
determ nam::fsmdulglﬁv the IﬁCDedusnahcgica“angd’a’h representation of the relationship
between d e a\S/l.erag? power ulation.and the front and back wall .
artifacts presdnt =1t 't He & ?‘*6 RSB HEOR i eihg pRlategi dstegtiong Te@ris Heeddihod
of Fig- ?b%humﬁkglm@[;thle%@-,@rtﬁm ieal representation of the positions of the
front and back walls of an 25 exenplary blood vessel as a function of Line
(}eadéd on a é“axxﬁ%ngﬂ afapb@alepemmtition [odthe Jommisedwilnguuldieceometchindfoeh Fi g.
29b. H i Q11 § S glraphl cal representation of the positions of the back
wal | of o d”f}gé &1 as a function of tine during appl anation by an

ext er nal appl anatizans @letymﬁmf fcpr@mu&aa] bSthe RGP RrTR! {In&ﬁ%ﬁﬁ%{)tm]{gﬂ)@

the linear position of pplanation device (hnn) as a function time
during appitatasday #Eaﬂmylcﬂwpﬁégm #adial artery, Fig, 32h is a graphical

representati Orilggf Eébhﬁ R rlggﬁach' Mol RInJl llﬁuatm I?Eu rﬂﬁd b?& maﬁl me%hudﬂlogn of Jmmen

13 detection using A-mode signals according (o the nvention.

Tig. 29 is a logical flow chart illustrating a first exemplary methodology of front and
hack wall detection based on integrated power caleulation.
Fig. 290 is a logical flow chart illustrating & second exemplary methodology of Iront
20 and back wall detection based on envelope-squared signal level determination. |
Lig. 3t is a graphical representation of the relationship between the average power
cilewlaon and the front and back wall artifacls present in the typical A-mode envelope
according to the method of Fig. 29h.

Fig. 31 (s a graphical representation of the positions of the Jront and back walls of an

25 exemplary blood vessel as a funclion ol lime (based on a sampling of 5000 A-mode signal
lincs) usmy the method of Tig. 29b.
Fig. 32 35 u graphical representation of the positions of the back wall of a blood vessel
as a function of time during applanation by an external applanation device.
kY Fig. 324 is a graphical representation of the hnear position of the applanation device

(mum} as a function of tinwe during applanation of  typical radia artery.

Iig. 32b s a graphical representation of the messure prafile messured by the




..

3 SLPTEI i BER 2004 appl anating pressure transducer as a function of tine
during according to Fig. 32a. 1~ ig. 33 is a graphical representation of
the front and rear arterial wall position (depth in inrn), and arterial
diameter (m]n), as a function of app] ant ion. Fig 34 PBSBPUFRHEIEah,
representation of the nethodol ogy of determining the rate of 5 change of
bl ood vessel di neter as a function of applanation according to the

i nvention F:]g. 35 is alogical flow chart illustrating one enbodi nent of"
t he net hotwlogynopressassessdirgr MR T; GrRHATBLEL 84S RY,, [uren rand wal |
detection accor.di tothe Fig- 35ais a. gruagﬁ %Pﬁdﬁ%%@{ﬁ%&’%&rteri al

pressure vers ujélgab 5 B ! TSPEsaEenop thedndt artemeerphiatall fRfioald Gt By,

i ndi cat i ngnt hed iFbadl dgpter (nield: di.astolic pressure. Fib.. 36 is a | ogical
f1 ow di agram i L] ug_;r_ati nger(gﬁgl}’e%?rglnérl?/n Wﬂ@ﬂ‘?}f%y of deternining optinal
appl anation pregsuf @5 d@raphipah emeaymaninCo INBa Sk RSB Moy el tg the .
i nventi Orl‘imrﬁe%fhﬁ6% LS f .hi st ogram pl ot of an _exe%‘g&%&ﬂ‘g[}%ﬁ%&%ﬂ%ﬁ"f | at
spot " “det ecti on 15 aFEET THRHET dlgpetiongTepplation nwentingtm thd iHvonti37 i S a
| ogi cal sl ow dharis idd ustd-lal00. 3R ; rnat e _enbodi ment of the net hodol ogy
of assessi ng .henodynani c par aneters]%{/%tﬁ%&%é%]ﬁs@nﬁ}@@%ﬁ ahithe mspmidelogner gy
based on &S pafhicatodieamipoparamelem tiking Taien dirdls Al edRESRRULE. I'ﬁ% iLey.Fig -
3is al @,gieﬁ?bllfl ow diagramillustrati ng one exenpl ary enbodi ne of 't he
met hod 20 of sScaling the neasured pressure to account for tissue |ass.
Fig- 39 is a Fiaphical pfeRERALALE QRO [ thod of Fig. 38, Fig, 40 is
a l og‘ical flow diagramillustrating o%eglé%%rg}%ﬂlt’gl;ﬁﬁuéﬁ%ﬁ?‘ﬁ@ﬁtmﬁ"\m“{ﬂ 8 @bt hod
of | bcat FHYAUBI 808! ressdndiesingght (lnrdpstat handiagens ficggd © the invention,
Fig- 41 is a kpgigal.f, .dhagram.i | l ustrati ng one exenpl ary enbodi nent of
the method 25301 c‘f?:a‘{ ?%gﬂiﬁ%“ iperaRq hskaas soe rekemphien racibodedddy of
det ect i odetawoomgdioptmb Oapiph® i@ sdsh RNure hakh g scription of the |Invention
Ref erence i s. now nade to the draw ngsi:m%ere!]% | Lel%ﬁéﬁe et“ﬁi"%aci”@i’@?g g i ke
parts tHroUEfout. 30 it is noted that while the invention is described
herein in terps af;3g. apparatus for assessing the henodynanic
par amet ers of the Ci ?Eﬁf‘gﬁgﬁﬁp >l/%[t i CECREY %ﬁ‘i‘ﬂ-"'t&[ﬁt g'ﬂ?’f fmuit” Heteomdrst ) of
a hukan dubjtboticcarimeitmdenticatoray a] so be enbodi ed or adapted -17 23
SEPTEMBER 2004 .. . )
Fig. 37 is a logical 1low chart ilustrating an  aliernate embodiment of the

methodology of assessing hemodynamic parameters using backscatlered ultrasonic energy
bascd on the inflection peint within the diastofe pressure prolile. H
Fig. 38 is a logical flow diagram tlustrating one exemplary embodiment of the method
20 ot scaling the measured pressure to account for rissue loss,
Frg. 39 is o graphical representation of the method ol Fig. 38,
Fig. 40 is a logical flow diagram Hlustating one exemplary embodiment of the method
ol Tecating a blood vessel using lumen detection according to the invention,

Fig. 41 Is a togical flow diagram illustrating one exemplary embodiment of the method

ns e i : .
23 oflocaling a blood vessel using lumen and wall detection according to the inveition
Deratled Deseription of the Invention
Reference is now made to the drawings wherein like numerals refer to like paris
throughout,
3 [t 15 noted that while the invention is described herein in terms of a melhod and

dpparalus lor assessing the hemodynamic parameters of (he clrculatory svstem via the

radial artery (i.e., wrist) of 4 human subject, the invention may also be embodied or adapted




to nonitor such paraneters at other |ocations on the human body, as well as
nonitoring These paraneters on ot her warm bl ooded species. Al such
adaptations and alternate enbodinments are considered to fall Wthin the
scope of the clainms appended Hereto. Overview In one fupnsiamemEalilespedd ,

t he present invention conprises a nethod7al' assessing henodynam c
pararneters within a living subject by artificially inducing "stresses" on
the subject's circulatory system The response P the ci rcuI atory systemto
t hese stressRairhsS sudk! L2 Tt

artifacts or markers wthgtérﬁg%tgg{sﬂlg%gb%ﬂ at aﬂﬁﬁﬁlﬁs‘%ﬂ} ak’k% g né"‘%:'“”g
subsequentit§® pgBEaess cil Pheatvermeblsodedngnirs of Atlhsuchf Ql@eEBhi QREhltermate
hemodynani, ers., For X le,. as will be described in greater detail
bel ow, theﬁh[g‘?réggﬁt © fnai “612 ? WU@@TTEEF Seqpe EgThFHFWﬁ ARPanHed hereled pressure
wav ef orm obtained froma tononetric or surface presure senor disposed over
the radial. artery of a human being, the non-calibrated 15 pressure

wavef ot m ffb‘t*éﬁf"i ally varying substantially Fromthat actually experienced

within the ragi Tn_one, enbodi nent, .the "stress" placed on
the artery is g}p% aﬁ%lplg%%mm ‘%F'w @ﬁﬂ"f‘é&%ﬁ B]ﬁym”’é'n‘if’ni‘fﬁlé‘e I‘%f‘?@/“bfl‘ﬁﬁﬁ&b{d

fl owi ng thomeadyharhivepasaatent wﬂﬁlﬁ'zt/llﬂﬂglsgﬂichtshy B0 ¢ %ﬁ{ukﬂm‘ denld.by  Rikers
Wthin the velocity profile- These markers correspohd to, ~inter alia a

state of HEHCTY SHepeBNEYRRR The ssponss lalcﬂlés@ffﬁliﬂémarbﬁ’snyl Wallese suosbn &

non- | nvask ey o Fa RCARE LD o RS LAt oS TR phird

descrlitbedhive rTéut: magk eal s sibscaeath Lyedus edlitiriie Res@8mAE DIMST ReIRGYRAM C
properti such as the pressure differential between two |ocations within

a bl ood 3&%&%%}@&6{@*% ™arterial wall cornpliance, variations in the
strength of vemdrd.Ghpr 16 QR Rk &%dqg%r%aliﬁlclc'lziﬂebelmg‘nglegbg‘gﬁ%éfln% |1%(,}11| g not

limted to the 25 asur ement o arteria ood pressur
assessi ngiskuirod paldrriigngt! mpjﬂnmd pesRed eraviingmneneindd frbinga téhoridiée BB LGNGO

assessi ngj henod namg 5 erti e?]F Siﬁdl ng Ieed pressure within the
ci rcul at IFy 8 PP g8 HInGY Y othf HadichvEsDT 8h 8 Myeee beped thagonsgliamsdn in

11 g5 3prkRgrf M wdtorgt thg’@zal O‘IH.I‘I‘IPE ,':.Hﬁstr%ﬁql]fq’t%fﬁ:ﬁﬁﬁ%tﬁﬁ gsgﬁ%%léﬁwqg"’ fii rst

pararreter fromt ebodves a su Rtext 't he
par anmet erthirgalsd pedrwicdel . e Uaa emﬁ‘rbdm‘utnprlhs éﬂrees"v;ﬂmﬂ@mrmdanm\fad aﬁpﬂmmuan

pressure sensor or trq}ans l i ogﬁ rch EPTE J Rf "R 2004
proxi m t W ThESPREPHP af’{’ Shslogi d ““la ﬂ&e&éﬁ e T gPelapaiondist ai |
Wi th respestik@l 1WFidnidl mARES] Rithin (he dlodde FBERITLERIMaARPEYSFespbflfto, O her
henodynam ¢ paraneters may be
inter alia, & state of near zero transrmural pressure across the artery wall. In this fashion, an
21 aceurate measure of true arterial presswre may be obtained non-invasively. It will be
recognized, bowever, that the invention as described herein may also be readily used in
assessing other hemodynamic propertics, such as the pressure differential between two
locations within a blood vessel, venous or arterial wall compliance, variations in the

slrength of ventriendar contraction, and the Hke, and accordingly is nol limited to the

]
L

nmeasurement of arerial blood pressure.

Muihiod of Assessing Hemodvnamic Properties
Referring now w Fig. 3, the method of assessing hemodynamic properties including
blood pressure within the eirculatory system according to the invention is described. As
3P shown in Fig. 3, the first step 302 of the method 300 comprises measuring a first parameter
lrom the blood vessel of a subject. In the present context, the parmmeter measured will be a

blood pressure wavelorm derived from # pressure sensor or transducer disposed in




R T

measured u previously noted. Inplicit in the neasurenent of the first

paraneter- is the existence of one or nore error sources, i.e., the

nmeasured val ue of the paraneter is not '"holly representati 3%3 fers
from the actual value of the paranmeter existing in theglglﬁ 5?@$yﬂé£sten1
of the subject. In the instance of artedfal Mod pressure, the actual val ue
is that existing within the ornery itself, as nay be neasured by the A-line
or "gold standard" technique of invasive arterial catheterization. Reasons

for such %l}igquﬁ;]ﬁx % :ﬁi& Mﬁﬂ APEBSATE cuBjcSC US 9eghribad D peatedaiall wieh cwpuiLtid
reference I , in. step 304 of Fig. 3. a,stress is induced

on the bl aosl ’Mdmh miuﬂouatmyeql,ﬂwmwwﬁm bempdlanaplie; BERTERE MaY OF east
| ocal | t here i nduci n ot.he t he
L255e) ) RSUET i oGP FRERSEP ) R S-RERE S pESIBIheR e

3h, this si[88S: GOMAEIHaGoicreraneoarbadideht mephadativrgeiDhe varaadiryis not
conpressing the blood vessel as a function of t|q$ t her eby i nduci ng
1

change$ i nvhallntrepreagntaiverHeondiéisrs from, o% agaab velgy of ¥ R Gy Wetlhf')m ty
gradient, and kinetic t ief &mﬁ n

appl anat i é’ﬁﬁ‘ula ory ‘vbh%]il égﬁlrcgi}/lv‘;%w ],8 gltgtﬁgéte?(gglggﬂgl lgt d ﬁl%gﬁhlgp a Vil
applanatlqnnmskg@&ﬁ}@ﬂﬁMuﬂu&hyydﬁﬂéEBM&dtnaymhemdmphhaﬂjmm(UHgoﬁubmémﬂ"to
affect simlar or other he m c. prop ?itles suc

no
ci ot er i oY B aRaaty Herbarn faF Sty Srprea b ARReL e
affect arterl,al qf 935 S8R haBah Sfersll 1y hgcal i zed i nt roduction 20 of

cheni cal SUBStANCES |n§&9ﬁhe subject to a%?ect the conpliance of the
arteryy Many sucki, ﬁﬂﬂ@ﬁﬁ@TbﬁE@DﬁyMQMWﬁ1$aﬂanﬂt@IﬂEdﬂ@MhBWﬁ@nﬂﬂm&yhbélﬁsed
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greater det ai mnth respect to Fig. 3c herein. the second paraneter in one
enbodi nentFig 253} abispricsesntpised irbbmoembddmek| aelanetisner yyiabl sepeaing the
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SLP' r EMBEI 2004 -19 paranetric i nformation derived in step 306.

Speci fi cal wigh acné-1or dice) & affeci argrigrcroggraeatanal arca, or the localized mtroduction

20 of chemical substances into the subject to affect the compliance of the artery. Many such
stressorshemodynamie parameter combinations mav be used consistent wilh Lhe invention,

Next, in step 306, a second parameter associated with the blood vessel is measured

i order (o luwililate derivation of a calibration function in step 308 below. As discussed in
preater detail with respect to Tig. 3¢ herein, ihe second parameter in one embodiment

comprises tolal blood flow kinetic energy, since this parameter exhibits certain easily

]
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identified "artifacts" as a function ol the application of the stressor in slep 304, As used
herein, the werma "artifact” and marker are used synonvmousky, and refer 10 any identifiable
feature or relationship existing within a data set. Other paramelers which exhibit the same
or other arifacts tay be used to derive the calibration lunction however, including, lor

30 cxample, maximum blood veloeity, blood vessel cross-sectional ares, and blood mass flow
ridle.

In step 308 ol Fig. 3, a calibration metric or function is next denved based on the



are idea i[ied within the paranetric data, these artifacts indicating when
certain rclaticnslfips between the actual and neasured val ues cal  the
first paraneter of step 302 above exist. As will be discuss it .
reference to Fig. 3d herein, one enbodinent of the 5 prgéggﬁ?gkmlb‘g?mﬁ ng a
calibration function .conprises neasuriny?total blood flow kinetic energy
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paranmeter. Hovcver, as is de cri@edpj n gzetat er detail herein bﬁl oW, ._t&)?
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hemodynarni c parareter (e.g., maximumvelocity, kinetic energy, ~.7rea, or
f1ow contdrmudusicyllsf applieddis eppiopristeuthierebargeneribrg afaliteledensngviegent of the

par-arneter- This i,. accoirnplished in e 2 of th . . :
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the measured value of the lirst parameter.

However, as is deseribed in greater detail herein below, the present invention
advantagcously provides the ahility. to generate a calibration function at a first time 1), and
then monitor the second hemodynamic parameter {e.g., maximum velocity, Kinetic energy,

arew. or Tow) continueusly for indications of variation of the measured parameler. This i3
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accomplished in step 312 of the method 300 by controlling the extermal pressure applied to
the artery so as to establish a predetermined relationship between (rue artertal and external
pressure, as deseribed further below:,

In step 312, the pressure applied to the artery is controlled 1o sclected value of the
first parameter so as te maintain the pressure across the arery wall (ie., "transmural
30 pressure") within the artery at or ncar a desired value, This process is reforred to herein as
“servoing” Lo g parlicular value. As discusscd in detail with relerence 10 Figs. 3a-5d herein,

this scrvoing gencrates a particular blood flow kinetic energy in the area of the applanation;
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nul ti pl e YA tRAEBHRGS TaCanisube nrmymbé aerqnhmyneldcaumemem pleaiaentt aldsy or
hi payal '@hmmu}"& D 1“]11% Case uthqo (ﬁ ; i? onl | nvention 25 Wth ra-,
pe(~t to'the Padiial aF s s tige atﬁjé‘?fl%“é}t I n'arery; whieh {5 phyweplly losuled t hat
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above. the location of monitormg alse may be relaied to or determined by the type of
condition to be assessed or monitoring o be performed. OF course, mulliple moniloring
locativns may be employed, whether sequentially or in parallel, with the methods of the
present imvention.

25 With respect to the radial artery of the human heing, it is further noted that
ancedotal evidence suggests that the radial artery is only minimally affected by arlerfal
diveuses, including stenosis and caleification due to diabetes. The reasens for this observed
behavior are beyond the scope of this discussion: however, this behavior 1s of some
significance to the discussion of applanation siress provided herein with respect to Tig. 3h,

30 since the prescnee of pre-cxisting arterial discase such as medial calcification could impact
the abiliy to accurately measure arterial blood pressure. By selecting the radial artery when

pertorming blood pressure measurcments, which utilize controlled applanation as the




perform ng. blood pTe_ssurc neasurernerits. wfil(li utilize controlled
appl anation as the -21 3 S HPTEMBIi R 2004 applied ;tress, the user is
effectively insulated fromnmany potcntia] error sources relating to

pi c-existing stenosis or calcification. Text, in step 3Z6SEFTEMBLRBa} 4 0Ne
or nore parametric sensors capable of mElasuring or sensing the sel ected
parancter(s) isiarc disposed in proximty to the selected blood Set In ON
f e c,asc orrje -surn9 hload pressure on the radial artery of the hum{ n,
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neasur cnngnt AL IE vari ant e case of

arteri al 0%1 d rogsnsﬁlggé blt%ﬁd Wa™ e 1oy 1oF. ar@@@@ﬁ‘é‘?“ﬁlqg{}' w H!r“a“&lb‘ftdﬁ@f hedyal
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varies w.th loressure changes according to the various phases

cardi ac "BYELY FRindnsdiE 8 dple Shiow Ao Ferapicseer of the anderbang ddshe asery oivt
bet wveen thg.RBARNE e AL, ;@%M'he?éﬁssure wavef orm presents an additional

conplexity in the nmeasurenent process one which the present invention is

partilul arly Wwektepadéps e@u&las@rwmmedﬂ&’rms (s fkdns&l&er(%)&s@ﬁ%ﬁ@@@f limid. gheat er
one cmho nment of the nethod of

detai ! be tow. Referring, no :
nouci ng GRE B ier EastrL A0t ¢ 1+ eindaemiesyteralor (patsubbot
(sty 304 defentiinlyGon ik deSirdPEELIREH of BolRERY. - 1 the casc of the exemplary pressite
transducer previously described, the output signal for a continuous measurcment will
comprisc a time variant waveform. In the case of arterial blood pressure, the wavelom
20 will generally track the actual "gold standard” arterial pressure, vet will include error or
offset which varies with the pressure changes according to the vartous phases ol the cardiac
cycle. This time variant, non-linear error, or "variable error” between the measured and
actial pressure waveform presents an additional complexity in the measurement process,
one which the present invention is particularly well adapled to overcome as will be
25 deseribed in greater detail below.
Relerring now to Uig. 3b, one cmbodiment of the method of inducing one or morte
stresses on the circulatory system of the subject (step 304 of Vig. 3 1s described in detail.
In the first step 332 of the method 330, a stress Lo be applied is sclected. As nsed herein,
the term "stress" {(or "stressor') refers o any physical or physiological change within the
M cireulatory system of the subject which is artificially induced. T the present embodiment,
the siress 10 be applied comprises applanation, or physical compression ol the selected

(radial) artery as a funclion of time. An applunation "sweep', as used hercin, generally
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In the first step 332 of the nethod 330. a stress to be applied is

sel ected- As used herein, the term"stres,," (or "stresscr”) refers to any
physi cal or physiological change within the 3t circulator systcni of the
subj ect which is artificially induced. In the present eXxhBBHThBilHR 20ihe
stress to be applied conprises appl anat£dn. or physical co]lnpressioll of
Lhe sel ected (r<adlal) artery as a function of tine. An appl mmatian
"sweep", as used herein, generally -22 23 SEPTEMBER 2004 refers to the
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passed by the term "appl anation-". Referri ng to Figs- 4a and 4b,
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descri bed, the applanaljou 402 reduces the Ilo . area within the artery,
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resLri cL%J Loy AUeR m@%ﬂ'eﬁ ﬁ&gﬂtyﬂfeé%lﬁﬂtatlﬂ %ma':&d?hln%ﬁ Jell lcaﬁt(ﬁ ghﬁﬁusmﬁmpeak

or maxi mum fl ow velocity wthin arteéry as a function
r educt i onrcgfictidretonownixea coﬂwtaﬂneﬂhmtﬂmwﬂuﬁot Ehisbhlemmmlmwwm]hm*tcicmtcmfﬂangy is

2 sirxail Iatedto rea art toitsr atl ship to velocity,
2 be 1ottt S TSP ohBrPal SobE e Ty R e e
bel oy Nofq| thatiufdicd IT')? RULRARAS ;ﬁjldlent 404 of T'ig. 4a. Hence, a higher maximum

velocily, a higher velocity gradient, and a greater energy or pressure gradient across the

restneled MNow area result from applanation.
Fig. 4b illustrates the peak or maximum flow velocy within the artery as a function

of percent reduction of the flow area of the artery. ‘Total blood Mow kinelic energy is
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similarly related to arca due in parl to its relationship to velocity, albeit somewhat more
dillicull 1o dertve as described in greater dewul below. Note that for the putposes of
simplicity in the present discussion, the percent reduction of flow arca 1s assumed io be
directly proportional to the applanation pressure applicd at the lissue (skin) surtace,
although in reality ihis relationship is substantially more complex as described further
30 helow. Futher, Tig. 4b 15 generally illustrative of "steady state” operation, and does not
examine the effects of variation in pressure due to, for cxample, the normal cardiac cyele,

also discussed in greater detail below:,



simplicity in the present discussion, the percent reduction of flow area is
assumed to he directly proportional to the applanation pressure applied at
the tissue (skin) surface, althout i inreality this relationship is
substantially nore conpl ex as described further 30 hcl o@s SEGTENBLRZ0Y. 4b
is generally i]lustrative of "steady st-d#e" operation, and does not

exam ne the effects of variation in pressure due to, for exanpl e, the
normal cardi ac cycle. a] o discussed in greater detail below, -23 13 S L
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23 blood velocity and the volumetric (low, and the flow kinelic enerpy distal to the sienosed
arca drop precipitously with further reduction in flow area.  As the artery becomes lully
occluded and flow area approaches zero (region 418), the volumetric flow Q approaches
zero. as does blood velocity and flow kinetic enerpy.

Lxamination of Fig. 4b yiclds important information in terms of characterizing one
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iy

response of the circulalory system to one applied stress.  Specifically, the behavior of
velocity as a function of applanation, and most notably the incrcase in maximum velocity
willin the velocity profile, allow the identification of the point where the pressure within
the artery is clfectively equal to that applied to the wall of the artery via cxternal
applanation. This condition is referred to hercin as 3 condition of "zero transmural
i pressure". During the applanation sweep illustrated in Figs. 4a and 4b, a point is reached a1
which the external pressure applied to the exterior of the artery wall is just offset by the

miernal pressurce wilhin the artery.  Until this point is reached, no significant reduction in
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of the arterial wall as a function of the aforenentioned sinus r m 500
of Fig. 5Fapreamd mkremexesy natitwppithen e snupriesbur 300G ppidi fat thi . introtiagedalt er y
per 1 ig- §Q - Two opposed arterial walls 510, 512. arc illustrated in Fig.
5b for PrEsLure.

20 Fig. 5b illustrates the displacement of the arterial wall as a function of the
aforementioned sinus rhythm 500 of Fig. 5a, and the external applanation pressure applicd
lir Uhe artery per [ig. 5¢ . Two opposed arterial walls 510, 512 arc illnstrated in Fig. 3b for
sake ol clarity, although they are elfectively mirror images of onc another in terms of

pressure response. As 1y well known in the art, arterial walls are typically (in the healthy
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buman) substantially compliant vessels having significant elasticity and resiliency. Henee,
as pressure within the vessel 15 increased, the opposing walls 510, 312 of the artery tend to
deflect outward increasing the diameter of the artery, much as a balloon under inflation.
Stmjarly. as intra-arterial pressure is reduced, the resiliency of the artery walls reduces the
diamcter. B s well known ihat human arterics cyelically expand and contract to some
3 degree during the normal cardiue cvele.

As shown in Fig. 5b, variations in blood pressure within the artery deflect the walls

of the artery outward to a maximum diameter 516 corresponding to the sysiolic pressure




sake cif' clarity, although they are effectively mrror inmages of one
another in tennis of pressure response. As is well known in the art,
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as pressure within the vessel is increagéd. the opposing trills 510, 512 o
fthe artery tend to dcfl ct outward increasing the dianmeter of the artery;
much as a balloon under inflation, Siinilarly. as intra-arteerii pressure

i s reducediZtdne allpsi thi enery mllgttblealaefpts@wd e ibbind @dkeRE 514 @55% | S
wel | knovvr&mﬂg]L human erl etgpcycl ically exlpand and cont ?%.(r:%b £Iﬂth

dt egrec dur'l tl?{*éssﬂ%fr T8, Pragsusy appdiech th nheiegreribh of Wy dredri ons

in bl ood prigssur endbdsBl Nk A Ls of the artery
outward to & maximum dr ar%epg{reﬁgttfg{ éigrgr?]ceggo%ndﬁﬂmnt bf £He Qﬁ}%ﬁ”&l‘?lcpbﬁé’é%d? e

-25 -1 ~seughl [speepgydy 2004bosh GRg ﬂu:dllaldnldOdw;Lohb%éé’sﬁ@Ey SW@mh&I}h 9@1*1}9 co
anleW 5 18 corrospond ing to the 11lic

I di
pr ~- ggﬁ?~igé%ﬁmgﬁPP@*?%P%ﬁ%¥? JEYe prEauilaraispre @ dhe é“lSWélbékW@ﬂ‘lmbsmﬁ} t he
artel ay i neeaae 0 istoRicPERir 'fb}?é’@éd’hﬁg I'aﬁ\iﬁu ﬁﬁg#u&'cgiﬂllﬁf Ziﬂﬂl Q}ighgr

Lransmur~il i.,; rc-ached succq~ 55|ve

pTessur c- Plesstgpeesndiéen S92 Coomitlering idjd dm’ﬂeﬁL wmgltaﬁpﬁmﬁﬂrﬂn aPr RS BMATAET O
transmura t t he astolic urc) Condition 520 is
achi eved P le”?{sfg RLEIH wgc}j ﬂb@“cgghsr%mt?H}”{@Fﬂﬁé@“lﬁ?égg Hen-dhe eHeclspliamgipe

( hi gher plndeRﬁUﬁﬁ:a) of RAirirPRegiBlth plaRRSiiday 'd@ﬂeﬁs‘%%%h%% gﬁttﬁe@ﬁe%et T

520 fjrst, as appl anation i)re, ,,,ure I, ~~ incm ~~ed
t r anmift al ey e‘:-‘":l‘,hFWr and gk blasd, velpaty emf &irgtii \ﬁacwyaﬁeplenmuélandhstmm:&ﬂﬂh

area) oft [e~: dcrmase, rcsuiting int

i ncl ~ea~ gﬁ'l ?‘Eﬁ‘ %3%&/\1; g?\'fféa q @p'é'??db }é ‘%a“ﬁ?lbcoﬁlmﬁlsé‘rq & FIFraETRFGrRR F%'F
encrgy ~tdogpsedmirdigsthe daselit t}ﬁsdtmerf the @BRAEN VIO M REBRSEI T, esl%l]a{h?r%%es we
11 abov. ¢ the di astollc pressure, the arte ry ilaor~-- cornpla e-.

during t WECHPHEE apRlenabion presaurss Ihe Hiamedsrdif dee ajery at the Hp‘tblv]mcmmonﬁ?ﬂwﬂ@r ly,

th 1 - f ot te th
Wi s an dhan Bk olle STl Ll gl e
iintils thésackiempprtPns cﬁﬁnmh{ttsgzéwllcc@ﬂﬂﬂ,ﬁp sroedf umdesirdbet el S skl on HRl i C;

porti ow, 52] and lagﬁstol i C porlLions %9 of the C-ardiac cyclc' Ba,,~ed oil
the RIT- L‘&(&’PH]‘ 19 FET SRR e‘é?'ﬂﬁ‘ﬁ'iﬁt%ﬂ*moﬁél relefined ther giatsy) in

relating ﬁ@sﬁm}{lﬁ{ hRbH ARidcRy ohd lp%'c P@%a&&ét@ﬁ'%@%ﬁﬁpﬁ‘j{r&%} fl‘!oWﬁar ca

reduction (applariation pressure), Eoh&t1o8h E20
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extemsl RbfaspontdilieSheAdSts for the dmsluhc: condition 520, since greater external pressure must
be applicd to collapse the artery 1n the former as opposed to the latter. [t is further noted
that at pressures falling between the systolic and diastolic maxima and minima of Fig. 5a, a
lamly of curves simtlar lo those of Tiig. 5¢ may be constructed, such a family of curves
being useful in characlerizing the behavior of the artery and associated hemodynamic
25 paramelers during the entire cardiac cycle.

As with the velocity curve of Fig. 4b, the curves of Fig. 5d are useful for marking
the point during the applanation sweep at which zero transmural pressure is achicved, hoth
duriny the diastolic and systolic portions of the cardiac cyele {or any portion there
between),  The utility and application of this information is described in detail with

3 reterence w Figs, 3d-3¢ heremn.
While the foregoing exemplary application of compressive or applanation stress is

useiul in the measurement of, inter alia, blood pressure within the sclected artery, it will be
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<0 As with the method 320 of Fig. 3a, optimal placement and orientation of the applanution
device over the artery may be determined using any variety of well understoad prior arl
lechnigues, including those described tn Assignee’s co-pending 1.8, patent applications,
deral  Noo 09342549, entitled "Method And  Apparatus  For The Noninvasive
Delermination OF Arterial Blood Pressure” filed June 29, 1699, and Serial No. 09815982

<5 cobitled "Method and Apparatus for (he Noninvasive Assessment of Hemodynamic
Parameters Including Blood Vessel Location™ filed March 22, 2001, both betng
incorporaied herein by reference in their entivety. It is noled, however, that (he foregoing
method 320 maybe utilized even with non-optimal iransducer placement {e.g., by manual
placement by the individual administering treatment), so long as the signal coupling in such

30 cases is adeguate,

Referring now to Fig, 3¢, one embodiment of the method of measuring a second

hemodynamic parameter associated with the blood vessel (step 306 of Fig. 3) to facilitate



20 As wtli the nethod 320 of Fig, 3a. optimal placenent and onCnl atiion of
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200 1o mmcasure blood velocity.  Specifically, acoustic measurement techniques generally
employ the well known Doppler principle in measuring velocity, wherein the frequency
shift associated with echoes reflected by the blood flowing within the blood wvessel is
analvzed to provide a measurement of blood velocity, MNumerous different variants of

avouste blood velocity measureinent techniques exist, including the use ol a conlinuous

ta
A

deoustie wave {CW)

1

and acoustic pulses (pulsed Doppler). Such lechniques are well
known and understood, and accordingly will nol be desenbed [urther here.

Similarly, acoustic measurement techniques may be used to derive a measurcment

ol the kinetic enerzy of the blood flowing within the subject blood vessel. 11 is noted that as

a result of the complex blood velocity gradient ereated with in the blood vessel during

20 applanation (I'ig. 4a), calculation of the kinetic energy of the blood within the blood vessel

a5 4 whole is not simply proportional to the square of the maximum blood velocity

described ubove; rather, estimation of the kinetic energy requires the application of



paranmeters non-invasively. Of particular note i s the use of acoustic
enne>rgy (c-g., ultrasound) 20 10 Measure bl ood velocity. Specifically,
acoustic measurenent techniques generally enploy the well known Doppl er
principle in measuring velocity, wherein the frequency 28HMHRTEAsSBBRIZaned
with echoes reflected by the blood flowiZlg within the bl ood vessel is
anal yzed to provide a neasurenent of blood velocity. 'Nunerous different
variants of (1Coustie blood velocity me{ surernent techniques exist,
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20 technique i one embodiment utilizes reflections generated by the transition of an acoustic
WI¥E across vanous boundarics between materials of different acoustic properties f(e.o., the
"new” artery wallftissue boundary, the "near” artery wallblood stream bﬂundar}',.lhe blood
sireany'far” artery wall boundary, ete.). Specificaliy, the relative timing of these reflections

15 analyzed to delermine the distance between the various boundaries, Knowing the
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propagation speed ot the acoustic wave through the di I'ﬁ:rent media, the distance botween
the rellective boundaries (i.e,, tissue thickness, artery diameler, ete.) can be determined.
Recalling that per Fig. 5b, ihe deflection of the artery walls (under bath systolic and
diustolic portions of the cardiac eyele) varies as a [unction of applanation pressure, changes
m Lhe arterial dismeter (and area, related thereta) may be used as "markers” of the vero
it transmutal pressure condition, or other conditions of significance, analogous to the yse of
increasing maximum velocity to identify such conditions. Speeifically, when the diameier

of the arlery just begins 1o decrease, the ex(ernally applied pressurc fust slightly excecds the




alu~ry at different points in tine, and different points within the
cal rdiac cyclc, cain be determne,d. Anal! OQyCOLN LO the well known |ik-ne
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the. "neair" ~irtery al ds Ifblc o tream boundary, the bl ood
- dr ean- L' "eandl setiek yessatd at gy pdak i ti@kCc. - ), Specifi cal |y, the relative
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. W, ~- ssorF*HEghvh *EI%émEEF’”Wﬂ“&*HWF HESRIWEINCBY Wesse apRlmatian dcompressive) siress is

20 apphed, the pressure apphied by the applanation device and sensed by the associaled

pressure transducer could be cquated to the actual arterial pressure when the artifact or

"markee” condition i observed. l'or example, if increasing blood kinetic energy correlates

L @ condition of zero or neur-zero transmural pressure as previously discussed, the pressure

applicd against the artery wall when such increase in kinctic energy was observed would

25 equate 1o true intra-arterfal pressure. Hence, il the coupling between the point of pressurce

upplication {c.g., skin} and the artery wall was very high, the pressurc appiied al the point

of application would approximate thal applied to the artery wall, and therefore would also
approximate the pressure within the artery,

However, as previously discussed, the tissue, tendons, and skin interposed hetween

30 the artery wall and the pressure transducer in many cascs creale a complex relationship

belween the pressure applied by the transducer (or applanation mechanism) and the

pressure wetually felt by the artery wall. Simply siated, some of the pressure applied to the



15 coiidiLion is achieved (e.g., applanatioin pressure at which zero
transnmural prt~ssure is ~tChiq~ved) is correlated to the actual or true

arterial pressurc- in tN sinple case where OeTk~ 1,,; a hi j- i degree o
f co upl ing between the app] i ed stress an d th e stra3sSLaCEMbEY 2fidt by
th e blood vcssel., the neasui-ed stres$ can be eqt-iated to the actual

stress. Sp~-,cifically, inthe c~. in[ext of arterial blood pressure
measureircnt,; whei-e applanation (conpre,,sive) ,;tress is 20 applicd, the
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tissue, terndoris d"<¢Kin int erposcd between 30 1ht, aMy wall and Lhe-
pressure transieefiot Bl ﬁ@ﬁﬁﬁa@lﬁﬁ@%@'}ﬁﬂﬂ&ﬁ @ﬁscgnﬂbgﬁgﬁ 1}@'1@5 "'%ﬁm Hﬂﬂﬁgﬂ en
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soj ni ~ of ed to,thf | FMI3ER 2004 skit'
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Addltlonally it is noted that tissue is also presort bel 190

vessel ardd£5BplapeEnEalngfay evallbastiedeeitios frfrihcdmphesanm@onmmam]ﬁﬁt mveh
atsel | . f e ti | i ance and degree of
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measur enment on .t he ext ernally appli edg pressure measured by the

13r essur @M HELTIE B FIaY subie Ry SR wp sneaeh 28 @ fﬁlhttgﬂrpﬁbmtémntuasndlmcthdeI
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springs having linear “fdrce constan correc
by the preysure gveanstuceny theserc eubstmtisllymaded cofiplis APPRBAGHnAMENOF, S
oily as good ﬁlﬂthe used; dlfferent subjects with different tissue

5

t hi cknesd® GeHEP% Mll%f&frpm soraslidpge Lfd@r%élte fiationgkipt raveet aciuieh and t he
t endops Wmﬁ@tﬂ‘%nﬁﬁﬁl%ﬂe%@r& QAnfafBordingly reduces the aceuracy of any blood pressurc

esiimate based thereon.
In contrast, the methodology of the present mvention overcomes (his significant
limitation by measuring the gciwed respomse of the interposed tissuc and material for cach

subpect as opposcd 10 generically modeling it as in the prior art. Specifically, the prescnt
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mventlon generales @ limetional representation of tissue und arterial compliance based on
actual compression of these components.

In the exemplary embodiment of the method 350 illustrated in Fig, 3d, the
alurementioned "A-mode" acoustic lransmission is used to monitor the compression of cach
ol the components mierposed between the applanation device and the ariery interior wall,
30 The compression of these componems (step 332) proceeds gencrally according to their
individual material properlies, which are unknown and interdependent and therefore

excecdingly complex to model. [lowever, by making direcl observations of the actual




other and [lie artery) will respond di(Terently, and these differences are
not accounted for in 1 such nodels, l=urtherz i re. even for a single

subj ect, changes in the response of the tissue and arttiries of that
suh.]cct may occur over time or as a Junction of exte.i2hS&PIVMBEREEH
stresses. For exanple, when an anesthetft-is introduced into the
circulatory systemo 1 the Subject, a given artery nay becone
substantially nore. conpliant, thereby losing much of its resilictne y.
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and dist erycwalring @esc Tesonmll Sranc &S wdll, asdRith dhs cangliste Rt WeeR gLk f ace
of the skin 608 Fnd,the aki nltissuye bou,ndar¥ 610; the slain.?tissue
boundar } ‘RILARBIEAPTLEE G <RBRY SPeinE apYiosy o1 henearding sydeantteangton dumdiany
arid the @atos} 0 ‘ : [bl ood boundary 614 and
the bl oodk;'é([slrtféie]lraE/Tlel’I"Otg 35%55%“9416%%%?&“82@ P%/Q @@ngﬁsrg??gﬁeslﬁ EH‘QWF HEFeB54
usi ng A-ridfe apwifitaly, tovahe issilensnd whidk paltotd b e efriiectdyeRs dffidr@nn

t hese boundari ﬁsﬂ‘ as proviOLrw]y descri bz;d- Additionaliy, the relative

| ocat i on "Gf'FonEESB® Al Al P ErFohEIHCh &Y & 18 dat/hi nfit JeWCRPPHRd tiNessicatds t i rr

| 0SS 201 N mcasured relative to the aclual intra-arterial pressure), rolatively little compression of
interposed Lissue, undertying tissueftendon, arlery wall, cte. has occurred, and hence further
increases 1 applied pressure generally contribule disproportionately to further CoMmpression
of these components. At higher values of applied pressure, the interposed components are

substantially compressed, and a relatively small fraction of any lurlher increascs in

a2
~A

applanation pressure is used to compress the interposed and underlying componenis,
Hence. in general, the "transfer fraction”, or the ratio of transferred pressure to applicd
pressure, incrcascs as a function of applied pressure, as illustrated in Fig. 7b. In the
theoretical case of free-floating  Incompressible materials interposed  botween  Uie
pressurized blood in the artery and the transducer, the transfer fraction would be 1:1,
it indicating complete coupling.

The foregoing denved transfer [unction, can then be utilized to correct the error of

the incomplete pressure fransler measured by the pressure sensing introduced by the




cocci, a restoring spring force of sorts exists between the tendon 618 and
ti ssue 622 and bone 620 and [issue 622- The | oss of pressure transfer is
at !cast partially associated with 15 overcom ng these rest r ,
well as with the conpliance of the tissue, Hence, dui ﬁ%ﬁﬂgﬁgﬁ (and
during spccilic portions of the cardiacéﬁycle), a transfer function

between artery dianeter (and flow area) and applied external pressure is
devel oped per step 356 Specifically. for t]ie diastolic and systolic

portions Ofydh&e¢ %ﬁmbaemcxbgl iBentBihE BeRiionk DANSERE JaiRaipi 78S Mdkixamplestf s
illustrated 1n Figs. © At low applied pressure (as 21 0 neasure
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conponents. At higher val ues of applied pressure, the |nterposed conﬁ nent s
are swbstfanr*ﬁa‘illl“yU‘é@ﬁt%%ss&f tr&rpﬁljcrafrac@pgtfpr,él}%; TRgiOring lagatiog ndraly ;a“
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|nterposed and under g conponent's nce. i1n general, the ' transfer
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i ncreases as a functio of a d pr ure Iustrate in Fi

the theoretic-hpcdab! P%Eﬂ ? GHONE A ?FQWE“%%?%?E%sed
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transfer fraction would be 1: 1, 301 odc ng conp ete coupl
forcgoHi|gd@emnumﬁnnmansﬁemnﬁmnesﬂumnbghhﬂﬂhehdbe wuhkwmedtDGhEEMﬁHnuh@he

error of t]ie.inconplete pressure annsIer p

sensi ng ink% 36027 "WHE*@S“%EE Eﬁ”ﬁﬁﬁﬂmc gkﬁﬁ%@ﬁnyﬁi%ﬁi e%%@ﬂl by
i denti fyi nghtDes 1201008 eRhink MeSkfSTer PR GT BP 0308 mbRY diforaaRr&surk fundiignzer o
trap, nural pressure condition within the artery during the diastolic

portion of {ieheystelar aidie tbw;:blez prgﬂauhi,élmeuamﬁerfr?an@t #9% B ecaghly @@wmmué@ tors
measured. the Lrue di ast th gress4n + :@ R e% ﬁp

here the périEmt %gB‘er“%“‘%fet RPN SYTHYR A "é 8“%’”0‘?5 ﬁ‘?‘r Sut- & gﬁsr*'er

| oss, [e fdansden dreastdenl bdswt Adkecn RN blked iphgsilre Gathconb|Rdieatas,, the
fractlon or percentage of the intravascular pressure which is transferred
to the surfiaesl ﬂwrentlne utiressi8isr wansig Sungtiog tecwsiset the messerced fatuet Hepresstmsf er
function an ﬁ” ok §r1IEact|ons may be represented and stored in any
variety of f‘iréﬁ?b? r s after neasurenent. such as in | ook-up tables

in a 10 digitaginiianRont agglesk: Meomiyzeds tidesgictidds burdebemilied ol Wahdfer
respect to the a paratus of 12. . furthernore, it will be readily
appr eci at edmeh rof (aneothas dhansthp gk e agreustie teshpique may be utilized, cither alone or

20 inconjunction with the A-mode technique.
In swn, the method 350 of Fig. 3d mvolves determining a transier [unection/fraction
g% related 1o applisd siress (e.g., pressure) for the subject and location being monitored, and
cilibraling the measured parameter at the designated "marker” point wsing the transter

function/fraction to deteimine the actual value of the parameter. In the case of blood

]
A

pressure monitoring, this process involves applying an applanation pressure al which the
kinctic encrgy torm begins to increase {or allernatively, the maxinuun blood velocily begins
Lo ineresse, Lhe flow area beging to decrease, or some other desired condition is observed),
and then correcting the measured value of the measured pressure using the ransfer fraction
1o deiermine the actual intra-arterial pressure. When considered over the entire cardiac
30 cvele, this melhod 350 produces a scahing or "siretching” function which is applied to the
entire measured pressure waveform 800 to calibrate 11 1o the true nlra-arienal pressure 801,

and (hereby produce a "calibrated" waveform 806 as shown in Fig. 8. T is noled that
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above is used to determne the transfer fraction for one or nore discrete
pressure conditions (i-e-; systolic and. ur diastolic pressures), the
transfer fraction may be readily determned fbr d rtlnle.&fPi £S5,
thereby formng a transfer function as a function of pr‘é‘%éﬁfé’?@@éﬁﬁ
described in greater detail helow. 1-lchke, if the blood pressure of the
subj ect does vary, the Ipre ent tin enition utili ; this transfer function
to correct the neasured value of pressure Wthin any p_rle_ssure_rancge_
Simlarlyy lgewwgl Ly, BE: gj%gqubgqg; phaturs® tihessreofratdben rhﬂmmgmtSWQ ghefer
finnctionifracton ot her than the A-node acousmjc tech{:n,(;‘*t.i’%1 ey _Re intra-
utilized, deidohierpaafieneygplic portion, ©oAPereiPEPYER- W't KEHHE AWEJE t'eChni que. In
sum the nethod 350 of Fig. 3d j L vesideher Al Necapttis aagheally Mustraled
Funct i on/ RFSEH PRS0 1§ 'g‘é?s.uéecﬁf ]%%gg%'p }leg&rgt ress ( e%,, pressure) for. the
subj ect and):| 0@ath0R DB RginBinidiedks e sysalie mmmi therdgasired 802
paraneter at the designated "marker" p%gnt usi g_ﬁ tEfe 54 ansfer
funct i 6n/ fis aatcqon o iedebe phimplipes atdie pipstL RRETET R R ‘parameter. In the

case of blood 25 bressute Aontakid\Gahiiifculisamessaridnindlwisl agfbqrs rguan
appl a tnation ﬁ?% %‘E‘fgt‘ %?lev\hl (‘}ﬁ tlLe Iﬂolli I lac energy_term begins tlg 1d
i ncrease (Qr Aabt@nmali sl appiitaion of Bsrahsferiuplbertasdssgeicdyvideigepist 1o gk -4

i ncrease, the. now area begins to decrease;. OF S : i &R0 «ARslit i on
i s obser vell zeneay dngibrapleietd ?i%’ﬁ“dtﬂ%nﬁ%ggtﬁ?té%g\%agf aﬁ)ghglffnt %g%rr%%%ur ed

pressure u 15 ,;][% rél'hfﬁn Lian Slftﬁ{/t\:ﬁgwn@ﬁ WMare 4 Quidedt e miligh Hieeaof calpling between
irrtra-artierial pressure.

en consi dered over the enti re’éﬁﬁa.r dl a?. i
cant| g4 t his skinrdn@takieadwa],30e prodassesatad sehltha gresFire SEABEeEhYRGW™ 'G‘FF%PF%n
which is applied to the _entire nmeasuyred press LA 8RO GR! dnlar at e
it to the RIiasd ti herska sirdenHmay ?ﬂ@?"é’ggm“g agﬁ%?l H%Cﬁgwt%}:gieegy pr oolllucelj a
-cal 1 brat e»%ulﬁgﬁé{@fﬁﬁpé R ﬁ&@ 1361 SR @WRuih IndTii@rinB en+irdmsnamot edertchatal SlatRPRITNBFR
2004 -33 depending on the portion of the neasured jrCSSUre.-gv&l orm being
consi der ecaghiiaatita] Hcthparansfonfureyen 1 1 ApARTBRENt OF henRieEDh APNRBREH PIUY e
ratio of actual or “A-line. intrat.- arterial pressure to the neasured
pressure WTITFEYS Thi s concept is graphically illustrated in Fig. 8,
wher ei 4 t he rat j:erain 00 4 VEeSe ahe bhthalystohtioupolytdabhraghs threeh e
cycle R1 802 i s not equal to the ratio. of anplitudes at. t dj [
orti on Repeaser blishouabe rAsSabEhats ANFTaCCEr AT ErT KLt A ane ang
i ndi vi dual subj ect s. requiLe: | "k Rahb @R BRYaAPWakERlth Gor @mptcssion
transfer fUHE ‘%fﬁ'ﬁ"%g’ndégé‘%flﬁ]og%Q\%\nﬂ?ﬁh%eﬂs%gct o gibgf 3d, Llic general
met Eodol ooy e hgg?h?uemsh@,nuﬂmy xpail,em.: ﬁhﬂs%ﬂmfﬂad})hﬂﬁm iﬂnﬂ%]télr‘ﬂéd chg@g an
wi thout a transfer function. For exanple, where a subjgct ] o] A N
degree of epmpldting sheemasrHoraed a1z £5ep ANAHETRE 2] “\‘R/a(rr{ ﬁl%t%lgf}%}_?qg?ﬁ%thc

associ gt ed wi th the ressyre peasteetiniods tnm%ifofm@&m@’rsubject's arlerial blood

pressurc, a mechanism is needed whereby changes in the measured parameter can be

aceurately ohserved and scaled between calibration events {e.¢., applanation sweeps).
As previously discussed, prior art calibration approaches rclied on periodic

- n H ml e
calibration events (such as asculatory cull measurements) (o continuously” calibrate the

]
1

measured pressure waveform. The term” coptimuously” used with reference to these
syslems is somewhat of a misnomer, since what actually occurs is periodic (rather than
conlinuous) updates of the scaling lunction. This approach presents at leas! one senous
deleer, that being the lack of calibration during the interval between periodic calibration
updates.  Depending on the activities of the subject being monitered, their true arlerial
10 blood pressurc may vary significantly in 4 short period of tine, and in some cases in a rapid
ar prompt fashion, For exampte, during surgery, actions by the surgeon such as arfery re-

seclion mav have profound effects on the circulatory system of the subjeet, inclading their
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pl aced rat the skin surface may only constitute a small fraction of the
total nmeasurenent, and WO uuldl thcref.bre be acceptable in certain
noni toring environnients. Hence, calculation and applifaifenoh @i
transfer function is not aa. requirenent of the present  invenl aon under all
clrcunl stances, 1 Referring now to Fi ¢#¥3e, the method of continuously
calibrating the heniodynarrlie paraneter being neasured is described. As
di scussed with reference to Fig. 3d above, [he transfer function is_useful
for correcting {he; a?l%%%;r B85S Uhe ddteamor nbdvarcc AipTEYsiFh bf Rihe
i nter posedf ' Yi‘ssue, tery wall. etc. Thi S"-L{r ansf_ebr n‘%unlf%éﬁq Jigeeht ahoead
during ananapekanatd pmtswspopblood mreguigtvay <y A HEATY oF | ng | ocat i zg‘lon
t he subject. such as the. 1 i al..ak: - FowRVaterict On pler mijectokbilhuous
noni t or i ngfeF PRHee d f}éad‘tgcgfé??@??‘%% %ﬁ@%ﬁlﬂl& lgksjsur e, a nechanismis needed
wher eby changes ddm ithancapaw ed parameter can be a accurately observed and

scal ed between™cal i bration events (.e.qg, e-applanati. qﬁﬁr)- fics
previ oasly di séimsdbs pper st ampreachey ‘Pt?f“’a‘ﬁ}dﬂg’ﬁi%}m&caﬁ%@ﬂ{rj@}q?}e é%pﬁ@ﬁ odi ¢
calibration events.(syc - ab o1l A Ol YeaGidHangdEasHieRR hishlosdpressurc occur
"eont | nmu’?’ﬁ%ﬁ?"‘bé“é'lhiqrb 15{]%-@%21*5 25 rtecgst ar ed pressure wavef orgﬂlThe ter
cont i NUOUSieenasrivtiicheatiefaive reents,olheh és atasy cowrenifls2cs BRHGRE: JPTHT: A

m snomer, since what actual ly occurs, is periodi Nafy. hap m&oRbindhkoUS)
updat es offrichartsareasaes WREHH RO gfngﬂéjrr%hé%h t%?(ge‘{sl%ﬁp ‘g Yat e{ﬁilst lor}é& 1
serious elc at,.DCkiiiethnk Benl 86K sAfrigakidnel Tha prur amgydiéres Lpictlyal
bet ween pgt]ref”&d[?%mg%'lmi’ br a(t%jor;a updat es. Dependi ngl on the g@ti vities of the
subj eq) beidnglL Nanidabnge dactarhei ealibragion dp tiepauat (FOMB TRRHGUISE SSRRESIMIRY DETY
signi:Ccantly in a short period of tie, a ' CASRS. ITheGedu@Ridhizor
prompt f adHPest Presssy ORRERBIa o 4R 1Y hé‘ucrl%hgﬁg,nlugg?ll ons %yﬁ?he sur geon such
as artery hen.g6std Grdiey shawiedralibund" difat pesane vhimes wheah & ficy agysitem
of the subject, including their 23 SFPTi'F. |BHR 200@‘_{3{‘5’1’ a,[rtenﬁl plood
pressure- @libidlak byt condaisdiantidels ves ihbioptins cHPRCRY JERS Giuyg todrack grgat of
anesthe"ia) and -i.nduction bl go , | L €S 0BYniRe dtarRLheal |y
di f crept [) udg! E‘?%iﬂgfj‘dgbgﬁ}ﬁet ethgégﬁh%ﬂg’hgﬁgg‘gl’rug%%ﬁp%??hce RN T hi n many of
the arfieri gguildidhinge SULaGhnts PTGyod fresutd mmgbd crolivat, baclamebringtsiigens
Since the prior art approaches in no , -ay nonitor the_actual .hengodynatnic

properties occling imrghadolassi o {lise PEFITE YOO QRREReS i [ LOLRemi ARG KA n
true arterjal bl oo re r, - et el L QRS GtdoRE RNk 8 HueMERES
Lhey in nalrlulg)ﬂﬁt ee (\%i {%f“ %%Qudﬁldgggfé[néd&gﬁg%gﬁe? guch &%ri or art apg-'r oaches
typically potichds dekatgddpoesaitr eehoroimetiei Gat oy "ptimend ersardr kweethsamisei ng
potentially very different fromtrdue rteri,al. %ressure. The prior art
svsterns tBSHBEFT 4F & hlood pressure), as deseribed in detail below:

201 In onc cmbodiment, the kinetic encrgy of the blood is monitored using the

aforementioned acoustic (or other) techniques while the zero transmural pressure state {or
some other state determined to be ol significance) is maintained wilhin the artery, as
illustrated by the method 370 of Fig. Je. Specifically, the applanation device, which in the
cmbodiment described below with respect to Fig. 12 also comprises the pressure and
75 ultrasonic transducers. is "servoed" or continually modulaled against the skin above the
monitored artery in step 372 so as to maintain the desired pressure condition. The measured
{non-calibrated) primary parameter, here pressure, is monitored as a funetion of time al the
same time per step 374, Depending on the particutar application, the modulation of siep 372
may be controlicd so as to maintain the transmural pressure at a specific value during the
30 diastolic portion of the cardiac cycle, or alternatively during the sysiolic portion ol the
cvele. As yel apother alternative, the applanation device may be modulaled or scrvoed 1o

raainlain (he mean transmural pressure (calculated over onc or more complete cardiac




10 adiusL the scaling factor or calibrations to account. Cor the neasured
change in tononetric Hood pressure (vhich nmay or may not be close to true
bl ood pressure. The result cal "this nmethod is to produge Tﬁ%&k
“calibrated” Mod pressure values which in fact are nogﬁs§kﬁﬁ @HﬂHﬁut
conprise a wdely varying sealing conpéﬁent This failure to track actua
or true arterial blood pressure between calibration events can be

catastrophic in cases where 1 ininl1lLe-[0-iYinute xneasLI|renments of-bl ood
pressure gmspet & hiddethined uahica Schoiigngas lallkgel'.lftyumﬂhted ne teinkalnog Weofedt he

present invention overcomes the foregw(a ? %glflcant t|o S cC t he
prior ar tmpyoakitiepd h%'“ﬁ’ﬁ‘a%ﬁl@Hﬂﬂvs‘érc gD 8y ﬁ&WIED‘&a}"I}% er such
previ ousl. MMQ@LS Qb QQQILEQ rriaé ao(éK uﬁhﬁ d{hnc EafbdsStardlhe Eﬁélg@m’ suclBRARME, ed

henmodynarni © paraneter ssure, as descri In detail
be] ow 2(uk Wl amémqmimnbmenmamtmhlpkumehmh tbuamayleot btmvé (blquhle fegion on the

ni o.uittorccd usi the _aforenenti ned c.oust.i c er) tec e
Whi ] 6% hangBnEIE RS B JRadur @ erar R oI s Jgmiar WS R Ar R ned

to be of gigpiifdCANGR)ndeds PRIBLALNGH W tHRlRuldd @pBRda8DY in 8%icH thkimethdd At ed
by the netﬁogh370 ‘of ﬁ}g q3e, SpeC|f|caIIy,uthepgpglanétlon devi ce, which

in the emnpogidnent descri bed be|OM/MAth respect to 1'ig 12 also
conprises the ressure Sﬂ?ﬁo ul tr ransducers.

continual Iy no OUET bt T 105 SSERRRR, R Bo RS AT IS 18?%&3@&&%)11?%0 st ep

372 so0 asyt@maRkEiRbal Mithhe EewiduediPhe ssaee: aadithbanthetbel RRRGMERS gy (or
(non-calibrated) primary par neter, here pressure, is nonitored as a

f unctiifon mfxitiue bdeod Mefucicist WERETIsensiBe ¢ BTMSHOEaRlE ysiem phahe type
partlcular %Bﬁ ﬁatlg the nodul ation of step 372 may be controlled so as
to maintaif FEn ﬁ%r al pressure at a specific value during the 30

di astolic portinofleypf74, g caidbfuhe GyaindaryQrarahdt@r Madsuredl iy stipr37agdis taheyzed
systolic portion of the c yc[c, As yet another alternativ t.he
appl anat i ‘gridgay¥ @E‘m}ﬁ? < S RAT PR BT RYAEIDIo WheR Tt 21 n@fip dpusmh s

transnura%ﬁgggaiqﬁﬁg& u%b%ﬂ¥ﬁYﬁﬁm£R§lpﬁmqﬂ&ﬁﬂEPEHhﬁﬁ%fﬂﬂ{ghﬂﬁu% cle,
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be COlﬁdUCilﬁdLésolnnlﬁhﬂtuamﬂrg» gteukpt v track dhdwees ithintiaaxterink-dlbod plrea@mﬂ vihel oc
ity condition, or _cmss--wti on al, 6 area cond |i|on Many ot r
"t al - get "reswisvelothin pudesinaly HanPaNgd IapEaetaRine atpépwgtrce&égnﬂ%ﬂﬂ%fﬁ’e%fhexce

of weh val $67 380 R cidittthe A%ulil? ARGHERL o€ abBlhAl] RNRVRe Ai-EN A soyal ki e

i s NLSed e region on t rna-xin ocity fl ow ar ea
pl ots of Fugeximehleif m\gmlmhnu thﬂbfh.QLGIGS raves~ef inareagpen adtel) blned flokdliyeticdewrgyni ned
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200 artery wall way excesding the true intra-arterial pressurce), then the applanation pressure
could be reduced so as to maintain the artery at a near-zero transmural pressure condition,
as refleetcd by smaller increases or rates of increase 10 kinetic energy. It will be recognized
thal any ype of control scheme which controls one parameter based on nieasurements of
onc or more other parameters may be used to effect the desired behavior, including fuzzy
25 logic ot PIDY controllers of the type well known in the control system arts.

Notwithstanding the foregoing, il will be recogmzed thal the continuous calibration
of the st hemodynamic parametor using the method of Fig. 3¢ may be accomplished
using additional or olher secondary parameters including, for cxample, maximal blood
veloeity and/or arterial eross-sectional (flow) area.

3 [t is also again noted that in contrast to prior art approaches, the techniques of Figs,
3-3e discussed above advantageously involve no modeling or estimation ol paramelers

wilhin the circulatory system of the subjecl being monitored; all infurmation 1s derived via




Nl ex t, i i1l ;w 3 76, the second ary herriu(kyu 41T1 io pairarreter i s
neasured a s a function aftinme. using a suitable t~-Chnique- N the
prese-nt cnbodint'nt, the total Unttic vnergy (or 10 I, , d
veloclLy) is tnea,;uri~d u,;lng an acoustic Doppler s%éﬁl@ﬂaﬁ% ?D%‘c
prcviously &scflbvd In ~ tep 378, the v#tue of the secondary paraneter

| ineasured in step 376 is aaalyzed | oi dcrl t i N, ¢ h anges in the
primary paranieter. F oi- e~x arlipl e.., whcin the applanati on d evice is
.~-C rvo geck QuéRuinchl baithd sagen dtrthaselcal moessivg dotationt lané lbkrefest 6 | |
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pcr 0" 80t odett-Tmlie j |I' fitLrther adj ii stnment o f the ap

pl anat i onafki/eni g€ Hnsacy@ieing HeModuaapisuRespo@e82 L ircRorg(CaiePL e, | gll] | |
C, 111t i Ficreases ot ratcs of inercase in total bloc d flowk fin v, ti c
en eT-& were o hrcrv. ed | ri steps 37 8 -' ) 8 2 (thel e by ind
icating that tRenapR) ndRah N PLenedbEof EhdricdViddiBedibhodihanicycymhbe vA, ,
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contrast o priof art e tecfuiig ues o s. discussed
abovejs adiht aeeeyskily prdihy endidowadal omploinetrie d dodi v 67 arof (s peeasier - 3
3f, ww i hi lji t li.~ cl r~ulat ory sy'.te-mof the s ubi eQL bt~iag
moij | tobewsytifdegireds jr| 16i-)T-mafi oil i.,; deri V. cd v i a 23
SEPTEMBER 2004 \3Q, ths‘f:gwt Qﬁ@%ﬁEWEreqﬂiﬁQﬁ SURlnRets #bschh Hide el Bflctional

' ef or p | ar | d h

nonitorixig |ocati'on, and ther eis articularly adapted to that
i ndi vi duakclavghshipaderivod & sop S02 b drie oddntifipd. 0. thé easgotferterplhlood sreseymani ¢
e pon. %?caggregﬂlﬂr a%u:platﬂl%{:l%w 'Ll'::su?%«%él,etrlpc Sartifact comprises the increasing kinctic energy
M o blood velocily after the condition of zeto transmural pressure is achieved for the diastolic
andior systolic conditions. These artifacts comprise points for the calibration functon
previously described with respeet to Figs. 3e-3c herein, Allernatively, the points al which
wall diameler begins to decrease at the systolic and diastolic portions of the cardiac cycle,

as measured by A-mode ultrasound or other similar lechniques, may constitute a matker of

b
T

zero transmiural pressure,

Next in step 906, one of the functionally related parameters from step 902 above is
measired nom-invasively as a function ol the stress applied.  In the above-referenced
cxample, this measurcment would comptise measuring blood veloeity withio the artery as a
function of time {and applanation pressure), and deriving total flow kinetic cnergy
Ay therefrom,

Lastly, in step 908, the calibration "function” (which in theory may be as few as one

dala point) is applied to the measured response of a selecled paramcter assoclaled with the




Referring nowto Fig. 9 a nethod of characterizing the henodynam c response
of the circulatory systemof a living subject is disclosed. As illustrated
in Fig- 9, the first step 902 of the nethod 900 conprises.derijvi first
functional relationship between Irst and second par anei?eggiqgé%&g% W th
a bl ood vessel in relation to an applietf-stress. In the 10 contoxi of
arterial blood pressure neasurenent, the first functional relationship
derived in step 902 conprises the relationship{s) between arteri al
Cr 0Ss- sectir@fabryargaent apptarat thenardfice, Wamnd)edand stept 804, bthormthy [ provudinget i ¢
energy as previously described herein, allhou h it w|l @e reco%ni z%j t hat
any. nunbefibgiedichaagterzatiogndd; Tentsrpanes &Y' Bals AitpEclvhy Y Qgpd resgieq the
t heref or. - Lh Wols t Eanshl .- -Het- Ny 08X by ligod
vel ocity %E%%ing)ﬁ?%g{ﬁ%ér%a%nﬁﬁ%%dgﬁtpgh %E{Sg}(iﬁe%%’aﬁlﬁc]p %“P%Evﬁg?eg, “orae!(l)ricﬁrtr@? ric
bl ood f | owlipGtchnchanawranea weyprisbe cdibthidd (@esTinel) Dexitl Hlnodt ppsQo4,
one or_ nore1ar.ti4acts oh:. rkeg_g %es nt . vm'ﬂt.hi n thf Omctdﬁnal NPT

r el at i onsHTTHIHET] Yol ey B POYB “HSEES APnetie gOTEY £ U OIpor PHdnqdacrapse
arterial bl ood-pARSEUEE thdTBRSH SNBRENRE RlolY [QuS by K FIGE itd istbonith@c aldnkf act
cornpriscs the increasing kinetic energy 2(& c,r blood "elc)ciLy after the
condi t i ontafsteralug ta Hsis anmakialcepmes bepecopsicd dvissyead of gee PReagralt ol i ¢
and. "or syswie conditions. These artifacts coinpri e points for the
calibration function previously described with respect to Figs. 3c-3c

herei n.  Ahfegisiat @b ¥er POTRES Eavor Whirebs, !Mﬁd’m;ﬂj?aﬁiﬁ&tieﬂ begins to
decrease at the systolic and diastolic portions of the cardiac cycle, as
nmeasutled by A- ks@aing npysbuhes ol gt methad g jcalibredem g bereedviagns edRErIMUte a
mar ker of I -Ar Syr t i £
functi ona eéarnéﬁ%ﬁe# B%?[zdr?r%? ?a@s Sﬁrg%n fsgtcg%)d@%é' a%ﬂc%v]glts?gwg?@g%gpﬁgg i

non- i nvasi el yoragisas tnasiringre ffst hheodtmass pappiize dssobntdgtheith a blood vessel.
above-referenced exanple, this neasurenent would ¢ ri se measuring. bl ood
velocity W*t]ﬁ?‘ﬂi‘%%‘ééé‘#@f‘é?@ 4§ pararetyyday COmAIE W‘Wgﬁ%‘i&fﬁ‘ﬁﬁr‘hﬁéﬁmgﬁ”
pressure) .. and.deriyi.ng; f I et # \ . Lale@Stply, 1N
St op 905, THRG ALY & it tr el rigins PR 18 GRELR of And MG PRI one
d{ a | &5 popmtuncicy isahp mbedalilrated @reveas uredionespanged ofiing (be lmometipaesmet er
associ ated pith the 23 SEPT MBE R 2004 -37 cireul akory system based on the
artifact I 1ied in step 904, thereby producing a calibTalcd
characteri zati gox0fn {iB§ 1@ RAR&Rd Uil MarMB HAARIRT is MRAsuRlOQR GRS & the
sel ected paraneter is tonernctrically measured (i.e., non-calibrated)

pr essur e, pangusialesgiicd brdtie secohd hampdynogat parmetnmrEy skt kbt et
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20 energy 1s caleulated based on measurements of  blood velocity made using Doppler

ultrasound.
Next, n step 108, periodie error sources associated with the first parameter are
identified within the second parameter. In one exemplary case, the periodic error source

relates to the respiration of the subject being montlored, illustrated mn Fig. 11. As shown in

b
Ay

Fig. 11. the velocity and kinetic energy of the blood fowing within the radial artery of a
hunan being generally includes a time-variant, periodic component. This periodic
behavior 15 dus in substantial part to the respiration cvele of the subject, and occurs at much
lower [requency than the wypreal candsac eyele. Henee, the normal cardiac cyele 1102 can
b thouglit to be "amplitnde modulated” by the periodic respiratory variance 1104,

30 The origin of the respiratory periodic variance relates to the varying pressures which
accurs as the diaphragm  ascends and descends. With inspiration, the diaphragm should

descend. increasing inira-abdonmal pressure and decreasing intra-thoracic pressure, The




determined it, inter alit, the point where the kinetic' energry of the bl ood
begins to increease. E- LLrthclYmore, the effects of potential errors
(Such as that due to inconplete signal Iraiislcr due to tissue conpliance)
may be ueco unLcd Corr as part of step 9)08 as well. MetHothEloftMBLR 2004
Ca/tbratirkg. for Periodic Ernj- Sourcesis-Including Respiration 10
Referring nowto Fig. 10, a nethod of calibrating a henodynam c parar"elric
, neasurel -rent Cor periodic error sources is disclosed. The first step 1002
of the metiiad,..1000 . GRERNISEFFRASULAOIR dHIbikn K TR YRR LS IRRIRREEY the
associated wth a blood vessel. As previously descrihed, this paraneter
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differential pressur etc, . ln the cie of ante"al L d. nr ur 015!
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tonor net r i 1GoRMeSKSW Rlurd 16 dRdsHdesien tikinh ieXlbwet Bxisdngificsl GOdlesarg@nandhe right
henobdynam c paraneter is neasured on the subject. as prcvlously described.
't' hi s SsecondmhelsdgraHcaliconsER anaelemend e Ao dosidieandipgylirousioy

i um bl ood yel Ly, .arterdial: dl I~ -OW area, etc. In one enbodi nent,
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much | ci Walhrddin@ Qe 1§ Gbptiiam hiebdYphiGain: Capaliat: By H-Sowkedistnlid hesnesmal
cardi ac cycl'e 1102 can Be Lhought t0 he "anplitude nodul ated" by the

peri odi ¢ rasuredtvoon thasibaevt & ol @mbuRErTaclad girmestirgehe respiratory

periodic variange relates to the varyi.ng. pressures which gar-curs asthe
Gi aphr agm ascentSsand HEREsE oW (Hap] Fit PERCT ( He ok AERBr SRt & d
cend imcreaskiignizHol rcaBdamioRl ofPhessUbRLIBAduHE e ashNthd Rchaméhantast the

pressure. The 23 SEPTEMBER 2004 incr~rs in the pressure differential from

t he ahdor nenondars hemedighniapaiogie! (g eadedty hmeliy shergrtori ascd)] dwcbzaklyiid t he
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200 of the respiratory component and 1ls peniodieity 18 aceomplished using any one of a number
ol algorithms well known in the signal processing arts; accordingly, such algorithms will
ni be discussed lurther herein, 1t is noted that since the respiratory rate and/or "depth” of
respitation of the subject may vary with lime, therchy affecting the periodicity and
magnitude of pressure/flow variations wilhin the artery, the periodicity of the respiratory

25 effeer should be continually (or at least frequently) calculated.

Next, in step 1010, a calibration function 1s developed based on mcasurements of
the secondary hemodynamic parameter laken al ihe periodicity prescribed by the result of
slep 1008, For example, a series of blond velocily measurements may be taken cvery 7
seconds (each measurement corresponding to the same relalive poinl on the respiration

30 wavelorm, bur displaced in time), and this infommaiton used 1o derive kinctic cnergy values
and a cabibration or "strelching” function as described previously herein with reference to

Figs. 3-3e.



R

the circulatory system since it is a closed system The al orenmentioncd

cyclical respiratory changes result in variant flow velocities and kinetic

energies for, inter alia, the neasured diastolic and sy QE

a nornal adult} human bei ng, anecdotal evidence obtalngg §ﬁ#ﬁ%ﬁ§Bgﬁﬁ§an

herein suggests 10 that the magnitude of3%such variations may be on the

order of 20 nun fig or nore in severe cases. Taken as a fraction or

percentage of the systolic and diastolic pressures. this variation in
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periodicity prescri by the result of step 1008. For exanple, a series
of bl ood veﬂtamntlymn’eblgmlemwﬁs may be taken every 7 seconds (each
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W avef an ?hv: ].@l%}‘.lﬂfw- of identifying aperiedic components within wave{orms, such algorithms being

well known to those of ordinary skill in the signal processing arts. Numerous olher Lypes on
nom-periodic error components may also be identified n comjunction with the method of

Iig. 10.
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Apparatus for Hemodvnamic Assessment

Referring now o Fig. 12, an apparatus for measuring hemodynamic properties
within the blood vessel of a living subject is desceibed. In the illusirated embodiment, the
apparatus is adaptad for the measurement of blood pressure within the radial arery of a
human  being, although it will be recognized that other hemodynamic parameters,
30 monitoring sites, and cven types of living organism may be utilized in conjunction with the
mvention in its broadest sense. The apparatus 1200 of Fig. 12 fundamentally compriscs a

pressure  transducer 1202 for measuring blood pressure from  the radial artery



opposed to only those portions of the waveform corresponding to the points
intime when d i,2 c-cond paraneter was actually neasured- Assum ng the
pressure transfer to be rclaoivcly |linear around the systolic pressure
variations with respiration, and the diastolic pressur&3vafilatnBRE 2004 h
respiration, no other correction woul d #8 necessary. An additional 0
correction can be applied if the non-linearities are significant enough, by
calculating the correction factors at a different phase of the respiration
cycl e. Thitegnonemedlenes applsiagion fleciantl 200 dmaté@@erht haRiRYECI MG @Br CaMoNHOUS! Y
(as opposqdjpo eriqu.aII calibrated representation of true aftgrial
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may be used. The signal generatorireceiver 1210 gemeratcs electrical signals or pulscs

which are provided to the acoustic transducer 1206 and converted inte ACoUstic energy
20 radialed into the blood vessel. This acoustic cnergy is reflected by varions siructures within
the artery, including blood ilowing therein, as well as tissue and other bodily components in
proximity to the artery. These acoustic reflcetions {cchoes) are received by the acoustic
Iransducer 1206 and converted into electrica) signals which are then converted by the signal

gencratoreceiver 1210 lo a digital form (using, e.p., an ADC) and sent to the sigmal

14
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processor 1208 for analysis. Depending on the tvpe of acousiic analysis technique and
mode employed, the signal processor 1208 utilizes its program {cither embedded or stored
it an external storage device) to analyze the received si guals. For example, if the system is
used to measure the maximum blood velocity, then the received echocs are analyzed for,
miter alta, Doppler frequency shift. Alternatively, il the arterial diameter {arca} is measured,
30 then an anafysis appropriate to the aforementioned A-mode js employed.

During a calibration "sweep”, the controller 1211 controls the applanation device to

applanate the artery {and interposed tissue) according Lo a predetermined profile, During
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and node the ;ighal proces 1 utinti ze~; i1ts program (cither
enbedded Qj‘auhsm@f[gﬁ}eepsn an extermj - torzgc device) to anal)-ze the

recei ved signals. For exanple, if the syste I uscd to ntanre.the
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e, cont gL S A2, SonLLoT e e300 S0 1910 f e ARl
profile. DUEipGarak3 1365 ok {EVBERIOQRs a transfer function algorithm (not shown) which
utilizes data oblained from A-mode analysis or other techniques relating o the rclative

compression of the arterial diameter and the proximate body components when applanated.

Henee. during a calibration sweep, the apparatus 1200 stores A-mode or other comparable

data which is uscd by the transfer {uncliom algorithm to deterniine the relalive compression

25 of the arery and components as a function of varying applanation pressure. The transfer
function feg., change in arterial diameler as a function of applanation pressure} is

generated by the algorithm and stored in any number of different ways, such as a look-up

table or a mathematical lunction. Subsequenr fo lhe calibralion sweep, as the apparatus

1200 scrvoes to the desired applied presswre derived from the identificd marker, a

A comrection 18 imposed on the measured pressure based on the transfer function. For
example, if the system is servoing 1o a diastolic pressure of 60 mum Hg as measured by the

pressure transducer 1202, ihe true value of the pressure in the arlery will be corrected



_41 lhis s cep, acoustic signals are transmtted into and received fromthe
artery preferably an a region directly proxi mate the ongoi ng appl anati oai
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servoes to f hgéS dglgéia?tétalt“af)&pIdF%lgﬁApt%&;sg%rg&algl\r(}?\%ﬂsc&r%%rmqﬁ ‘%@ l?oaé?'ﬂ iy

mar ker, somiymeeldTedh Ge dken bmpose direry, tahd theafusleteRfAsS IS baged0on the
transfer function. For exanple, if the systemis servoing to a diastolic
pressur e SGf56d) ATHSYE d’“g‘@“" S@Hgﬂjrﬁ’é‘a Lgpsipitigd [E’fféféétﬁhé Kith Wed udier o2, At he

truezyal ugpl@datoi RSS! %uﬁtﬂlﬁcﬂq}i@Ei%ﬁﬁlygcyiét]a{ﬂwl?&eﬁ%l: L8CH8HY reccives echoes

from the blood and other components within the artery via the acoustic transducer 1306,

and generates an output signal relating to the received cchoes, This outpul signal is

processed and then digitized for subsequent analysis by the DSP or similar processing

engine. Similarly, the output signal of the pressure transducer 1302 is digitized and input 10

25 the DSP. 'The digitized signals are then analyzed using the embedded program within the

PSP, which 1s & machine code representation of the computer program described

subsequently herein. The ouiput of the digital signal processor s a corrected pressure

waveiorm which is then supplicd 10 the display device 1318 (whether in digital or analog

form. depending on the type of device used) for display to the user. Onptionally, the output

3 ol the DSP may be stored in one or more storage locations within the storage device 1316,
andfor purput to an external device,

M is noted that the apparatus 1200, 1300 described herein may be constructed in a




-42 23 S1} PTFEMBFrR 2004 {according to the transfer function to a val ue
sonewhat higher than 60nrrt Ti,-. Referring nowto Fig, 13, One specific
enbodi ment of the apparatus for assessing |licirrodynam c paranmeters o Fig
12 is described. In the einbodintent of Fig, 13; the t2ippRTans i3I0
conprises a self-contained unit having,4#nter alia. a conmbined pressure
transducer 13()2 and appl anati on device 1304; acoustic transducer 1306,
mcrocon'ﬁr;‘él)lqlieri fé}gOS \ |}_I| control mcro-code (such as a fuzzy Ioglc

al gori t hn}i"d¥ §f tdlereitgnaligprnoass adng a (hHisR)or L d menor
1312 and jnstructigp (}aﬁ (i,ncludin gaI i brat | onjﬂg%:ixé)woél?tlfj11 1%%1{919%'311 me“’éf“@;‘?ﬁal
generator and receiver Uit 1@1@” F%lgéﬂﬁélwlwe 1BxEmphdis pleatrsleVisgaafl 318,
and power gaupploy phdeking, ndﬁ@l t he ini,crocqatrollcr 1308 is
used to control p'(11 the opera L| on g?nﬁﬁéhaéd’ ¥ RO e G s #ice derasduter
13021appl aia#icEr eReRFing &.Dapasenttapaticaion, eiidli &b, @@@hzﬁﬁ@'&ﬁuc&“ﬁf&ﬁgd S

per f orgreda nPPAGRL LI CQ rpssur trapsducer 1302 is l"'ace
communi cat i on gﬁ i I-‘Brskllvhﬁ: Eﬂﬁmﬁ Y& ¥Rt F)ibﬁ}lﬂ?éf'ﬂll Het wP-TtsrtlaloﬁhtdﬁIe Psetljiect

over the preadid) imntyeeyed Badif astened in place as illustrated in Fig. 13.
Measurenent of the non- calibrated bl ood pressure fromthe radial artery is
comenced, and shortly. thereut'ter the 15 tnierocontrolLler 1308 directs
the appl anath08 Sechan ress the transducer 1304 against the
wrist of thé&suh egﬁgwmcﬂ]ﬂ%%%?e}égaﬁ"ﬁ br essure, thereby applanating the
underlying ar# ctctunputcA proghen arfber yndlsmaan anat gf ustic

3 i \r/rmelgﬁﬁoﬂg skleﬁh%\?er‘)ithe

transjguc%mm&i : i.s al so gﬁess d in commiunicaLion
artery, and thé 8f i&rsieierardms 3nd calmation ssnay c!s-mnbe& Iaf orRCeW i &y

pul ses whhERIRESG LR the skin intg.the artery. As 20 app
| anation of the arte?@1 g%\fﬁﬁ%'gﬁl &qﬂ%hg? Fhaegd ach L‘*%d‘@i"ﬁwt?@ﬂn@fl 314

recei ves de‘choemm fimdm!t%hﬂ"brhpl&dmaﬁ% HREHEINBEN BN FR ML B Lhe ar] ﬁ V' a
t he acoust nsducer generat es an output 'si g’nal réla

the recef dié‘blﬂoé‘% ITHTY lﬂﬁﬂ(ﬁl_(dl‘_u%quﬁhhllﬁ § pogegsed asd fdﬂemedprg;entzed

for subsegugfin.anal;y Yy roces engi ne-
Simlarly, the out pl)u?“glbgnatm&f Qﬁéﬁ)‘%r‘zﬂg?u%a ”é‘?i‘é‘&ui‘ ﬁ%ﬁz‘nfﬂs hsi giadi zed

and | hputnoiushms farheadR: Vel kg, Imdmﬁlsgaa:r*s I%E%b‘ié‘?@n&“ﬁe‘ YAERatici B the
enmbedded rogram w l hhln the E% Which is a nachine co éj
r epr esent 5t 1oH° 5P é“”cgdﬁ'bﬂlpg %'gﬁhﬁ?ﬁb%%ﬁlﬂww slgnabe depaened e ngreeia]

"1' hc outputn af 1 -t i C r 15 gorre cted ssure
wavel * O m whi cht fcgi%%lﬁﬂg% sdﬁt%)pél ]ggg%ﬂé&{% ﬁg§q4 b eV| 'C¥ ﬂérfg‘iﬁjfo’\/ﬁgfch%m n

di gi tal tb'lt'lblﬁam@uutt brlwahcteptqmtahglmn ﬂ,heRDy,pe r@;jwdﬁwm@pys(ﬁqa\ somAirspl ay
to the u&%‘;a) nal ly, the outng 30 ol- Llie DS P may he stored in
one or nor & s FEFalid Fo thtdvEhIHHRERS &”‘PWS BEBPRG el fe goiRUIER PErEramg| fuethey( ) r

out prit tLﬂmﬁfﬂn@%(lqeﬁ:ﬁﬁﬁmﬂe&/s'ep%‘!teﬂdue (GU1) of the type well known in the programming

arts, which is operatively coupled to the display and input deviee of the host computer or

apparalus on which the program is run {deseribed below with respect (o Fig, 153,
In terms of pencral structure, the program is in one cmbodiment comprised of a
serics ol subroutines or algorithms for mmplementing the hemodynamic assessnient,
25 modeling, and calibration methodology described herein based on measured parametne
data provided Lo the host computer. in a sccond embodiment, the computer program
comprises an assembly language/micro-coded instruction set disposed within the embedded
storage deviee, le. program memory, of a digital stgnal  processor (DSP} or
microprocessor assoclated with the foregoing hemodynamic measurement apparatus of kg,
i 1Zarid
Relerring now to Fig. 15, one embodiment of an apparatus capable of analyzing

_parametric dala and generating calibrated values of hemodynamic parameters as disclosed




Tt is noted that the apparatus 1200, 1300 described herein =y Esc
constructed in a -43 23 :SI PTL iBliR 2004 'gri t of different
configurations, using a variety of dilerent conponents. alid neasuring a
-variety of different hcnodynanni c paraneters. Exenpl ar y2E8nPTOMBISR 90§
gencratioli' ,roccssing, and app]anation*frechani snms and circuits" are
described iu _Ixsigrre 's co-pending U .S, patent appiication, Serial No,
09.1342.549. entitled Method 5 And Apparatus For The ] oninvasivc

Det er i nat 101" ¢F Yair&rd alThelconguinedsiicet 500 DIEMSOUE o BBOLACSAY S8 RSl
(. rrnpuraﬁmmrﬁ,%g{. and ﬁe‘r{@“ﬁf t puarr-~ A cortipuatetr E) BYFER f or
i mp] encnt i rtg ﬁ e at ofement T ontd” Fet ARRD gfcesi manpy BdMiand, angansiBAt -
nodel i ng, @ftelal (slbhatsisadirde B mBRWHORS S| .. exenpl ary

ennbodi i nnej iy, ..t he comput er g\gogr am c'oc%g??%éé lﬁa)lﬁrfébﬁt%@gy@mﬁ%lﬁ%r@tqz asode
representation B¢ ST CLARSD.done ddvitei T (a4 @B N Bl hg JpdghoLr
10

cif' Fogs.digrlavedovie 1308 (45 261 i ndividually or in Cortnbina
thereof. Wiile C | anguagehiagda‘gﬁj Haima H"e?b?éi%’ffﬁ’}, a¢ viwodldisrients, nekssivivlth  he

appr eci at édPifbie opktiopod grane 49 J-angia e used, 15 including for
exanpl e Visual.Ha,i CTMHS Fortgarj, and C.B The ob] eg?g’ca(%@ﬁ?é’ﬁ?"é%t%ﬁ?fﬁﬁ oof
the sourcé code TiFsfhid1i's alspanalnded iaht;th'rssrpk'aseﬂd:ﬂmaﬁdﬂﬂ?%xﬂxgﬁ%%’i@q%gﬁé’i ce
of the typemmkhppdemownsig the conputer arts. as illustrated i i'gs.
14n-b. Such nedia storage devices can include, without limtation, optical

di scs, CT) ROMEIC pikgmevatritionéd opymeisS koro@em AL ﬁ]gr i#%éﬁnégﬁ&gﬁives’ or
ur Y

even mgngii bpl e menory. .The commputef program itc a
gr aphi cal ﬁdsjﬁeaﬁg%{npesr 'l’rggé” (T%/iﬁ)m’o‘ﬁf  weictipgeeaiable kel réR&cR:A85 ii@?ﬂg ng
' t he

arts; whi BAM slsopesnafirv abiase qmpted e di spl nd input device o
host conmputer or _apparat ug on whi %:ﬂ%t ﬁg B%Efd@i lf]ulrﬁﬂgd@s‘m badiseico

with respE N Ige wsy (ngishopmirmsetseg ethe tahodt |, rogramis in
one enbodj.ienk Sﬁﬂ&rlhﬁl%aﬁﬁf' a series of subr out idfi:lggtﬂgr?mé %grqqt!ﬁﬁgﬂ#d?

i npl enenti ng thé herrtodyrdiftg! Eedssdariiacompesr mogein ngl asandatedhichaki,on
met hodol agyirdese ridbeg nak d.pa ric slaw. provided to
the hgst porr_'r[zut er. In geggcondﬁ%ﬁ%gg?rtfﬂéﬁ@?w ﬁeew‘(?oﬂﬁﬁfé?“%’&@?ﬁwpéﬁmri ses
an assenblRc! ‘&*ﬂ&éd&gmcnﬁ%ﬁdAfcmn:Ei:rdaécblbmtBtﬁé&ﬁﬂhﬁ%eﬁs@&en@ﬂﬂ%pﬁ%egge\pﬁhpi n %lhe
enbedded ,m%gm,gmdc&eiu%e' L. e. Ero ram menory. of a digital signal pro€essor
(LYSP) or mcf 'brocess%?ls%féé’ﬂ li‘ea clegtash Bland sl o dyoiuhipch endoeyaie 6e
measur eneotpaRparedim af otk ddrd )oluénug;b}lﬁlel %ﬁsﬁg T "ot Rousd or o 2 O

ennbodi t n(.:ﬁn_ltt of an apparatus capab ana
prodetermined mterval. The computer program performs the previously described analvsis

il the signals provided to the apparatus 1500, and generates a calibrated sienal to be
20 displayed om a display device, or on the systemis own display device, A ]ook—;p table or
similar mechanism is stored within the computer memory ot storage device w facilitate
calibration, as previonsly described with respect to Fig. 12, Such calibrated measurcments
generaled by the program are also optiomally stored in the storage device 1506 for later
releieval, or output to an external device such as a panter, data storage unit, other peri pheral
25 component via a serial or parallel port 1512 if desired. Furthermore, the apparatus 15040
may be networked 1o another computing device or database  via network inlerface card
(NIC} or similar interface (not shown) wherchy the data generated by the apparstus 1600
may be remotely analyzed or stored, Transmission to such remote devices niay be
accomplished nsing a varicly of well understood methods, such as by local arca ncl;mrk
3 (1LANY. intranet, Interney, fiber-optic systems, or radio frequency (wireless) dovices.
In yet another embodiment, the Apparalus comprises a personal compuling device

isuch as a personal digital assistant, or PDA}. which is adapted to reccive input data from




paranmetric data and generating calibrated val ues of hcnodynam c paraneters
as disclosed -44 23 SLPTLMB1_ R 2004 |1']Jerciri is described- The conputing
devi ce 1500 cc~xnprises a notherboard 1501 having to cengraITprocessin
unit (CPU) 1502, random access nenory (RAM 1504, and ner%BrSﬁP-@éﬂBER&ﬂﬂgr
(such as a direct nenory access control l€#) L505. A storage device 1506
(such as a hard disk drive or CD-ROM, input device 1507 (suuch as a
keyboard or nouse), and displays device 1509 (such as a CRT. plasnma, or
FT di spl ay)he gg:Wed LinBScodHKEeSnhas 58 andyie0the IHARE biodube a CBREAL] ARaREcrhdIR
host and peripheral conmponents. are also provided. A serial or atral |l |

i 1() port Thbioqdspigrawe. Mcwilbalio fhsrreeraied dhaif@hergrrghteadeyings osuch ot lapiop
SigtiaTs to fromi.he. a ._.Th i i nept i oned.,comut.er
pr ogram usetfjﬁ{]]']g%br' Lglspélfe‘lg% Fn%ﬁﬁé%%%@%é %BIC?'CI];[ %‘aggéb~g§nﬁi§€%@aiso Tl"léjdlgf &?}gl uﬁ:ﬁ

t he fonn ofprémamechithe-premdalihe:nobjecFuebaewdrepaesgita dfi diffcient nmétheds £~1'
S 1504 and/or storage device 153$ for Hse by .the CTIJ 1502 during

par anet Fi ¢ TEERELUNE AR, dupUT FRENRE e3A1q 1o ttheTsotiny cea B skt #5¢dn dDHEMNE oA AR ¢
par anet er s QfplRtELEStenYirel S&IGELE G one or nore functional nodes for the
conput er progﬁun and associ ated neasuring ccluipnr}ent via the program

di spl ays and the input device 1507 during systemoperation. |5 :
SpcciftcaIHX: ing@be1%pse of arterial blood pressure neasurenment, the user
pl aces t he VHECEYSHEATSAEY ¢ sensor's on the sel ected bl ood vessel of
the subJcct, and configures the eorrtputcr programto accept data output
by the sensors either continuously or at a prcdeternined interval. The
conput é¥ progr aMepeTrifipmes ohkigpleva ouwtiof efeoridivediranmabpsiosa silfiedt heingi thoal s

Rt T TR S N R LN NI
| ook-up t akh €i0ne, HeMikedeMeeitess SN MEhG! MRCoMiREDnfoRRoSN A REL-SALUFREDT Y-
or storage device Lo facilitate calibration, as previously described with
respect t o hFingdyrepiic Quesimaen hin-drves velEaslir dwemtss vigkined gréssarcbpntdxenplaayr am

are al so opti.onal t d e e device 1506.for .Later rclrieval
o “out put P st BE R o4 M ALY B Ve Raies ettt i Y e
peri phefal he&ntconponent via a serial or parallel port 1512 if desired-

Furt her nore, the_aPparatus 1500 rmay he networked to another conputing

devi ce or dat abd¥el.yn gtepdOiibpklignt eradices sapdiced on gy Wpodvesaelvalich altws ftace

t sh : t 86 by. V.l 1600 may be
oot oy keBELERC GRS I NG REAT Dl na R LRI HE0her Fiiiens

acconpl i sheckoumicigyiah ar @iy oleirasthlorundens Loe dvlivkl had $revkiGl disassdaywhipcal
area network 30 AN ).- intranet, Interne[. fiber-optic systens, or radio
frequency EEPsOtar dd)bdeypipeldns siress comprises in one embodiment applanaling or variably

20 compressing the blood vessel as a function of time, thereby inducing changes in, mier alia,
the volumeirie Aow (), velocity (¥), and kinctic encrgy (KF) of the blood in the region of
the applanation. It is again noted, however, that other stressors may conceivably be applied
which may atfect similar or other hemodynsmie properties.

Next, in step 1606, a second parameter associaled with the blood vessel is measured

23 in ovder to faciltale derivalion of a calibration function in step 1608 below. As discussed
with respect w Fig, 3¢ herein, the second parameter in one embodiment compriscs total
blood (low kinelic enmergy or maximum blond velocity sinee these paramcter exhibits
cerlain easily identified "artifacts™ as a lunction of the application of the siressor in step
1604, Other parameters which exhibit the same or other artifacts may be used to derive the

3 calibration Tunction however.

in step 1608 of Fig. 16, a calibration metric or function is nexd derived based on the

parametric mformation derived in siep 1606, Specifically, one or more artifacts or markers



In yet another embodi ment, the apparatus conprises a persona] conputing
device (such as a personal digital assistant, or PD A), which |s adapt ed
to receive |nput data from -45 23 SEPTEMBER 2004 Ot prez sure

acow ,tic. ',erisor~ wd analyzee the data to produce a e&ﬁl’é@hé%m 2004
rreasur(m'ent of blood prossure. It will-4&t so bc recogniycd that other

pol ubl e devices, such as |laptop corn])H A~-T~, (Qal ckdators, and personal
of - E! ani zers, may bc configured tO T41U t1lV, COM)U t"r program of the
prc~sent i nkentiailicdFusiiheniber @aratewdr ity ofesdi &rfigkgntndieihgdsveh Dertain
tiansn-Litting the input sensor data to thc,,e &ice may be used. including
nenor ked  CONPRISAiDS petprendhe aptug) arel msasurgd jdyes of mElfHétdpaéi‘I'm'ljFU?f epg ol

Thal ment  1QyRef cﬁﬂ'm dﬁ%%%dj Wit retdBnce & Pral fi'"%dhé?&npfjﬁny 'eﬁ'lbﬂglmérﬁ eatgent

to a su~ject using the a-o)cene, ntioned netthod of ass4-,

heni odynar piae SEpa?f‘*limlﬁ‘fr@.l’ s éadibditival fimetion Asmlphlawsstm atlﬁdurlﬂg_lmﬁtmgenei@, oLhe
first step 1602 of etho d 1600 co I torhi ]I[IT an

non- cal T bi JETEY™TY |h*?qdi d‘ifﬁ?ﬂ’l PP ‘barﬁ%f’@i‘ ﬁBnﬂ'Icn\i‘é“s’l \Pil {he ppkgh gegssory,

uf' bl ood preSaMiiSy), 3R REBNRML: beyd%%%%Hr@dsufgw&@m@nmmeIa».@&y ﬁ,@mw%eqe
radial aTtery Is used as describcd with nmspe-et to Fig- 3a her ei |

Next | n slpeqdﬂ%@ﬂ uaﬂfuf.ﬁmg of 1B appbnatews {qors:latcrﬂjlt:cedrcomagmeedalmon dsfm&el

te rs ertlcs ,~st lLocal |.
Ther eby i naeioag zimhb s Hopbrare T B RBBRME ot pingfin iR iy and
vesscl or GutlfeCﬁb@l}%mﬂpc}ﬁ)ﬁﬁt%%l {Redegio@ofhelrc pﬁaaemfmn@usl y discas;.,~~-d
with respect to Fig- 3b hercin, this Arm conprises in one ei nhod| ment

appl at I'dfi ng or Ilvawr*dﬁll%iditdwb%gémg lpbe Balﬁzs@tlmve@q@wadera eft iy 6tep JADHT

EIQ; neve} ggrl"ic 5%3[10?%’9}{1: &E& ?&@? 81?] @L rf'grkti;[ QA%IJK%H&& é{;ﬁ 1 l%?:%aaét: ant%hrr,?lét%d f1ow

regi on of chhigaep ptasan@tcnl. oMotk tihdt § 1&@32‘{&1' Purbinetef @6 mdasiPedd8i@iuoutiRalor
other stresso rs rin ay con cel vabl y b e applied wil 1 ch iii ay affect

similar or Petpdically) ngsr @ SeRetian aph .tmw pihs peErTecEEn 'elaauwn iofj sicp 188 mBYOobe a
second par @H‘Tr:ﬁ]ﬁw 1518S or ggrugcﬁ%agls’ ﬁéd" I ap@l‘n ?I . '?r aife%altlwﬁ 4 L§éé§§ag8

in order to facilitzte deriva a call Funt arn s

bel ow-1As disoiduanseduraniefer Maydhe, ponititrod Quﬂl & dURiripgireistive. Heﬁhﬂ‘lgs&(}}ﬁﬂdmlﬂ}
paraneter in orte enbqQdi ment conpris tot bl ood flow kilietic energy or
ma% mum bl 68 lﬁd&ﬂmp‘—%? Hwkfweéhﬂﬁﬁ ﬂ%@m blt~"" certalin ewsily

S e v e s eoronn bk 0L ot
be used t ohaar ifsrepilhaling redimjenh lcr die sub_gecn Tfoul axa@mpici amt}h:omssemrhlmud preasme
measurenents, the calibrated systolic and diastolic Blood pressure values are penerated and
20 displayed or otherwise provided to the bealth care provider in rcal time, such ag during
surocry,  Alternatively, such calibruted measurements mav be collected over an extended

period of time and analyred for long term trends in the condition or response of the

circulatory system of the subject.

25 Alternoie " Baclscatter” Embodiment
As previously discussed, backscattered acoustic energy {such as “A-mode™
ultrasonic energy) may be used to detormine hemodynamic parameters including, for
example arterial diameter and end diastolic blood pressure. As used hercin, the term “A-
mode” encompasses both traditional A-mode (Le., display of amplitude versus depth (Lime)
30 wvia repeatedly scanned lines) and other related modalities such as M-mode {i.c., grayseale
tmage distributed over wemporal dimension) and B-mode {i.e, “steered” grayscale imape

representative of depth (time) versus width), such alternate modalitics being well known o



|l ri ,wp 1608 of Fig. 16, a calibTation nietric or function is next
derived based on the paranetri c | liformation derived in ~ 4v_p 16 06, S
pecifi cally, one oT nore aili facts or marker s -46 2 FPTF, MRFR 2004 trri

| dcnntilied within thee paranetric data, these arti factslpr‘pﬂ’&ﬁ»ﬂlﬁ@}l\méﬁ
certain relationships bet -een the act u&l? and neasured values of the first
paraneter of step 1602 a ovrc exist. As discussed with reference to Figs-
3-3e herein, one enbodinent of the process of deriving a calibration
function cdrﬁpﬁ n%eﬂsdi(lal) sk suthiengtiioned izets eHefi@y itOkill W@L[}fgﬁk&& oad ekl ty
profiles pLg rﬁ ﬁ to the area of the applied stressor (appl anation), and
i dent i fyi ng FegT A0S CET 4R frgmy of Héﬂ%@“ﬂrﬂ'l@iﬂﬁ]e{ ihe t?!hwmﬁsoylaWdtmmdnlmhese
profiles asmaghi:wifldRA a@lveflhe appl anation (correlated to percentage
reduction of cross- c-ctional area of dhe blood vessel); and (ii) measuring
a transfer functiesn!F6r tiwstrate gstienathdr eobbdimebpdi liye eomRRNent apfgﬁd[hb%r

regi on of gasuracrnent 10 In step 1610 of the nethod of Fig.
16, the cal%’grat %a unc‘ﬁutgﬁj H’é?qt%&“‘rqﬁd@géib%i%@@“f”? V&R eldhiy embadment

measur ementuesf: i-tri’mel:;: fulltﬁ&hm@@héﬂg?tue Betefmigl %Hcrjrzﬁ Qi R ARRE HALA A a(h?i né%% ﬁgedor
i's

eal [ brat cd rrea,sur cernent. Note that ii first. paranmeter

cont i nuousIVIHBR “HEiareupt g S}bﬁﬁ%tsd &ﬂﬁngmcthcowald)fpﬂ‘smmm bting Ged nechd @ the
Function ofy.sit&R+idp 0P « ol.ati eriodi c 1y appl | ed as
appr opri at e orarternative y l?m’téc%ﬁ ”f %8%5?%?& it ’r‘?@ﬂ%r“* HEY atse

moni tor ed {sudhcds dindngepuessYitrGRINe THieng-rfodar Lﬁﬁ‘as‘?ﬁHﬁ' rﬁkc?fcthé eﬁ?&%%f
i ndic e cl n> ses in the calibration function. in se 12

the ca [% br At ¥ THEY s A CHEREOWSl chEfanreats dar Denplr b]@cu@emc&}shtﬂe pnhamag: for
provi di ng 48 S exatn in the. f bl ood
pressure {rrgag%%%”téﬂ%% r}ﬁe{t‘j’ h%QJ fh% %Iﬁ g?%f”gﬁjidr derehy magy ‘L”g 31 Bcgggem
pressure vibiges anieulgemef attdedsemldf 22 «ppaplayeih ofea0F RAFMCSE NRLBNIHGALLE e
heal t h care provid in rea such as _during ‘'surgery. Alternatively,

such cal i b'" 8&"?78%1%”& B*\TeSrPF%‘“HPé Hé%b!hrt’@éhitf@“@d W@ﬁn@nilemteﬂdemtcrppmedd of
A T e R

circulatory systemof the su
i nventl3As %N‘vaﬁwhly HdIlCS‘IH‘hll&BIBd ofbhe ksoatié @.ﬁ@d}n@ﬁ@:ﬂ&{ddﬁhﬁﬂ% &S el 1B %o

" A- npde" r&mm soni, c rg;\éﬁ be used to determ ne henodynam c
par anet er s a&l"rl;'g“b% o lgﬁ’ﬁ% Bpodelities) asdinatiit éﬂﬁh@ﬁ!@ﬂ@ﬁb ditgetas| ihe

bl ood prwﬂ%&w&&d%@%&%%&h LRE e enconpasses bot h
traditional A-node (i.e 3 Eﬂﬁe@‘{]n] llhﬁﬁl Eemggrsus depth (time) 30 via

repeatedly scadhls F:rqcn@&%er‘a@uﬁb\oﬂﬂae’ﬁssnﬁmhahmﬂummq thé Bfoc8Uekscass tho@Rdg (i . c"
gray-scal @y regsed ¢ applanated), various ol such hemodynamic markers ocour within the sensed
20 pressure waveform. Tn one aspect, certain “flat spots” wilhin the end diastolic portion of
the wavetorm oceur, wherein the change in sensed pressure as a tunction of time 15 low (or
at least lower than surrounding portions of the waveform). These flat spols corrclate (o
vurious phenomena within the tissuc surrcundimy the blood vessel, and the blood vessel
itsell) inclnding overcoming the hoop stress associated with the walls of the blood vessel.
23 As previously referenced herein, the hoop stress associated with a substantially cylindrical
hollow body such as the human radiai artery acls as a retarding foree to further
compresston,  Stated differently, a finite force {or pressure, over a piven area) must be
applied to the outer surtace of the blood vessel before the cross-section of the blood vessel
begins o significantly deform; beyond this point of deformation, a proportionately small
30 additional foree is required to firther deform the blood vessel. [lence, once overcome, the

hoop stress component is effectively eliminated, thereby creating a state where pressure

applied 1o the blood vesse! wall externally can cquilibrate with that applicd by the




iina.ce distributed over tenporal dinension) and B-node (Le., "steered"
graysQale inmage representative of" del) 01 (tine) versus width), such
alternate nodalities being well known to -47 23 SF..PTE1 iii ;R 2004 tliosc
cal ordinary skill in the uitrasout]d arts. Hence, it w [2f Sh&'IFédBHRiZ2ed
that while the follow ng discussion is dést in terns oFtradition O A-node,
the other associated nodal 1 Lies nay he enployed well. Figs. 17-37
illustrate yet another enbodi nent of the nmethod and apparatus for 5
nmeasuri ng hespsyaar RienPRIANMBLENS la6GR dilRg: 1R BINe] REQSENS mufvient (leNsrosd S
enbodi ment  L" es_A-node ultrasonic energy to determne arterial wall
posi tions Hegkd ohthensteyd| wsentiele copgany| @FWgtTWEMrW@W@heWIéiqﬂeéltlléﬂ 18
energy, the; ], it i Ld i L tiligation of
TTet o ikor s ieanPAFLLY GRS, BEHIG, MBS 18 RO OIS i SRR A o o
cor r el at ed effocthlicoty pregsitce aceesthe arent a1, The pAvmoderguht naslamironenefi gyt of
t he preient_LIO_eni odh;ngﬂt ad\ <aan%ﬁ§gcousiv conpl ement st he Doppl er
spect raf nodait #¥EsIHRBIE:ES FerodeERNEE AT HENE! AONDBUN FeElPshOBE choBll ¥ibne
it'd | esinrgd,: it Vi.di i : i

end users cf)lsﬂ% h@@%‘ﬂﬂ?ﬁ@'%@%& lr:ﬁ(;(]}ar%1 Igé&gegﬁgﬁlg‘%ge Sf %@#‘%ﬁﬁﬁz@g?ﬂo EJ& tlﬁﬂpﬁ}?
desi gn and aopeglatndrdudp@biklcal ddilicab] feelrdtudshae expliikd et anturatplgr iatlbirghe
schenes are contenplated by the present jnvention, including; (i). A-node
detection &PEREY |9 ?Tfﬂ%ﬁ\@ﬁ'@%@'gﬁﬁaa HF Hﬂi!ﬁﬁluéfﬂd’ﬁ%‘?m&ﬁam%PP? FRIgs.

combi nation of R g Fl?%ﬁniﬁﬂgn%@?&megrin %lr!dltthﬁ%cfoﬂg% deteet Iﬂ%‘ et 204 rear
requi red, such use of conpl'enentary nodalities as i at |||3 advant ageousl y
enhancég t lvellsraf itlabiblictdy vend wobusenéssioof tles uhfsmabivmi e witd (b hirectly

instrunent., It has, been oh-.carved b | e Assignee hereof that as the bl ood
vessel 1o HEFBEE RO e Eh R ATt Bp At UMM BHS T RYgR v, (e
henpdynam gediRiife 6 bREUes WHmkiden IRNGREG v 26 aiA 88 SHt8n WRMEROLMT dlalionne
aspect, certain "flat spots”™ within the end diastolic portion of the

wavel' ort nPeBewE  copddvai.n2ridheorediatad do i the seagiedicprdsaine ab tee Alimoniomed
timeis lo .at - lower than surrounding portions of the waveform,
These fl at ngé)lg{i}sm@%? %%ﬂ%ﬁsé' to VWic us phenonena within the tissue
surroumndi ng the bl ood vessel, and the blood vessel itsel (, including

overcom ng_t he hoop stress associated with the walls of the bl ood Vessel,
25 As pr eviﬂmswl_'_@ﬁ@m_er ein, the hoop stress associated with a
subst antal |y, Y nieticall R o ST NSRSt 5t
finite forakrkoficRhegsusaleteay e Fosiionast @e e@hedusd RefroRRPLI REK tvalk e tRaIt er
surfice of the blood vessel before the craoss section of the blood else]
hlood vessel.  As used herein, the terms “front™ and “back™ infer no specific spatial
200 omentation, bul simply refer to the order in which ihe walls of the blood vessel are
cncountered dunng direel propagation by a moving ultrasonic wavelront emanaled from an
ultrasome source, [lence, what may be the “frond™ wall when measuring hemodynamic
properties m one ansducer orientation may comprise the “rear”™ wall in another transducer
arientation. Unigue to the present invention is also the use of lumen detection as a means
23 ol dront and back wall detection; i.c., due o the comparatively lower backscater of
ultrasimic energy by the lumen as compared to other blood vessel components, the position
ol the lumen may be readily identified [rom the backscattered encrey, and the fromt amd rear
vessel walls identified relative thereto.
Vig. 17 illustrates the general methodology of using backseattered ultrasonic energy
30 Tor lumen and wall deteciion according o the invention, The witrasenic energy is generated
by the apparatus {c.o., the wlirasonic transduccr 1206 of the system 1200 of Fig. 12} and

lransmiitted directly through the sulject’s skin into the underlying tissue, and ultimately



betiins to significantly deforn,; beyond this point of deformation, a
proportionately small 30 .additional force is required to further deform

t he bl ood vessel. Hence, once overconne, the hoop stress_component
effectively elininated, thereby creating a slate where p?%§§ngghﬂgﬂéﬁﬁ%ﬁ to
the bl ood vessel wall externally can equi!¥i brate Wth that applied by the
-48 23 8 EPTEM HER 2004 PI-C~i'.Lirizcd luncn (c-g., blood) flowng Aithin

flie blood vt~s~~el to ndiintaiii the cro~~s- scc,tion of the vesscl
essntial | y ngamnat ﬁﬂtbl&&?{ Qsd1rANSRRE A stpl B2}, In lﬂlﬁtebreseﬁh bantext QBB Gdrd Glssihe is Si
1111111 .5 1i i _cant n di~a onc~- the hoop stress has N-,en

over cone. . wdant nonnq:ladwl carapnepisanesanicinghe ficimiyed tthaiblped Fossel o pipmined,
acrogs, the ?ugféi:l;-:. VG P":)q'a(}[ﬂgtilgkl%)r%}] gci[ulay\b}rtgq;imﬂ}g) a\pﬁ)lqa t&bl?gs H{eotfl&v&ﬁ ‘%Ewg guch

flattenlng”% )SSUTe)” conditi on exists

will vary dh{@piualn@tmuﬁuﬁh fr@lil ndHiypdugbeocsgng it r e ; reinel oo ﬂﬁemLeﬁcd
zild ftomlocation to |location for a ~dnglc- |nd|V|duaI There-roire,
addi t i ohai PrGraCaduaIEY &5t *@dmnf%rﬂ@alédeamwﬁcw gspapgwehdeleptiong | n ot

o LI th CPTe "Syr ‘j‘m\/&}!ﬁgﬁ{ skgg%lg} agfé’ men'anﬁamgﬁpg‘ g@ IR Irﬂe%ﬂ.%mﬂ{cafocﬁﬁﬁ HE ©

condi ti on exl t eehn ~rib n greater detai
bel ow. ) i sldrocrdeicedt. Bpeifidatint thenproreasd backseddeatd snwopy tstgnalsmreauhalz,eed/\m

under evaltlatll- )n, thlLis nfor tion being used to.di.rcaly Vibg1hLe
the redu ctyHTY HiaPSHEeRr ol p RcksClgrdGaegE, "ypimun’ iy Hbréﬁh‘: P

sl'y shown, LF&@&IEZIJC%M'E bieCdepth 8f ﬂ‘mcﬁlndd ws%l%ﬁgeﬁ’@arﬁldemﬁbn% (e ﬂue@ite%’aée Pan@@ be
directly rel ated to certéln sy-~i to | e ain di astol. c prel’,

Ure c-ondi ﬂﬁmmm almdLLcDoﬂmepfawmh mfdhmhnumnumus ﬂm;mad»fm cantidi nﬂtﬂ lumeh e xisting

al brerneinti, b efn ¥ Bn1c ni,ar.k .. 14, Lurnen and ~V all Detection
The mv- thodﬁ‘ m b0k yrase) bei evafpaty ventlon advart ageousl y enpl oys A-modf,

U'L1111. 3011i Q { H‘% “oh G¥thioBlesd utam_-,ear\@ ﬂﬁhtd'eﬁﬂx@fn 1861 708URRL thaRhck RNt
and back ~valls of the blood ve~~sel used hereiri, thé terns 66fironf~

and "back" in mfpr] 7o as petirfiicpapaior dic zﬂml}ism glitcaangriats, assextiatsd mpthythe éfent ubd
the order in which the malls of od ve sel are LIF)L]~re-

uri ng ai r oek HEEngaReb IS S d0fnel IVe BT Glade dekibib A Hrem
~11-1 181 | (3darifBd Clocai Q8- (hk| RRRA. withialthdaiebe When" fieobickswiclcdWagitoy
nmeasuring hemodynami ¢ propcrtle, ~ in oirit- Lr ~mNict ~r orientation nmay

conpri sc t hewciubadawith el Jeatch injthe bankwardhilisehtion (tovards bp transduerr) sefishicg 98¢ t o
h f det 5
the pr esent o3k nrpjvg b{cﬂ& qdcﬁlas g&‘t l(;ht_ tHE ?nﬁaﬂ ludléryﬁg@?r S d:%ﬁﬁlﬂ%'a 1’&?61% aﬂ%ng

()1- 1ironi. i on conpara
| ow-cr bac kme.aft e pﬁhﬁurlﬂﬂd AR08 factor (d@dribedt@owpsh droget daED, g fmmnad

't) other dlgtlcu?rcl) dfmﬁethes lsncgtlmr? on glﬁzoagr?’}i Enntghtﬁu FIjlcr)éll*g 1riter%pete:i as the location of the
20 front wall. Similarly, when the reflected energy associated with the search in the lforward
direcetion satishes the relevant back wall entena, the back wall 1s delected and the location
of the signal along the line is interpreted as the location of the back wall. Various
methadolomes for wall detection are described in detail below with respect to I'igs. 2% and

ELUAR
23 Ayx shown in Fig. 17a, one embodiment of the signal processing (step F704)
associaled wilh the basic A-mode lumen and wall detection approach of liig. comprises
bascbanding (quadrature demodulation) the “raw™ backscattered A-mode signal (step
1720}, squaring the basebanded A-mode signal (step 1722}, therchy producing the
“envelope-squared” data. and decimation to a predetermined sampling rale (e.g. 2MHzx) per
3l step 1724, The depth-dependent gain {e.g., TGC) is next applied o the envelope-squared
ditee per step 1726 to adjust for propagation loss. These sigmal processing steps are

described in greater detail in the [ollowing paragraphs.



offfe lunmen may. bc~ readily identlified Fromtht! b~i QkF~cattered energy,
and the front arid rear vc,,Nel vi-alls idciitifl~-d relative thereto

Pig, 17 illustrates the general nethodol ogy of using backscattcrt
Utrasonic energy O [-or luncn and wall detection act: ofdP® EBTFB'”%LH%WW‘
invention. The ultrasonic. ~1lvrgy is g&herated by tht~ appvatu,; (c.g-,

t he ul wasoni ¢ transducer 1206 of the systtm 1200 of Fig, 12) and
Lrx)smtte,d directly through the ~;ubject's &in into the underlying
timsue, and ul fl[ﬂata%: d;sma%f%%PIEMﬁEﬁgrﬁ@%phﬁaeta%ema WikteHel rodid] aress el of
interest (stop 1 In the present context, the term"tissue" is rtcatit
to incl udeaéjiﬁnyel’mmhe'ﬁiesfeqbll@%nﬁw A-mbge Jalaibaroly versus Haepliovd Rreaaled ki ng

ot | s e d B gt B B b adERHe SR p RAROT splfTane e

processi nguuga‘,@ggte@gb}f aiaReh ahe ttieud. eCEhiv egbnvbrsivacks @eﬁmm:iedmeﬂatamh (istep
1704) in order to aid in subsequent |umen and wal é}édet ecli onaxl'h%f?lr ocessed.

si gnal s¥ ar ecnsidsiechi Myl readdy Uﬁé‘ﬂ”“é%ﬂ“@?’%ﬂ]ﬁlﬁ lost W £hq RUPPESE SFYRe
ltm ri I, t Gtk SRELYYinRlGaR) S
are anal yzgltr:]lﬁ% %h 1§§%ﬂ3{: f@ekﬁgdg{}%d?ﬁ% ce o G%E&?F%g@g?lt erq’ed gnengy b
"ni ff1tnur @iy Wetditdwaheangeuaksdept hs  cousislent with the depth of the

bl ood vessel under con5|derat|on in the ,pecie e 10 eln
oval uat eds The s EBRASTERHI<Osm S Tk Sin it It Eraboyl B ti den

existin tahi VSRS i I sel
wal | s a?e m%’db ; éﬁg@tfggﬂﬁﬂmst ep {1117(%‘% lﬂgﬁlﬁgﬁtﬂgﬁ$gﬁeﬁe§é%‘é? ggau?ﬁggg {E?
t

| as algt <mbiun p@mmt 1 6r35hive inrthisysismple, I1hc-ks1plgnh¢ sipaglspetlatsegning oy,

l1.ironl an ac od Vesse, tected.b earchi ng.fbir and
ko d 1 eCHS B E P58 P ol R Pan o TR ki ba e

When the b?ﬁiﬁﬁ‘?ﬁ&ﬁ&lﬁ ‘ﬂ@m@@%g)ﬁm bibhd $8GEL fildedehiifutiRe search in the backward
direction (towards the transducer) satisfies one or nore criteria, such as

exceedi ng the mmndditiemihpoiddHzarnies ftqmnedusedder thifexemplais siarly Sepiisl by a

i 1 aEbarod BhAM RECTORSEPEY ar en Sl R RLRSHE R Ficibeqdeiof e

i nter py et eqﬂéﬁdlt bald eratiie th‘f;f oft ﬁ%ﬂﬂ (prodekamt ivtcdRimove Shakkntkakl-yuenwhertit he
reflected energy associated with the search in the forward djrectjon

satisfies mherﬂweiweitmntcdb’édwadmurﬂ deinpduliadon fiecialore datertiong, Wendlekes %Eﬁ%l
the |ocati 393\%% lﬂt@g} e %Flﬁ)gg ufe@%led' a1 ml asgqgfa?ﬁgip{\%elge %imtngfanl 9\Cﬁ1to

of the bac ogles etection are descri
in detail Q%Qwﬂw,ghgrlggwﬁmtmhﬁggs 29a and 29f). 25 As shown in Fi b..

17a, one enbodi ment of the signal processing (stop 1704)
(Juadrature demodulation as used in the present embudmem generally comprises
20 muliplicalion ol the A-mode signal by the sine and cosine funclions, and lowpass filtering.
'The purpose of quadrature demodulation is to baseband the A-mode signal, through the
removal of the transmit carrier frequency. This method is generally illustrated n Fig, 20,
As shown in Fig, 20, quadrature demodulation consists of multiplication ol the received

hackscattered *raw”™ A-mede signal by the complex cxponential, exp(-2nf,ty where [,

[
1

denotes the transmul cenler frequency of the signal (step 2004). This produces a series of
values representing sum and difference frequencics of the complex exponential [unction
and raw A-mode signal. Next, the resulting signal is lowpass filtered (step 2006) to retamn
unly the differcnce (baseband) frequency components. Since the exponential function 1y
complex, bath an in-phase and quadrature channel are produced, designated T and (.
30 respectively. This proecss is graphically depicted in Fig. 21,

In the illustrated cmbediment, the frequency of the sinusoids w 16MHz,



e —— T T
associated with the basic +A-node |unen and wall detection approach of Pig.
conpri ses basebandl ug (quadraturc denodul ation) the "raw backscattered
A-nmode signal (step 1720), squaring the basebanded A- i

1722), thereby producing the -envelope-s |uared" dat a@gﬁgﬁgg‘@?&n@tﬁ?gﬁ&to a
predeterm ned sanpting rate (e-g- 2M Hz?)- per 31 step 17?4- The

dept h-dependent fain (e.g" TGC) is next applied to the envel ope-squared
data per step 1726 to adjust for propagation ]Jcuss- These si pi af Lof
processi ng steps.ar descr j 0. gre degaild sialt The fohplow mtprval o

par agr aph$®t! ‘é’g’éﬁﬁﬁ*go e %%%63%%5&@5%1?{?2{% pl ot %f the A-node signal
anplitude associated with the radial arte'r of a living suhjcct, referred
to as ‘raw, A-node data herein, versus lane. |t wl E he not egf& Q].'IaEffﬁLEF’E
lime axis (pf sibighid<dB dqasl todin of drvdigileed PoMads tRIHAEES SHTPRS PO AGAL | on

speed of the ultrasqQnic energy. thr t 3¢ iflos@nxersion is
per f or med Tﬁﬁhﬁé"‘fﬁg’gﬁ' (Ignmiﬂgpl%“@Sﬁé?Rérse%dﬁ%gggbgﬁi&fﬁyﬂ?nt erpreted quantity
than tine for the purposes ol' the invention. although it will. be
apprecisated that time (or e en_other .representations subfag’ t i me- scal e)
may be used with equdﬁan@ﬁéﬁégﬁf}t‘ﬂ‘efﬁ(ﬁ‘ggrtant feature denpnstrated in Fig.
18 is the level or anplitude of th - "1 odc signal afunction of
depth. As illustrat edeifIg 4 %}C?Sﬁé’ﬁe‘qf an obvi ous raﬁg%lﬁjirom 10 about
1.5mmto 3.35nmin this exanple, irr which the signal level is quite |og,
This low signal anplitude is attributable to the | ow backscattering of
energy assggiat %ﬂnw&%mﬁ:%c plu00od - datVERNalf S D sagptitg Litarvbl dod 1VBsgefl tinder
ex niinnation. | Itron, the 16ML-iz center Frequency used for this
exanpl e is,cl.ear by depictad (ka, MBI ThiSnndéplictor énperfomelgisnty Ebifveys
no information rel evant to the | ocation of the 15 arterial 4A‘I}1<|s e Se,ulcpst
step ofg si gnatioprdchssi-ngdesline Thempvpiish and emedplns SqEERESHS TR wd o¥8ss

i s denoted as quadrature denodul ation (or envel ope detection).. identified
as step 1720nip)Erppciites, HWH@'G@W@I[&b&W%ﬁ*@HE i\@mgﬂ aélg@c‘i'I 'ét(lgﬁﬂv&ﬂflﬁ’ t he
exenpl ary A-node si final uf Fig. 18 is shown in Fig- 19  Quadrature
denpdul at i dn dasosiad denintahd sprgBanint&idlbodi nl ent general Iy- conprises 20

mul tiplicatioil of the A-node sig by t.he .sine : Shdye id | o chi and
| owpass filteri hgwpasy fillepg Jese gl?dﬁql?idtlﬁa"t u?r?fé.lhdgér?gﬁlﬁﬁl;"i@on’l‘i@gt@hgtg%ﬁ%and

the A-node signal. through:tk RQYahse ORI NELdrT ARty 6857 cerllitreeguéhey.
This met hoﬁmihgdlaleb%ﬁﬁé{hl%%1‘% Mipulbe RRKSIo CRIR Pt

rate-d in Fl{q. 20. As shown in%cg%ﬁgo,
quadr at § ne fkepnditsahidrritangasshadotutaflipf il ceprTesprnd e oA ueer
hackscartercd "raw' A-npde signal, by the conplex ent.i.ad . Tifah)
Mhereor | b theHbe ssodwth R R ee ey Soeranner iy SBARR Bt etheFaPing i
2004), Thi s, RLORHGER I 365888t a rate of 16MH, (=Tn). Lho frequency response is shown

in Fie. 27, The coeffivients associated with this excmplary low-pass design are shown in

Fig. 23,

20 Note that for the illustrated case, the filter vutput advantageously need only he
sampled al a rate of approximately 16MLHz in comparison with the original “raw™ A-mode
sigmal thal is sampled at an effective rate of 64MH7.

In the present embodiment of the invention, the magnitude of the complex envelope
previously described is the only component required for subsequent processing. although

25 other components of the processed or unprocessed A-mode signal may be used lor other
purposes il desired. Note thal obtaining the magnitude ol the complex envelope requires
tking the square rool of the sum of the squares of the lowpass filtered results. That is, simee
the result is complex. the magnitude equals the square root of the sum of the in-phase

component squared and the quadrature compenent squared, as shown m Eqn. 4:

30




val ues representing sure and-difference frequencies of the conplex
exponential ['unction and raw A-node signal. Next, the resulting signal is
| ow-pass filtered (step 2006) to retain only the differeg e

frequency conponents. Since t ho exponential function |§’%@Z§Fﬁ?§§h an
i n-phase and quadraturc channel are proddced, designated i and Q 30
respecti e[y. This process is graphically depicted in Fig. 21. Irr the
illustrated enbodi nent, the frequency of the sinusoids is 16 MHz, 23 S F,

p- fFTviI3 FR 2 004 - in 0y Lhc ctntcr frequency, f,

~ of the, A node (8{9. SMA“{WI‘{M) e‘%‘glﬂ ng |“§}l O L1l Csill Llso
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fd at eThgtds (Al O Abiatite Mllﬁﬂ@lth@@bf(ihe tm}{vtlhpa suhnemmuucmsma@ﬂ

Vi r odi aQec; flollTow ng' (-Egn- 2) (2# 6
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Ir \~“~: 2 S? gp 65‘?1‘85 flj'cd lﬁﬁ?r d%q[{rlg%gnl al el thel ieked Q) E}r%rf'm]lehc 2qilt Pbét

oni1s perforned fOr tile- entire s;,
) wd  ~ ur@};& q;dn qﬁer@meswmdgg lthé yeultbealgaithhiiasepenenttiadromesdat. The

conponent, (Ti r~)i-ec;pcctively, axv, pfoduced by | owpass
filtering qandldﬂaﬁquﬂmd ﬂ?d)fﬂidmellﬁdiﬂ&]eécdtlﬁt g dee i niaLed sanp) | ng

inter,, - : f||teI 0. Gste 2C QMRhihah

in the |IIustra1e-Ee B‘Hd%‘?h ﬁ Wﬁsfﬁﬁﬁgﬁgxﬁ%ﬁﬁ g],ecr%g %%ﬁs% I R) f||ter
wnsi sting of 37 cAcfficient de5| gned wth a passbmd
cutof f of BRI Q f}élgbo(‘f?d'll ZEdt oqgtnﬂjﬁIl1 FansduceT ~vilh 80% bandwi dt h,

Thi s pfpvi des for a decimation in sanpl i ng by a factur of fouT. That i
thi~ 111 ter outp at is produced at arav~-of I 6MHz (--TT)). Th c freq

acncy- re spo n 2 Fl Thc coe ckents a,,sociated with
this exenpl ary I%Ea\;v-iglaf, 2( d’é%i}gnﬂa i hown in EI‘I&” S)‘323, Notc that Jbr the
illustrawmd case, Lhe filtfr CQutput advantagyeoi, LsI y need only be

-~ ani pl 69”1§£|F{$. t% ;ﬁ%g.tqu rl%g;ﬂg?h}e ;.ém?%%gm C%lﬁll’klctgc P{)n n wvttg[?.ﬂ\fg LuhnlihQsC

oriblial an ei ectlve rate

of 64M% z, ohe drRBPHESE Mhe RFRGUHTRALe @{ﬁ)tuﬁfethl: RMENbHORati gD dhtedeedis t he
conpl ex eiivclope pi-c-vioi, |sligde sefibe-d is the only conponent.

reqaircd fdrovsubisBigudht Neteobaistbr mrye! o bihersigns] 25Rxnssosad 35thdBenbBRn isrery |
of the pm?usuzrﬁg' S%IdH be mlp %Cs?ﬁleafi?ﬁM dbgdua%cg{;!’ thaémgatlek Trom (#2 ?il‘tgﬂaq:Q{EI]P.t her

1t will be recognized, however, that in cerlain applications, “false™ lumen detection

misht oceur if the lumen detection methodelogy were based solely on the absolute value of

2 the A-mode signal level. For example, lumen detection criterion based on the absolute

siznal level alonc might erroneousty delect lumen where there is none, or conversely miss

lumen where it 15 acwally present. Such ialse detections can arisc from a variety ol Jactory

including, for example, backscatler and reflections from tissue (veins, musculature, e}

interposed between the transducer clement and the blood vessel, movement of the subject

25 during measurement, and the like. Hence, as described in greater detail below, the

melhodelogy of the present invention further examines signal artifacts proximate to those

produced by the lumen in order to confirm the veracily of any given lumen detection, and
pusitively locate both the lumen and contiguous vessel walls.

A non-lincar depth-dependent gain {step 1726 of Fig. 17a) is also applied to the

3 covelope to account for the attenuation to the acoustic A-mode signal as it propagates

through the skin, tissuc and blood vessels. This depth-dependent gain is often referred to as

Time Gain Compensation, or TGC; time and depth being implicitly related in this
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tissue (veppdourngSculatlirc, etc) interposed between the t ransducer
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consistent with the tnvention.
After comipletion of the signal processing, the next step 1706 of the methad 1700 of
20 Tig. 17 detects the lumen within the sclected blood vessel {c.g., radial artery) for each A-
maode line. In one exemplary embodiment, the lumen 1s detecled in step 1706 according to
the general methodology of Fig, 27a (hereinatter the “plateau”™ method). As illustrated in
Fig. 27a, the plalean method 2700 of lumen detection generally comprises first determining

g power melnc as a lunction of depth (step 2302}, the power metric being based on the

]
LA

aforementioned cnvelope-squared function. Fig. 27b illustrates baclkscattered power as o
function of depth for a single A-mode line.

Nexr, the power mctric is integrated according to Eqn. 7 below:

B (k) = By (k= 1)+ P(K) (Fan. 7)

where P (k) denotes the power wtegrated up to the k" sample of the envelope-squared

sequence, and Pilc} denotes the K sample ot the envelope-squared sequence.

The sceond step 2704 of the platean method 2700 consists of identifving the best
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A non-1|inear depth-dependent gaiii (step 1726 of Fig. I7a) is also applied
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i ntegrat rd ing to Lgn. 7 bel ow, i_,, k) m(k -1) P(k Eqn, 7)
here P. ?H?qﬁé‘ﬁ‘é‘ﬁes the power integrat ed up to the \f sanpl e of t he

envel ope-squared sequence, and P(k,denotes the kth sanple of the
envel ope-squared sequence. M_ (k)= Zm(n) (Eqn. 8)
u=k-2

where M (k) denotes the sum of the counts in three consceulive intervals cnding with the

20 k™ interval, and nn) denotes the number of samples in the n interval. This metric is
shown in Iig. 274 for A-mede line number 50 for a lateral sweep of the radial arlery. Note
the relatively large peaks 2730 i he intervals above intcrval number 60, These renerally
correspond to the low power occurring at decper depths, which can offen times resull in

false detection of the lumen.
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An additional term was added to the [oregoing metric 1o ensure thal he platcau
owing to low power towards the deeper depths does not trigger a false lumen delection,
Specifically, the metric includes the requircmeni thar the three consecutive intervals must
be followed by an interval with a low count corresponding to the back arlerial wall. Hence,

the modihed metric is given by Eqn. 9:
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L=l
where 1. denotes the number of samples prior to the lumen area, and K denotes the
15 “pointer” to the third of the three consecutive intervals for which the pealk was detected.

In addition, an estimate of the mean of the lumen power may be derived from the
power contained in one or more of the three consecutive inlervals {step 2716). For
example, n one exemplary approach, mean lumen power 18 determined from the second of
he three consecutive intervals by simply averaging the sample values of the envelope-

20 squared that correspond 1o this interval. This estimate of the lumen backscatrered power is
subsequently used in conjunction with the cstimated position of the detected fumen to
delect the arterial walls, as described in grealer detail below.

It is noted thai piatcaus in the integrated power profile may result from other sources,
Spccifically, in the case of the human radial artery, such plateaus may also be induced by

the presence of one or more veins located between the applanation device and the blood

[
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vessel of interest. or by the presence of cysts or other growths, While more common,
plateaus duc to veins are generally quite small in comparison to the “true™ plalean of

interesi associated with compression of the radial artery, due largely to the comparatively
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interval along the A-made line, hereinaller referred to as the “nterval” method. The Tmm

interval corresponds to a lime inmterval aloug the A-mode Hne of 1.33uscc, assuming the

speed of propagation is 1500metfsec and is derived from Eqn. 11

20
D= ¢t {Laqn. 113}

where:

23 D = depth,

¢ = speed of propagalion,

1

t = time of propagahion

The factor ol 2 in Egn. 11 accounts for bi-directional acoustic wave propagalion. l'or a
30 sampling rate of 16MHz as previously described, 1.33usec corresponds to approximately

22 samples along the de-sampled A-maode fine.
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k=1
L5 An excmplary plot of the acoustic power in a lmm interval along the line of TG

correcled A-mode data 1s depicted in g 28a.

The location of the lumen ie.g., hlood) within the confines of the radial artery is
detecicd as the first minimum in the lmm average power caleulation. The search for this
minimum begins at a predelermined point along the A-mode line, {e.g. Imm). and

20 continues to a second predetermined depth, chosen in the present illustration as 7mux. This
ranpe of Imm lo 7mm was selected based on the observation that the front wall of the
radial artery (i.c., that wall first encountered by the acoustic cnergy radiated from the
transducer) will oceur within this interval in essentially all of the aduli human population. It

will also be noted thal the aforementioned minimum i3 clearly distinguishable in the plot of

)
£

Tig. 28a, thereby advantageousty allowing for ready detection in an A-mode signal of good
quality (L.c.. low noise level and other artifacts). The detection of minima within clectronic
cipnals may be accomplished by any number of lechniques  well known in ihe electronic
arts, and accordingly 1s not described further herein, '

Fig. 2806 graphically iflustrates lumen detection wsing the aforemenuoned “interval™

30 method. As Dlusirated in Fig. 28b, lumen deleclion compriscs beginning the search for the
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The ininiruiti SHnale 1s computed as a simple average gver samples ol the

envefope-squared over g range centered at the depth for which lumen has been detected

Fhe average is compuled aceording 10 the exemplary relationshi pof Fygn. 13:
20 |
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=

where Ny denotes the index o I'the envelope squared corresponding to ihe depth of blaod

25 deteetio m E i
on. Note that in Fqn. 13, the average s computed over [Tfieen samples of the

envelope squared, although 11 wil] he recognived that other values may be substituted

depending on the particulur application.
After the lumen has been detected using, ¢.g., cither the pluteau or interval methods
the front and back arterial walls are detecled, and

the spatial positions thereof {i.e.. depths
3 relylive

1o the sens i TR e . .
€ Sensor unit) arc estimated. Specifically, the ront arterial wall is assumed 1o
occur belween the sensor unit and the depth of the detected lumen and in particular,

cencrally in the vicinity where the A-mode signal is decreasing to the Intograted power or
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30 réPdi 'd'to the sensor unit) are estimated. Specifically, the Front

arterial wall is assuned to OCUtLt' between the sensor unit and the depth
of the detected lumen and in h:Li ever rl. 1. iot~} -icinity where
the A-node signal is decreasi r‘i'gfrn!tl}o L_<g{{%{‘}1t eg‘ﬁ%rf'elé} power or -59 23
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where Ty (m) denotes the integrated power In the dircciion of the back wall slarting at

“sample Ky up 1o sample m, and P(k) denotes the k™ sample of the square of the envelope

of the A-mode signal. When P, (m) cxceeds the preseribed threshold, the back wall is
assumed detected and the eomesponding sample vaiue, m, denotes the depth of ihe back

wall [step 29063, Note that the sample number along the A-mode line and depth are related;

thes actual depih is derived from the sample number as shown in Eqn 15:

cNﬁB.ITI"I - -
= .%Fs {Egn. 13)

whore ¢ denoles the speed of propagation, samp denotes the sample number, and P, denotes
the sampling rate associated with the covelope-squared sequence.

The front wall is detected in much the same manner as the back wall. Starting from
the same position used for the back wall. the mtegrated power is computed by summing

S0 consecutive samples of the square of the envelope of the A-mode signal in (he dircetion of




signal |evel associated with the lumen, This assunption is founded on the
know edge that the lunmen of the blood vessel is imedi ately adjacent the
wail (i.e., onits far side with respect to the transducer). Simlarly,

the back arterial wall is assumed to occur at a depth greghefs at of
the lunen siiaf; and generally in the vitgi nity where the mt@gr%?gg:}é) 60 er
or signal level rises sharply above the | evel associated with the |unen.,
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ermoic, to facilitate the processing, inter-line averaging of the A-mode lines as
i. W . ; : 1y T
s well known in the ignal Processing arts may be performed prior to Tumen and wall

detection, This technique can be used to mprove performance and robusmess of (he

systen, both in lerms of lumen detection and artertal wall depth cstimation,
20 . e . .
_ In an alternative emhodiment of the method for detecting the arterial walls (Fig
,.“: . . L -
20b}, the amplitude ol the envelope squared, FE.(nT,), is compared to the cstimated signal

level associated with backseatier from bivod, E, (blood). This i distinguished from the

ittegal power calculation approach previously described. As before, the search for the

[roni wall is irecii !
all is in the direction towards the transducer clement, that is, in the direclion of

25 BCICHS] e 1
decreusing depth, When the ampliude of the envelope-squared satislfes o designated
CTItCrion {¢.g.. cxceeds four times the estimated signal fevel), this amplinude is sttributed to

backseatter [rom the front wall. The depth of this ocowmrrence is designated 10 be the
location of the front wall, subjeet to optional subscquent confummatory processing, if
T k]
destred. Note that alternatv ely (or simultancously), criterion other than that relating to the
-

3G ampliwde of the envelope-sguared varigble may be emploved.

Phe scarch for the back wall is performed in a similar marner 1o that deseribed for




the front wall. Ilencc, the sanples are taken in descending order front
sanple K, (, wwhen the ai (e r tcd power excecrl the prescribed threshold,
the front wall is assunmed detected and tile corresponding sanple €
deterini Ties the depth cif the front wall. In the enbodi?rﬁe%'ffﬁmgi%{%%a. a
front waa[l threshold equal to 500 tinesdlthe 5 ul oreancntaotled |unmen nean
power, and a back {ill threshold equal to 50 tines the |unmen nean power,
as-e utilized. 'these values were determ ned enpiri ca[ Iy by the Assignee
hercot wi i faySRef! Shéi iRt hafeRandenl Bakikeadnh of lthliciourat uama. b
w1l be recogni'zed, ]however; that other threshol'd values and types of
criteria npycheluseo-diketioext nampiag dvethi(ab) evay fierghe slt@somngaeidyairye’s
varies as a_functjon of other parangters g...glutter in.thesd upem..10 or
at't cr auat | il \ej Fewr ﬁ'(‘iged”hﬂ“fls@ﬁe‘ﬁm d%é‘@ﬁ ST 1?"%’8?%%&{ tir F%‘é’?':r!rgor"g, E Wil
be recogni gad,.tdaatbhs, 'elsalhARsH B beimeentd backbeoni f@nd tlizabdckwahll. The
threshold criteria may or may ncrt respect a prcdetcnuined rel ationship.
For exanpl éepth hithy ewetirroedelis aisnweh &) ki tayogetion gblebaginildd as a function of
the back wall threshold, or alternat] / . ndepangeni.ather e
from O her vari gt W@g’ar“eh"ﬂﬁgss’lagf@;‘d%gém %ﬁ”ﬁ%&@ﬁ%ﬁ“‘bﬁ 1§cuss?on of ] 5
s ¢ on n g1Ap gNehahtdneedahéihdolbtlr thRleRBRethetlocdians lbsoaineedt wih the [ront

processing, inter-line averaging of the A-node [ines F§ ] \/\gll *. 11,050 in
the signal apt bedswiuitl arls whay 1he Apwwde datads g i srsqrgd & g aDgrfifally:
detection. This.techpique. ¢ e, 1 @ andad Qb tness
of the sySt&H™ %@hﬂ?b‘#ﬁ? ‘é‘%@é’lao“fgg?\%gw ﬁ §é<b' e?%og?l?dgﬁggﬂ%ggﬁt&é??g? wal |
depth esti pRtdignd 1RQ! bhthenuakh ai bethi(Yehedirodiomentvad tht enseteodnd o) in the
detecting the arterial walls (Fig- 29b), the anHI itude iof' iheﬁen.\éel %ﬁez
squared. Fdirg@me awis Toampi anidgestn slaging aathsgdaitymaierc the, luyen seith 4
wi th backscatter [fromsbboaq, B~ (RL.pQeandd & 1 (el NG M-8 hE G b 0D 4he

i nt egr al p%ﬁE LFdé%{LF@JI)g%}l' gﬁeé%r}a%)g%ﬁpgr)enﬁ‘gus §1 { esbglrei%bed. &s bg? oﬁ;e,. t}he
search for wag ihd sipadivalal found th mekhendor motd prd¢tewangborithda (. andducgnal
element, that is, in the direction of 25 c]crtirasi.n th, Wen the

Aol L ude. el S U DdliD SRSt s BIE o Gt ) TR djel eV erer B (B ¢
.. exceeds L ¢ L1 TRbSEeshA0Ahe L@l wallBlcs 2059, Thy'@6int Slong
attri bE’[ ed 1‘{@8{%%@3& g‘rjsufr%l&m the front wal LIE Tlhael @ﬂé_gt hﬂ%}} t h?s

occur r ence thiss Adesilg tiat egwirds b tranddacer] moshichthisferiidientis onet Mwadenoted uisj thet

to optional sybsequent confirmator rocessing,. if _cfcsired, Note . &hat
al Ler naLi vé‘?%”_”?%ﬁjﬂg'ieﬂ[ﬂ”f é’ft?ré%l]@tus’)u?{d QFV‘f‘gﬁ tbh_%g'flﬁ%lpn% HEHATTWE{L Ing, akyay r{{j‘mt‘ 0
the SO ampl ichtidf A U@l QREISANAREAs RACEELE (T ARICIMLO¥ad aftdial
scarcl-i for the back wall is perforated in a simlar marulcr to that
descri bed feitl. 28isSE sRirEMBERZOGIdicd 64 Fig. 30, which illusirates the relationship between the
2 average power ealculation 3002 and the front and back wall artifacts 3004, 3006 present in
the A-node envelope 3008,
Mate that the processes ol computing the envelope-squared, detenmining the

comesponding average power in the desigmated interval (e.g., Ymm) and the lumen sigmal,

anc detection of the fromt and back arterial walls, is performed in the present embodiment

1--d
L

on an A-mode “line-hy-line™ basis, The arterial wall positions deterinined in this manner
for an exemplary A-mode data set consisting of 5000 lines is shown in Fig. 31. However,
such line-by-line analysis m.a}f be substitited with other analvtica) approaches or
ncrements, such as for example portions of a line, or groupings of multiple lines {whether
contiguous or otherwise), or ine averaging.

30 (nece the relative wall positions are determined, the dumeter of the blood vessel
may be simply delermined by taking the difference in depth between the rear and froni

walls. For example, 11" the rear wall oceurs at a depth of 3.5mm, and the front wall at a



the front wall. Specifleally, the search begins at the depth of the
detected lunen. but proceeds in the direction of increasing depth (i.e.,
away fromthe ultrasonic transducer). As wth the Crant wall, when the
anpl i tude of the envel ope-squared exceeds ., aLislies a deSEghaiddkciilde
on, this aarlplitude is attributed to bagkscatter frottr the hack wall. The
5 depth of this occurrence is assuned to he the location ¢ f the hack

wai l!. Accordiugly. U sinple search algorithmnay be used in conjunction

with the Sa@?@bf L R2MG] e ELePSEE $8 WS RMe i LR HO LRGN Pl (]q.eammf-yLmﬁl;. =
| ocati ons assocliated wth the front and back arterial walls when the

A-node. datémins Ohis"dnomaipiteh iquatde in oSpeaibbilinaint wsingssmetibed wWahl posifiomop,

the method 2950 conprises first conparing the A e_Si l.evel, tq.10 the
i gnal 1 evETIBREST - e P s FATPA FEtA Tt auan et ol dishder
and (ii) iprotbQingdbdRcfiednv@vaire deaid ReptFishdieRtibehdéihi ng at the depth
where the lunen signal was detected (step 2952). The signal level is

ni ea., ured in tHevdebeappdcidicddbil whil¢ sheepromgn) exemplaiyemathpdelogicywalwalevel
is found t eet one.or nopre predeterm.ned criteria (e g.. 1 he sjgnal
avel of (15 P00n R el Eratig Bl bR By Rl kel doogfint PGy
associ at edofbdih [Fdie hd Hauk ReNk; oftthe bidodNedssd] Sci®s TheTirafl HOoh.GQr &85 RORE P
the arterial wall (step 2956). The point al .onlg. the A-node |ine towards the
t r ansducer ARHOWAFT ay REsPeksd wmpwiely gndreein iselatien dics ¢xampiend it ixodeienminedof
the front Ar ial. . wal l j_m e i nt- along the A-triode |ine
avey 1 rom Teher Festtincu ey ko r i R i HREE AP et 38R The

| ocati bh ofhit:heertsdckihar therfral walladrli FaciTRifartics l:givaphik cal diNerdei sk @ thbicd bR .
30. which i[lgst(at es the relationship between the 1-0 La} ei agc power
cal cul at i of*Bgeiscumiymay e prphteddneresabyaniilly ineempquspiions Souiarlyz gfoke plubgent
in the A-pode eRue! QRS 3NREL o MBS _ CRSSES..0 thng..t
envel ope- S(]quar edl,r‘B de% enxlinit rea th’gtl&gg%fgh%%%gi tﬁg 1§§reer Iéfgfée:c(?%r(;v%'é#l ?’ﬁ“ []%e
desi gnat edselstiecly alc-freplgsized in nerhs) ofawdightieg. | (e sish mddificatidrd dled abkbimn of
the front an baf_ arterial walls, is perforned in the present enbodi nent
25 on an A'HBHHE UPFR '-1%9[1]t'icrf5m'%%f§i"§? fH8Marterial wal | positions
deternisned in t RkSHABONET wi y e, 1 €onsi sting
of 5000 i nes. | A SHOANE f vifl e i8Rbgfiho el Hehitere o RS, B o R dn e Biopl 10
may he subspivteut eghaliletel afppemachnakyy ileabsedpptheaahes @rin Rabieswsy, or &Heh

aaas for exanple portions.q f a tine, or groupings of multiple |ines
O Sc o IER | b

{whet her Otrs™0g B reragmg gt woePagikag W 30 leritaal processing

relative V&ﬁclwp |Ti?195H.ctcinﬂ:_l’1\§yLﬁ.r ?md@;tuﬁ'ﬁﬂg, Bﬁql[cltéb‘ﬁqugil%ﬁtu?%n - é@%{-‘ﬁmﬁ%ﬁ\%&nﬁ?l@%@

may he 5iniply determ ned by taking the difference in en the
rear and t#ndcimteraipg| posvcr Foay dxappfameds and Hbe rakolaval halocc wnsipated atodépt h

of 3. i'}}nmap% 19aibtlv;-,h ﬁugsrh%m Lr\f\{%l‘iilt (:gé.,% tiznii)es uﬁlcﬁgli:'gl\l(:%Fﬁ:x%L ?uq 500 times mean lumen

power, respectively). The results of these comparisons may then he used to determine the

relative reliability or confidence in the wall detection, such as by calculation of a

“eonlidenee level™ metric which can be subsequently used by sysiem andior user. I the

wall detection seores for both the inlegrated power and envelope-squared approaches are

25 high, the resulting confidence metric is high; i( the wall detection scores [or one technique

13 hich and the other Jow, then the wvalue of the confidence metric is reduced, and
subscquent confirmatory procossing 15 indicated.

Furthermore, it will be appreciated that in the context of wall detection as a whole,

various forms ol scoming or weighting known in the sighal processing arts may be used in

3 sobsulition for, or conjunciion with, the aforementioned criteria. Such  (eclhniques

advanlageously increases the robustness of the system under aciual climical usc. lior

cxample, n one alternative embodiment, A-mode signals baving an cnvelope-squared or



-62 dcpth of 1, 5D ni, ilie. di anmeter of the, bl ood ve c;,;cl can be
estimated at (3-5 mm- 5nrd) This daermiiation is nmade- in onc

enbodi - Ment using sTroothed. 1'vall position estinates
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buk wal | Sﬂ#ancﬁ@% 1 r\}lgsse!%&! elthergn% he front or back wal | deL%g
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if it is determned Lha~ for. a ertalns. cef [ 1 el }ggoup
of ~ubjjvi1éi’§ﬂ%‘%{¥/flu’mﬁﬂc§®ma$w7§/5ﬁ tchi(')ér aQ‘l’/\}rgnﬁgthlg%]g ayadtm‘[ﬁg ¥ro;1t wal |

art - 11130&11~,L?~r;p@f 1 I:'a&u haldn¥d LGBk hoka nﬂtthemwsmmmbeiﬂﬂaﬁﬁr&imﬁbaﬂmm“’w*)
dew~tion may be wc ghted nore sub stanti al n conpensatio
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resolution. If a [ront wall artifact is detected in the first Tmm depth interval, and again in
the third, it can he agsumed with some level of confidence thar either (1) the wall artifact
detecled in the fiest interval is the Front wall, and the artifact detected in the third interval 15
the hack wall, or {ii) the first artifact was noise, and the third-interval artifact is the truc
[ront wall signal. Such ambignity can be resolved through any number of lechnigues, such
30 ax the application of the atorementioned “locational” weighting 1o eliminate the fivst artifact
hased on low likelthood of oceurrence in the adult population, or the use of sampling of

subsequent A-mode signals for those intervals,
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Invention; aclual or un-smoothed data is inherently more noisy.

Fig. 34 illusirates one methodology for determining the rate of change of vessel

200 {lumen) diameter using the front and back wall detection methods described above. The

rale of change is simply calculated by taking the change in vessel dlameler over a given

pertexl. and dividing by the number of A-mode lines during that same interval. Tlas laller

number may be comelaled o finear change in the position of the applanation device (Lig.

33a), thereby gconerating a transfer function of sorts (i.e., rate of change of vessel diameler

25  as a function of linear applanation), which describes the behavior of the tissue and biood

vessel during compression.

Referrmg now to Fig. 33, one exemplary embodiment of the method of non-
30 invasively assessing hemodynamic properties uging the alorernentioned backscattered
ultrasomic energy (e.g. A-mode signals) is described. kB will be recognized that while the

following discussion and exemplary embodiment are cast in terms of the non-invastve
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t he regi onradfduches) occurs al a location where the radial artery runs in & direction nat perfectly
parallel to the axis of the wrist bonc, such “lateral” positioning inherently includes a
lomgitudinal compenent as well. Furthermore, cerlain points along the blood vessel may be
beter guited to hemodynamic analysis (due, [or example, to the cxistence of veins, cysis, ot

?5  other components which potentially may interfere with the (ransmission/reflection of

ultrasonic energy).



bl ood vessel to be assessed (step 3502) _ '|I he site where to place the
transducer(s) of the apparatus, such a the radial artery on the wist, is

generally known to the caregiver. Next; in sl.ep _3504,_th is
activated to laterally position the transducer(s) with Fééﬁgg%Rﬁﬁﬁ&?ﬂ§4
bl ood vessel, such that optinmal couplin§’of the apparatus to the bl ood

vessel and O interposed tissue is achieved. It will be recognized that any
nunber of methods for |ateral positioning; nmay be used. For exanple, the
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greater slope, although this nmay not always be readily dceteectable.
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di anet er redugti @pref td beudd aaghvessBl fondarhe@X ashprbHem bl the interposed and
surrounding tissue has substantially occurred, and hoop stress of the blood vessel 1s
20 beginning to be overcome. The upper limit of 50% reduction in diameter has been
experimentally determined to correlate to the point where end-diastohic blood pressure in
the blood vessel is overcome by the applied compressive force.
Addittonatly, it 35 noled that maxmum pulsatile pressure will oecur to the right (1.e..
at laler timefgreater amount of blood vessel compression) of the aforementioned region of
25 pressure waveloom Nalemng durmg the applanation swecp, therchy further helping to
focalize the points of mferest 1n the waveform, Speeifically, other artifacts in the wavetorm
ocewrring under conditions ol greater compression than the maximum pulsatile pressure
{the latter bemng readily determincd by any number of means well known in the art) may be
discounled, thereby  narowing  the rmegion ol interest  wiathin the  pressure
it waveform. Accordingly, maximum pulsatile pressure may optionally be monitored as well
{(slep 35100 to further aid in selting the upper window linnt on arteral compression.

Afier the 1mtial spplanation sweep ol step 3506 15 completed, and the blood vessel




~n-e ,et based on information obtained during the prior applanation sweep
(step 3506). The reduction in diameter is deterniiined by applying the
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bei ng rea erm ned by any nunber means wel | known in the art} may
be d|ISCouﬂhad; dihseelwe faviu H@mﬂa ﬂ?ﬂgﬂ%&nﬂt&ﬁ with ehteslww diimgter [reduction
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reduction, or -percent” reduction in cr)ss sectional area). Hence, the

opt i mal Idepbvrd wrma@pacawatqlﬁoﬂcwmﬁéw? dierontive:] EPBIABHICBIEFSBRe¥dhipdhs &indow.
equi | IEBr ath] ([JH;;: '[_"‘TLHL nt ngﬁﬁgc{lm\é'hlt mf:ge f4ditional melhods comprise algorithimic determination ol

the optimal applanation level (step 3516) as described below with respect o Fig. 36.
Relering now (o Fig. 36, onc excmplary embodiment of the methodology of the
determination ol optimal applanation level (step 3516) is deseribed.  As shown in Fig. 36,
the method 3600 gencrally comprises first identitying the “flaitened” spol in the end
25 diastolic pressure profile (step 3602). In one exemplary embodiment, a ustogram derived
fromn e ened ol the pressure profile over an applanation sweep is generaled (step 3606).
Fig. 36a i3 an cxemplary histogram generated aceording Lo step 3606, Note that the largest
bin values in the hislogram advantagcously occur at the rogion of the pressure profile
corresponding 10 the 1lal spot in end diastolic pressure, thercby allowing for ready detection
3y ofthe tlat spot (step 36081,
Mext, in step 3604, the end-diastolic pressure is determpined ab the maximum

pulsatile pressure. The maximum pulse pressure is detenmined i the illustrated



10 Wndow 4 pressure forned between that associated with the | ower dianeter
reduction hounding criterion and the upper dianeler reduction boundi ng
criterion, the window having at least a portion. o[' the "flattened"
region of the pressure profile contained Lherein- The pB?&ESIEMMERSIPEd by
the pressure transducer at this optinmal-6%evel of applanation is used as
the- basis for correction via the Iransier function (step 3518). One

exenpl ary nethod of 1 deLct-m ning and applyirxg the transfer function
according .9, si.60 %%éé o Fg Rkt hBRHOBRY WV (st BHL(NYS RRCHUIEOpleb@Pe ddaamen 39.
It will he recognize fhat 11 se pressure: " indow' created by the |ower and
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polynom al Fit (step 3610) to the pul se.pressure .data, .then d m.ni ng
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pressur e) RARALEALS - EefuratEl VBreion UolP REETUR B Ahigie Sdrwer- 4be
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1
conbi nation wth- one or both of thesé two indicators for nore precise
det er ni natriconn@flowheliogoamd 0% diameter reduction upper limit) are applied m step 3710 to

200 further foculize the point of interest within the wavefom.

Transler Funetion
Referring now to Figs. 38 and 39, one exemplary embodiment of the methad of

determining, and applying the scaling (transfor) function to the measured value of the

2
Lh

hemodynamic parameter (step 3318 of Tig. 33} is described.

Il will be tecopnized that while the following discussion i cast in terms of a scaling
or transfor function for use with measured arterial blood pressure values, the methodology
may be more generally applied to other hemodynamic paramelers or waveforms measured
nsing the approach of Fig. 35 or otherwise. For example, if 1t is determined that the
3 application of a siress Lo the circulatory system of a subjcet results in a condition of inlerest
(e, pressure measured tonometrically during applanation to a cerlain perceniage

reduction in arterial dismeter comelates 1o end-diastehic pressure), the methodology



appl anation pressure to he maintai ned during henodynarnic neasurenent. ! 0

In an aJternatc enbodi nent of the nethod of assessing henodyn.anlic

paranmeters (sFiown in Fig. 37), the method 3700 conprises_positioni n&:}t he
y

..‘

transducer(s) over Ilie blood vc scl (step 3702), and ?h@ﬁggﬁhggaﬁgﬁ
appl anating the bl ood vessel (step 3704Y0while nol]il.oring the pressure
waveform (step 3706)- The point of inflection (e.g-, change in 10]) o[
the end diastolic pressure wavetornt is then identified per step :3708-

Such 1 ingtd@eld GbleirlrB®beh@ed dedbicfhad the baNBE irecdkdry thicgrradt tht gesbirbin
adapted to identify the change in |lope rclatcd to the end diastolic
pressure valugéyr ixiug erenplisnes arhythgrcfigbtSer nati vel y by manual neans, e.g.,
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ararnet r or "wavef or s using the approach of Fig. 35 or
ot her Wse sulFonuaampbbsd if i fid wegetmmanineidblobd prashec 3daapg| fronthos:bpfcl a

stress Lo the circulatory system.o supj ect results in a,condjtion, of
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certain pept-Hitagac. Fedbet b0 MtkRsald er ieall-dilisfnet eaél"[@é%r B ALES the empirical
end-di astolic pressure), the nethodology ? 3 SEPTEMBER 2004 -70 descri bed
her ei n mayetbrengsdata bod thetiarii reasemetiall b derived eoyastipns dorcpheramn-anghored

measured val yc r tissue conpliance and other, effects, Furthernor
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hascd |t echaime depensenty aava@oRRRM! Bk iRReef uldl avahRBoRIRSRAlr fonvEBi On
contenplates the 5 use of other non-enpirical approaches in place of or in
conj unct i earwitehwayrione whish i tifmitgely3guvalent eubhactarlivird-emeioh pepssurc.
conbinations filling within [he scope of the clains appended 1|iercto-
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from the methods previously described herein (step 3802). In one embodiment, reference

20 blood pressure dara is obtained from a plurality of living subjects via an “A-line” invasive

catheter device of the type well known in the medical arls. The A-Tine device i3 generally

accepled as an gecurale means of determining frue arlenal blood pressure (waveforms), but

disadvantageously requires insertion of its catheler probe inlo the cireulatory system of the

subjeet. lonometric pressure data for the same patient is simultanecusly obtained (slep

25 380y, this lonomelne measurement comprises applanating the blood vessel of the subject

such that the tonometrically measured value of the “anchor™ variable (here end—diaslolic

pressure} is as closely matched as possible to the actual end-diagtolic pressure as
determmned by the A-line.

In ome simple embodiment, the applanation level 15 progressively increascd uatif the

30 anchor variable of the waveform measured by the tonometric pressure transducer (and

orgplacally displayed on a display device such as a cathode ray tube (CRT} or similar)



gtirieralk-, conprises using enpirical reference data in order to derive
corrections which are 0 subsequently applied to in .situ ,neasureawnts of
bl ood pressure obtained fromthe subject under exam nation. S i
applied to the blood vessel being neasured so as to nat8ﬁ58§ﬁhR§%§%@ﬁ8?"
one. variable of interest (e.g., end-di-dstolic pressure) between the
enpirical reference data and the in silu neasurenent. The derived
corrections for other non-anchored variables (e.g., systolic and nean

bl ood preggufR), A @odchiess RRAldEdh Palhibef gRrsespeAdhoeIi% pditd adsichigtine in
. itu wavel oi ni of the subject under evaluation in order to obtain a

corr ect ed apgpvasilished ibyckhy epepioschimpally Bryuysal dREaEo SEfle agcFYMfmporancous
intra-arterial pressure, in Fig. 3 .. : '
rst prosi e gt Gner ol fRS Sl of ufiatooh P SPHSRLRSbRPSEPIRLERE, |
par anet er vhRe@dispRkEenh ahc Hkeled dpvies Sihee)peayparthen fidjosts tiydammeiiohdels:l for the
previ ously described herein (step 3802)- in one enbodinent; refereencee ?0
bl ood ﬁre¥§ﬂﬂ@“ﬁa{@ﬁW§”@H¥ﬁW &d froma plurality of living ,uhjea,, v'ia an
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arts- The A-dine device I's generally” accepted as an acturate neans

o(det er m nimguaticuiéy anhpuialond patbdir essunimuévabasiothsynchiutadable of interest

di sadvant ageously requires insertjon of its catheter prope into the,.
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measur enment conprises appl anating the blood vessel of the subject such

t hat the tloometringatidiasmdrsuesdrevddring difereip aintaingdieals maydi et dv ¢ pade
end-diastoglic pros. ur.Cl is as.closely matched as.possible to the actual
end- di ast a1 Qe S verdy U Frvstiin, B Reee’e REmE et o R 1 g ¢
enbodi ment,ppkRgicRPRbaRatdnen! kBVatn | feRHROY @S &inbed Yol 4A8 @RIGH bidssurd thhe
30 ancl bor "vari abl e of the waveform neasured by the tononietric pressure
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hod ube_(C i ni | ar).23,.S1i. YL.BVMBFR 2004,- 71. ;
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is ags. otpRlimORAwdYot dieritRd fadied hereiieri |y by visual neans, such as
cont enpor aneous overl appi ng di splay of the wavefornms, or mnimzation of

the difference Aurl\WRcHITBF ih€ @hcho? huBRi haptAMeRu PR AR (6H SR] RY: sRMtLae The
operator then adjusts applanation level for the 5 best level uf'ittatching

possi bl e, shulyanbioheeviderbatimeitizationenfahptdaanilun hesreconbe bl aderiny paassure
o Qor Uy ML, UL Lo X SO B0 BELLRE o RO U0H S
t onomet ri cignaY eHaldiBnce@MEnalch et iSfdicaBlabl s tAgMhas ab@sl FuRSa tonometric
M deviee reswlt from transfer loss due to, inter afia, compression of inlerposed tissue during
tonometric measurenment.  Specifically, in the illustrated embodiment, corrections for

svstolic and mean arterial blood pressure are calculated based the lact that the ond-diastolic

pressures within the two wavelooms were malched. These corrcetions or diffcrences are

then statistically analyzed m light of similar data from all other subjects for which empirical

[
R

dala has been collected to determine “mean” systolic and “mean” mean cormection (aclors
{step 380R). [t has been empirically determined by the Assignee hereof, based on a
sampling of the radial arteries ol soveral hundred paticnts, that the mean error between A-
line and tonometric measurement over all patients studied {or systolic pressure wag —13.6%,
and the mean error for the mean pressure was —3,6%, Tn essence, these higures indicate that
0 the relerenve device (e A-Tme} was nominally higher by about 14% for svstolic readings

and about 6% higher for mean readings, when the tonometric transducer was applanated



posi hl ¢ using scoring nmetrics. For exanple, a scoring netric which is
related to the 10 dill- i-eriec in end-diastolic pressure during discrete
time intervals may be used to evaluate the quality of "fit" betwee
waveforms. the netric being tLscd as an input to the |%b5§ﬁ£?*ﬁﬁ*ﬁn@%*
control circuitry previously described -§b as to nodul ate pressure to
n-iinirnir,e the value of the nmetric dtuing the selected tinme into “al (l).
Such curve fitting netrics are well known to those of ordinary skill in

t he si gnabudpr dteské nglatiistylicargdlue loaaesosididngl yhateerate daier ibegfisstsher
herein. A lcr atching of the anchor variable and collection of d at<, the
i vo sets‘ﬁ*“dﬁpa are Linttlyzed to provide a characterization of the
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mean arterial blood Eressure arc calcul ated hal ed the fact t hat

end- di ast 61D|‘?@‘0‘?5pﬁe’$19 e pidehioningpes t@nmﬂbdhmuwﬁmﬂmtmm v?ﬁtias ghe
correctiops or d| ference at;stlcall l.yzed in night i
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(step 3808). ]t has been enpirically determ ned by the Assi gnee hereof,
based!ibn alar@ndunptm thegaciwal’ valee of 487 aincher swizble oI deviesdnt ynds dthis

patients, 3| i and to.no

oasur emst By 91 SETaRbb Rl ARARRRS v M, B QP BB Gl
and the nRabrRdtrior ef;:(ptanhhm NiBadeX REEsSy edmﬁhecﬁ %ein| igisSs enadnvdsnese
rigures indicate that 30 the reference device. e-- A-line) was
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r ef er encewvaliten asthpaevhiowslsy described. , Aller the correction factors for
the paraneters of interest have been obtalned per step 3 8 08, {he.

non- i nvasi ve h%hﬁdyhaﬁﬁ.%!%a?sg%b%ﬁhtrﬁma&la%tugl 'efdcvﬁ@ﬂasﬂé%whq Mﬂii%n is
5 applied sel i ungde

oval uat i Ocri]’gtﬁ) 1$rhtﬂe Qﬁtﬂ@& b\éﬁlr% %’1!1 gr tlgﬁn%ﬁtcﬁgaﬁadfs?rﬁcgtt qﬁ‘gﬁgm‘:ﬁ‘gss | f;‘. orfi"ﬁea)%ncd
applied toy £:H911'|Q|lmﬂﬁ?l}lh@smihrtm’msm&ﬁlmﬁﬂiQquaSpEEfdl‘IaOCﬂJlﬂlL'yflt pdliesint, éasedimn
applied in order to i nduce ¢ es in the ilennodvnam c properties within
the bl oolfevaEprd &plugyo mbB?ﬁ@¢%@%§W&Fﬁ@ “HH@FEPHH@ﬁuﬁhchor vari abl e of
intcreest (end-dias-tolic piressur-e in the present enbodinent) nost

achi edks a desired val ue he-wing some known

Po = k1P’ + ko Py + ks (Egn. 16}
Pe = k1 Peu” + K2 Poay T ks (Egn. 17)
Pue=kiPa 1 ka Py, ¢ ka (Fyn. t8)
15 Where:
P... Py P = sysolic, diastolic and mesn “comected” (scaled) pressurcs
respectively: and
Po Pane Pam = svstolic. diastolic and mecan uncorrected {ongimal) pressures

respeclively.




10 relationship to the actual value of the anchor variable. In the present
context, this appliccatiori of stress conprises applanating the bl ood
vessel using the non-invasive (tononetric) applanation_device previously
described lierein while non-invasively neasuring the peésSsddEMBYRLEMM of
the bl ood vessel; the degree of appl ana?#on being dc.terinhicd by the

rel ati onship of the anchor variable within the neasured pressure 15 wave
orrn to the actual value. Next; in step }li 14, a scaling or transfer
function i detelmideshikhae® khekf efedql adpolgaisial @unthp silhj:eel Wetingan

eval uated. "I n one enbodinent; the transfer function is obtained by salving
this fol | edadntaggoesy eerls thentgnemerisoiisogivad vsforsrion theuproeent sebigdilghalhi al |

based on _the_ipput valu olLMn, ¢ . Ory.cc p thr nd, ¢ cted' -
rossure: "I0pPEBESRAZNGERDe i L GRARGRRE eiieh ARGe SR 5N SR s
rn{ 1+ k andiiidd Fvkihe Paketlods! prekeuld des@itRd3hadbiar or o(gnechhimucs)(Eqthe did)
(Egn. 18) |",; P11, P. = systqlic, diastolic and nean "corrected" (scaled)
pr essuf es digsidigeatieve ;ﬁ"aﬁ'ﬂﬁ'g‘.ﬂﬂ ki Pﬂlﬂ‘fﬁéﬂ@%fﬂwwh@i taélffo%ﬂ@f X8 mean
uncorrected (original) pi-essul-es respecli ely 23 SEPTEMBER 2004 -73 By
sol ving for coddd aftiss krphieal reprsgerkationnf gl remingl Pré¢idke i s gener ated which
can advarltagcouslv scale the tononelricafly obtained waveformfor the
present subject for all values of pressure, and therel bre provide a scal ed
out put given at ;the input . —wave Formis malLchlcd (by the nethods

previ ous] ﬂ%éHﬁ?ﬂéﬁqmﬁigﬂﬁp%ﬂﬂ%ﬁﬂ%r techni ques) to the erid 5 diastolic

value, or to any @RAidisRS il OipRipeiM t}dhs{%}@/\ﬁba&i@ibﬁinigoﬁﬁ hhe J1QudonR agd ual
vulrle. Fig, 39 is a graphical representation of the tforegoing process.
Wood Vessetesbae ardrsducsnd oPdbe tappaithg 1AsbegprBvinbuis |y o€ wokewed proweaey of
ransver 5 TG00, ShbienHl ARRRRES. ARl BIGETLIob: PARHETTR
' transverse positioning is generally predicaled upon inmitial placement of the apparatus in the
locale of the blood vessel of interest, and subsequently “fine tuning™ the posiion ol the
transducer(s) such that optimal coupling is achieved. In the case of the human radial artery,
15 the approximate location ol the artery 15 known by the caregiver; ie., running
longiudinatly down the inside surlace of the wristlorearm ol the subject. within a narrow
band corresponding to something less than the width of the wrist, Ilowever, for other blood
vessels undfor species, the locaton and onentation ol the blood vessel ol mterest may not
he as casily identified. Ewen wn the conlext of the hwman rvadial anery, where the
2t approximate location and orientation of whichk 15 well known, improper placement of the
apparatus by the caregiver can atlect the consistency and “robusiness™ ol blood pressure
measurements obtmined from thal location. Movemend by the patient {and other factors)
may also allect the accuraey of the reading, sid require periodic relocation/repositioning of

the measirament appatatius.

L]
"l

Furthermore, there are other types of procedures, including for example carotid
artery  surgery  {mapping of the wvessel along the human neck), femoral artery
catheterization. and temporal artery localization, wherein it ig highly desirable to be able o
cither (i) readily and reliably Toeale a blood vessel within the tissue of the subject in a non-
Myagive manmer, or (1} maintgin g monitoring or freatnent device in a predetermined
300 position and oricntation with respect lo the blood vessel once located,

Accordingly, the present invention advantageously provides such a non-mvasive
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measur enent of hei nodynarn is paraneEers including arterial blood
pressure.- SLL 11 transverse positioning is generally predicated upon
initial placenment of the apparatus in the |ocale of the blood vessel of
interest, and subsequently -'nine tuning" the position &} SEHEEMBER 2{104
transducer (s) such that optimal couplingdis achieved. In the case of the
human radial |IrEery. 15 .he approxilxlale |ocation of the artery is known
- by the caregiver; 1l-e-; 1-uming longitudinally do 'n the inside surface
cif the YWachsithd (rrelasppiarddls) tthebsthjh&ftne e A RsDATHONY 16 pdi ng
to sonmething less tliin the Wdth of tﬁe_ wrist. Ibl omveff@ggdgﬁt&{égﬁﬁf%od
ves el " ahtd ormsiseelesd appyatus dng pedetsrdined rdaicashiprihact. Speeificlloodomesse]
ol - inteLestn@Y.,ietahe j ' t1lcd- Even in the context of the
Yunnan r di a]P ahe‘#ﬂ\}fﬁ ?/\HE‘F eb%télf#ga %6“6&%@% & lﬁc%taif’é'ﬁ% t‘én‘ﬂmﬁﬂf jﬂ‘tﬂé“f ifn of
whi ch is Weord skeehmhidnisroperddal sddmetie wirolbding aRpar &t WS sihi-then GRLGG Ver
can afsf e- ct I.t”he crct)}gqij[_’?sc't#en%x gnd ' ~gbust ness' cal' bl ood pressure neasurer
| ent, ,” obtidl e SATPEE AN 1S WBRFEPEMEIBYL £ Hengiag Pehrealnandapyttheus
factors) (elirine fpkdsird All@ehsbe RERMEAGY 285 bhe of SAdIN nd.require
peri odi c r(ra%rTgcat Por], rep_cl)JSi tioni ng g'? t ﬁ%ﬂ%ﬁe%tﬁ' rhglgﬁeﬁté"atpﬁ’ﬁ VIBPY,
Fur t her nofstribdgidicecial o cotihet pesjipeswol rgapet esliveedood edaudi ng for exanpl e
carotid artery surgery.{rnapfin f the vessel along the human neck),
f eror al arteryI¥l %t %B]tbéii'iﬁ'}cé'?l @ﬁ.I%Sﬁ%adt*gn%?céingaﬁ'ﬁdewaq"&télﬂq rlidorrsseihelr ei n
it is hightyedesicabl®ish@ Bedrbhl dfecrflt ) ad:GAQLS iR MG L 4 ADLY
| ocate a bl oBd vesselpﬁvxﬁ hi'n the ti s[:sblrjlego?@'glwgn)s%ﬁ%g%f‘é ?(’”r{ﬁ]ag'ﬁobﬁgmf‘ﬁ?ﬁa%]i ve
n] anniér , tewed pi yedvabdhicaicls of badkicatbared gltmsortic endrpe pteset@\ih CA -nBddline scans:
predetermmned .30 position and orientatian wth respect to the bl ood vessel
once | ocarqlgggn}&c%%% AGEYY r‘t‘ﬂﬂ‘” ﬂ‘z‘sé’%t‘r‘ﬂt“'iﬂﬂ{}é]?ﬁ f”&??na{EHFéi'ri’cSal{g'éB‘EléqdyblE@‘i)W]lﬁes
such a nafindi pINasi yeeserfdwABinShE HIARBRLAD 8y tRE BT SHRIHADL s APRANRT ) 11d:QL  Poth
| ocating the bl ood vessel of interéest, and rnii.nta"ning one car mnore
Sel ect ed Tagisar Steugessal i preawdt endonal: medrdtviiog stevizet pedtbiod, Spedidtifml! v;

in one : r | Gat ackscatt.ered acoustic energy is. analyzed
to initi gfé%g%gé%ﬁél ‘?‘Eé‘“ﬁ#dé%%’dve”s‘f&%r SHIL PSS dR Bt Cas Phime Sension
sur r dundi{ng.. tindsisercohs bhéepi Bt the tRs@NMRELHRIARRhGatd, oh I €here it 1y
backscattered energy is used to maintain a sensing or treatnment apparatus
(e.g-, t]Gcan gl bsBetisely lgpate tha venselobeth in remredet ltalass eatsivgrse fpositien NhBP
devi ce prdgé;h(_)usl y dec oribed herein) in optinmal position with respect to
t he bl ood vessel. I n one enbodinment, the nethod of detecting and | ocating
the bl ood vesselolaf enibotlgies bf e iACSO0RME&HE IhDMLHE ashliyndSt IREE iH&q_nhﬁe

| umren assogi ated with the blood vcsse] ]l 0 based on reduced levels o
buckseat '8f &g oTale £ ot Howheesssl harekenualysise iwdkscritered demmc cnergy. This

20 wall information is used to indircetly determine the ellective diameter of the blood vizssel;

the variation in blood vessel diameter as a Function of Jaleral or transverse position is then

used to identify the oplimal lateral position of the measurement or reatinent device.
Referring now to Tig. 40, a first cmbodiment of the method of detecting a blood
vessel within the tissue of a subjeel is described in detafl. As shown in Fie. 40, the method
25 400 comprises first generating and lransmitring acoustic (e.g., wltrasonic) energy in Lhe
desired heam width into the Lissue of the subject generally in the region of interest where
the blood vessel is located (step 4002). For example, in the case of the radial artery, the
ubtrasonic transducer transmitting the waves can be physically or electronically “stcered”
Jarerally acruss the region ol interest in a scan pattern so as 1o cut across al least a portion ol
3 the blood vessel with the ultrasonic beam. For example, an assembly which moves the
ultrasonic tansducer over the surface of the skin (such as the tramsverse positioning

apparatus previously desenbed herein) may be used.  Alternatively, a larser dispersion



ull.rasonic energy is nore readily absorbed within the lunmen (such as by
the red blood cells and plasna present within the blood) thau by the
surroundi ng vessel walls and tissue. |Ilence. the vessel is |ocated, and/or
the nonitoring device positioned, by identifying regiod?SESfiFhasuRednd tc.
scattered energy. Such regions may be f-@éind in one dinension 15 (e.g_ only
internms of depth within the tissue), or nmultiple di]-nensions, such as
where it %5 desired to precisely locate the vessel both in ternms of
| at eral oPeam amgvisr sse:dpos:cbtiamatalema i RNt
i nvention detects the tive | ocat ﬁggis o?pgigﬁé\&[% ﬁ@ﬁ?’éﬁg bﬂ&nd} TRErgen
val |'s of t B& €6 E“Rﬂé‘% Utahiur ispati stisn of thebislobd ceatselcsradgibn MdEERRET O .
This 20 owalHeyikf i L,J I kA1 i us ctly determ ne the effective
di aneter of the b g!(l)ldql\adel%s 1loHEgu%ﬁe Sgr”/f:gtm‘ﬁﬁ ‘ﬁ %‘68’ Y ddagd- t‘H!"ﬁnf@‘t@thElas a
"unction @Fﬂrfwﬂ@ﬂal sioerableatswier SRAPGRI k&N th SediRBRe Heesif 9{:(!19:6 | S -t he
opti my @(}n;‘a]fgjﬂnp?shtlon of the mpasurement or treatnent device Referf ng
now to Jig &8 PP SRBYdIORe lblﬂ)ﬁc%fh'é*fﬁbﬁ%‘ﬂllbfﬂlfdﬂwscahmgxmdnk 00the
vessel withihisdudehelchicsgue of a subject is described in detail. As shown in
Fig. 40, the rret hod ? 4000 conprises first generating and transmtting
acoustic (e.g. ‘%Flﬁuastblﬁiﬂc??if@meattgyl may tahe lﬂeslhpladudﬂemmﬂﬁ b]‘fldgﬁg.l%aelb

| ood

tissue of-f.hp, gu eper.al | the re interest wicre
vessel is'l ogjéjﬁ eﬁ>l ﬂ?[gq{“elg Sﬁ%& %ﬁ“l‘ﬁﬂgeﬂléhﬁf GG H‘%lﬁ’é Uizagsge whereheinsadi caher

ar t ery, tshelieublondsent s e MF@%Q%&H@H%K@ hibrh S J@&a}ﬁﬁc‘ﬁ%@fﬂ]ﬂ r}ﬁ%&gg' cal ly

ctr nlcaIIy ‘st eered” terally across the region
scan §att rACERL HY gl lndhegicinity theast, aluhozmtmotm rhie hi Ehet Randl epeh)

vessel Wigphnt a ssenmbly Wi ch noves the
ultrt"onic tFa s{%tﬁ:%??ove]?ﬂﬁ%am&} cr[i E?%FW@'@I&“ E‘R%EIH’H? graliehecinrdmgver se

posi ti onnlngln’tiiprlam@tqms:sqomﬁ}\/lhﬂushfmdﬁ Bl
Al ternati a | arger dispersion f{75 ggs%qE%?l{:Fh%@%@erﬂgﬁﬁ?wh@%c%
Used to 6BV ‘?%/“t‘é EHQ‘éE’s*tt Bignhuie Wihofumdnedosesnn (dohnigléofisctRg IREAM The

di sper si i S y usted.u identification of the blood
vessel or ré!g?%/)lﬁag ls%t%@ﬁédf Tih?'mbé’fti g)fidsa?’@ﬁﬁ‘?mlﬁ’u‘é} fheyorder gloay I”GEHP;.AS yet
anot her altabtanig ines, caea:,nba&ﬁmaﬁ]& raYlafe B4 Nehs ikl gﬁﬁ%ﬂog&t@% }hcstt r ahle
devi ce de( B ﬁ? ﬂb net ate_fransmt,feceive beans o é‘tefvely
t1a] Tow drspEredg ‘Wﬁr “é‘é‘&ﬁ willdbcprensnivedithah otlier phlysi oal bﬂnvﬂm&atzlmﬁg__ t he
transduces g@‘@mmﬂjnﬁngﬁ ssue under exami nation nmay al so be appl anated as
previously describ pri-load - the tissue. Such pre-loading na ay be

beneficial i niftdl bta%ﬂgmetde hoeicrer, aliat af gk s1SMR) H@srramg%qie\(&"?%ﬁ%i Sodad €

i nter pos&(gmb%]cyv%e‘ qe ultras n| c .transducer and the bl ood vesse
lessdS such 'asthe velns referred o above contemporaneously with the

-

20 detectiondlocation of the primary blood vessel of interest, Henee, the forepoing applanation
may be used selectively as desired in order to “lilter” what is viewed by the lumen
detection apparatus. For example, if there is a higl degree of clutler and other noise present
i the A-mode signal (or a given indivi dual, il may be desirable to applanate the region

under cvalvation 1o remove the effeets of encrgy backscatter from the vein(s) around the

[}
L

artery. Alteenatively, if the noise level {s sullicient] ¥ low, 1t may be desirabie to detect the
presence of the vein(s), such detection being potentially useful for determination of the
lissue scaling ov transler function used in conjunction with non-invasive bleod pressure
measurements. Specifically, the presence of an interposed vein iy affect the value of the
wansler funclion somewhat, so it may be desirable Lo detect its presence and compensate
30 for us effects. Returning again w I'ig. 40, backscattered energy reflected from the tissue,
bload vessel and lumen contained in the region being scanned is next received by the same

{or another) iransducer element per step 4004, and converted by the processing within (he




10 of interest, or generally in the vicinity thereof, such as in the case
of the halniaan radial artery. Specifically, controlled pre-Ioading
preferentially collapses the smaller vein due to its sinaller hoop stress
and | ower |unen (blood) pressure as conpared to the arterygErtLhE3ePYong
et'fectivel V. removing it born view or -Tde | unmen detection techni ques
descri bed bel ow, The Assignee hereof has determ ned that a pre-|oad
appian.tiott ?n the order or sO rmilg is 15 suitable in nost cases to
suf'Iicieﬁmﬁyl@bﬂQamséﬂan¢:WEimhmiﬂﬁﬂ@aOQg&ﬂh t; t transducer .and the
radi al ho Gmm% %Qq i% gill be recognized tﬁéﬁeﬁghéﬁﬁealu g Hﬁﬁfﬁﬁﬂﬁsed
dependi n %%é@? RS Prextqushy. hargin), Jincldng dedgaicnest alheVghe. t hat

it may alwsga)a:b& gk riabbgidiao 96t & ocate her bl ood vessels such as
the veins referred to bJgoveﬂcont g%r%%?@” fig¥p 4 \Rﬁ%ﬁl?'ﬁl@r f"zwhﬂme subsequent

dct cet i orfiP¥eatisehdegeclione pastivaity stebotid 0y 68SleOfed mtﬁgggg[ dpg%mﬂer

foregel n sed, sel ectively as desired |
E1 1 Car R R F S RrC et oeriappaidantfs b mewappbis, |

there is the hipgin ofeigreest off L,Fel e Befod nQji se presen in.the A-node
signal lbr .a iﬁj ven indi V|1dual it ?r"u}g“ﬂé& &3i r abf'e frba”épf £ Ak etstadentedgi on

under evdf J4tTER Rlgcawsnpibin e eirmetis] afcened PovRAGHESEAL @Iimfr rjgmlttﬂe

vei n(s) Q 2 rter t rntlvcy i f the noise leve
suf fici e%tfﬁgﬂlq Mqﬁ]lct EH?‘: ngﬂfeéﬁc vegrelof deercshe Hepﬁ%s‘&hmeaosﬁgmﬁﬁmi

vei n(s), pktich ideheditt lebQLEllge.ﬂﬂi terlniuatjon of the
ti ssgﬁ S@g—lslldﬁ%gﬂ or tra}gﬁf er 1f ur?et |rﬁbﬁ§gﬂd¥|]ﬁéggﬁduﬁ@ﬁ%oﬁ gha‘f'ﬁeffﬁn"}’”ﬁ\lha ve
pr

bl 0o I PRFIE g Ef thertranedypes whep i flaeal lsyletdcfw JRFeGRAEE 1 Pthc duted

i nt er posggk eGleit e va translir [unction somewhat,

so it mag Bg&h@s‘l{ﬁ?g}é@ ‘tqu%et eﬁ?c’g‘ aﬁf"é‘s‘éfgh%mé%l’dcﬁ%e‘ﬁié gtemal legd dfdhe its
el ects, Retdumraqgm{,a%mnmﬁ 1Elagﬁly£<£2t mbﬂ%h[%qa\‘é ﬁ%%%&? Nhd, Yes%]?mhgc from

the ti ssue, q}tﬁessel and lunmen containéd in t e region thed is
next recEvdge Y thelemenne (or another) Iransducer elenment per step 4004,

and convert edrby { r 23 S> s|I PTEMBE. R 2004 apl ~{nr
t4as to an A Irrrlmi:l{e é;{r%nd) %Fb%a?ﬁl‘am Te %’d‘apﬁg}" %Wn%'ﬂ ep HendbAddi Fizcorl issi gnal

Pr ocBssi: ﬂgomdésmdltbeﬂmmn@g EHeQVBIGY pOWSI %uﬂﬁr;le,jr&mrhméagﬁ;@& gsr' YRdon of
an envel.ope rcd" value, is ratplledtothe A- o nes=i'n step
5

400% in ’BFd‘eﬁl f"b‘é riE%d*-‘slmfswﬁuml# refyired th hessis ek tedtmetvsbmcthadgt |y, 1n
step 4010, the processed A-node signals are further 5 analyzed in terns of
a prcdet errarif\ﬂécﬁlifﬁatﬂmldh@mfmﬂiem of Bierdlonnytie rapembd fay AdeesshQCRRi 9B

Ut |nar Fﬁ’c E"Wne{ ANkl e ey i %??néaéﬁééﬁgfwllﬂm‘iﬂﬁhe
S i b
csl as xﬁ,cll the depth
thereat. Such “slices™ may also be electromically fused or combined to provide a mulii-
dimensional representation of the measured envelope-squared value (or integrated power,

as deseribed with respect to the previous embodiment) as is well known in the tomographic

arls. The present invention further contemplates the use of multiple of such lechnigues for

12
“a

incregsing the accuracy of the determination. For example, the techniques of “platean”
detection and “inlerval” detection may be combined 10 increase the robustness of he
LSIPImS.

Furthermaore, it will be recognized that fumen {blood vessel) location information may
be uged 10 maintain the ulirasonic transducer or other measurement/freqtmeni apparats in gy
30 desired orentation with respect to the Dlood vessel; e.p., with a fixed lateral olTset, with a

lateral oftset which is functionally related to the diameter of the blood vessel (as deseribed
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4 Jareau in the integrated bach-scattered power is identified during the
transverse ::swcep", ] O tit lateral position of the transducer when the
pl ateau is detected corresponds to the latea ai position of the bl ood
vessel, In nother variant of the nethod 4(300, the signl SERVELBNR b
cnvei opo- squared paraneter is analyzed-T identify local nmnim, also
resujtiiig fromthe presence of#he |unen, In a second enbodi nent.
detection of the lunen in step 4010 of Fig. 40 is 15 aceoniplished by
comput i Nhdhe). aweKagRrpome funiérd detdeidn ArEATHER M9 ALLABERA e fogilf & M
|nterval ?Iﬁﬁgﬁhhe A-mpde line. previously refe reg herein a %%
"int er val ¢ BOT RB¥E ol gdict patametnes pn@beﬂuwbﬁmﬁty thd Qresayceh of keprat ed
as neces t Lof ti uted scans; in this
SL.%X)E)TIQ{E @{Bﬁlué? clgg&% éPelgrgl)%(‘ h 15% ! .

manner, "slices” of tiIs dept h (tlne) di mensi on

sequential |y (rbffﬂmemtraomblgnﬂl&I’Ifﬂl&m]an}mdlﬂmﬂrﬁe{hctr{?etgﬁ{\@f a.g,gc ik
ormati.on regardi ng the | teral position of the blood vessel tgerest as

Vel T the J6E0R 4 tiedospsscloihin B Heye ofay whisel he dischstd: ey yalt@msted or
conblned:hgﬂgrﬁyﬁqE Forodidd resentation of the nmeasured
envel ope: s Ga;ed val ue {or %H?g ateﬁHﬁ&l&%RPOHamlm&%qqﬂéﬁ”WEﬂﬁmﬁzsb@Et to
t he pr evlrlémﬁ s vE tododatien 0f theswvills ofiehd bllsebWsd] B i@ O MMAGNABALS of ﬁn@&&aﬂs The
pr.-,vin ntiaon,further .conte ngtes the use of multiple of such

ecl nr ni d’S%"é lfq(ﬂn Bdifgeh Fig’c]?’luﬂﬂ[q“ digmsiey obthethirodges el ivirieh isohen M 10
exanpl e, aldva haeamGUetnl coupli Eﬂ%ﬁ&%ee%& %ﬁtlbdgper,?iﬁ&j iﬁélb:lﬁﬂlﬁfﬁ{e}/ak " detection

may. be conbined to increase’t robuSt REss 0 rr ncn#.

Fturnhernore, || Jrecogni hat ) Jocatiort
i nf or Jr)rat i on m‘:fAlb bh\%'n '&2@ %g fg{rr]re%l %ﬁegl :11‘“% ﬁ@hﬁﬁ%‘gb’ﬁ' gﬁ‘é sz welher
measur emdrmmmwreatamaﬁmappwsaimmt:&uﬁsmtm 30 HeS Rl uﬂc‘%ﬂtcl%%tﬂpﬁs%l& b 3

a fixed |ateral offse

respect the bl o vesse
| atoral %ﬁ:’ﬂét‘*%’fh Hf?qﬂ%f thed; Hb@tﬁﬂgﬁ gy Whlkeuhathelwwm disevatioarieeat iwfermher bl 00d
vessel ( %34119-%.? EBQH&HH ; a:?sel%% SFRNJh NB{I‘R %OHUI}IQP dtc%cgbﬁgimimn(j ﬂg:((? [ﬂ P/ep?%.‘ggn umen

detection iiifbrmati on e use nt

t ransducen tﬂl&&ed1comn1ﬂtlmer vpﬂr aﬂpé:ﬁrts theleRliASartr@Rfla Kuadd bying! e RLERENCE
of CYStI con, pcnents or clutter, degree of applanation |fany) and the
li ke F@ﬂFﬁﬁ@ghﬁﬁﬁﬁﬁrﬁFb daptedip atherernbiessionnbodi ni Lent of the met hod of

3?2?2223 B R i e e SR e o

of ' | ui nephddleets ena drelivs efitims (stost AVY)] Goprpviotslf Okcdshal hadal NekiSidfiep the
| ocati on ﬁi BE Mﬁ és of the bl ood vessel of interest. f'he' ovation of the
wal I's  provt dds "2 dinaecediogerionsingen dh0%fs wkardehaetrer posFsalasicdplivisy

vessel , Vl‘ﬁl‘“cﬂtdr‘?alt RERRERRP W% raw data and eliminate most or all artifact relating to
20 respirulion wand cardiac cycle. This produccs a wall diameter metric (siep 4106) which
varies as a4 function of time, The wall diameter metric is then used 1o generate an crror
signal (step 4108) which is functionally related to the value of the absolute meiric. This
error stgnal 1s Lthen fed to the aforementioned controller device which varies the lateral

position of the transduecer clement (step 4110) so as 1o etfectively maintain ihe magnitude

| )
n

of the error signal as small as possible (or alternatively, the valuc of the wall diameter
metric as large as posstble).

It will be recognized that the wall diameter information referenced above may be
used as the basis for any number of different conirol schemes, ineluding for example a
fuzzy logic control approach such as that described in Assignee’s co-pending 17.8. patent
30 application Serial No. 09/342,549, previously incorporated herein. Such variations and

applications are well known to those of ordinary skill in the controller arts, and aceordingly




aid in maintaining optimal coupling between the transducer and the bl ood
vessel. 10 As shown in Fig. 41, one exenplary enbodi nent of the nethod of
utilizing wall diameter information to position ne{ urenent or other
treatnent devices with respect to a blood c sel is des2}BbEEEMHIER $nmOt ed
that while the follow ng discussion is-é&st in ternis of a lateral
positioning assenbly such as that Previously described herein) used to
reposition tin ultrasonic transducer with respect to the radial artery of
a humane weéirmydesthiecdg@ntherdiereid5 et hodol ogy may be readily adapted to ot her
applicati ons, ﬁsh% 'gﬁf hod 41 0 generally conprises deriving "rave" wall

di aneter infor §““ﬁ‘|16 ‘&F?ﬁcé%@if@bf niéeimeiheds teswabéd tibpved #02)be as
previ ousl yiilih:8 Gua s ¢ . 404- the gal | di ameter
intbrnftion of step 4 1%§h|[§é ?%fq%lﬁ?g‘ibe]dlg %I?‘f%éf Sre- %C&‘@c?tgﬂ’ e ftignal a; e

i nter4. ralay §oppnoonpd ot hblcﬁtajvmsdd&:m"aanﬂumﬂarm E}EHCE TS t(ah A édcﬁﬂéﬂaﬁ Aats

rel atisng S |rat n and rdi ac cy cle. This produces a wal |
di anet er E’tlﬂmgllgé ff gf%ﬁmﬁi t'%l‘é‘ﬁgmyﬁ?’l %@“%F&C'H«“ﬁ@hém-i]ms Hf exiunple) Thag bwal |

di anet er aetd ite the kb nM&ﬂdeEn@@ﬂ €0 step 4108) which

is functio trall}+ reg‘gt ed to the vg?{ﬁ%%l%ﬂfh{eﬁea rgﬁllsh armrél?‘ﬂnc*f ¢ 211“er ror

siglial ey fgwrngledher IEF'@ﬂGﬁdamwmmiéadi (m'ontwq)hf drsirel® ViHesee\WHcGBreaihb S

the | ater, nsduc rrent (step 4110) so as to

ef fecti vecﬁi/hor?gﬁn Lalaﬁcnﬁ%freﬁ hﬁ\l%ﬁy 2t ‘? bf S Meniods i Y rile Insendinn| disgesed

possi bl e lgoinaal ternatively, the value of the wall dianeter nietiic as

I arg? as possible). it will be recognized that the .wall dianeter

i nfortH-ration ‘?fh'ﬂ“eﬂ@n@ﬂf@b'ﬁ algtled daseripgon iJS‘EGhC&‘Bl td&&rlbasal andf prmra@y:unumﬂr of

di f f er ent in tdin for le a Fuz | ogi.c control

approach rsﬁ%ﬁé Elﬂéh? hat saé;r"ipgféﬁho %'tpﬂe‘H&FNQ ‘U‘“S“ Bt BHtous0

appl i cat ionnssSex albstitiNons, 0RK342n549in ﬂ{cemrﬁu&w dbﬁﬁ@ro@%@tugdm@e&e\s.p espdCh

varlatlonf and apllcloons are well known to those of il P n the
ont r ol | fuspied m*&n‘é? &@%bbllﬂﬁgﬁ yrillgg ip $eSHPFRMEEEpuRng Gdn #irespirdt of the

desca- bed,f. e ot ed t hat variations of the
net hods ggsgﬁ eghgz; (l)b O%rﬁl‘atp"’bljgﬁmbﬁ%lt’l %ﬁzg’ LB }?rgcgﬁ{&wl?rﬂpltawg GEF@'sr-‘éHEE

i nvehfi omu Bpanvditionl A%is detrigion iSHERS v @Rt [ORAIimANG, HiX Aiike slﬁc?t‘lrd pe med
or del eteﬁi( as d S|red QSlmIarI , .other steps (such as additional data 5

sannpl i n§*hEdd é%’?]%‘& hergengrbprinceRies o dieitoyention. e vopmt oiclik iaveatigsi s
for exampl.&) BBY. e inRdd: ng cni bodi meni s, Additionally, the
order of pcrfi rij‘itnarll%"'e o?g ‘t@r?ﬁcg?o{h%mﬂﬂé nia be pernut ed or pertorncd iili
parallel (or series) if desired. Hence, the foregoing enabodhnen.ts are
merely illustrative of the broader rnetllods of the invention disclosed




herein. 10 Wl e the above detail ed description has shown, described, and
poi nted out novel tealires of the invention as applied to various

enbodi nents, it will be understood that various onhissions. Substitutions,
and changes in the fonn and details of the device or prZt8EETEMRBRREHHM ed
may be nmade by those skilled in the art7%i thout departing fromthe spirit
of the invention. The foregoing description is cal' the best node
presently contenplated of carrying 15 oul the invention- "leis description
is in no WIiRang (Lo igni ting, but rather should be taken as
il]tistr-]live of the general principles of the invention. The scope of the
invention should he determned with reference to the clains, -79 WIAT |
CLAAMED I'S: 23 SEPTENBER 2 A et hod of . assessi ng henodynai ni.c
properties wi t?fi n the Ci rtéiuf%gtdfagéefsmgﬁlﬁﬁn%'}m &Py Y IS% strpulitory
conpr isi ngsiemealsuliving sabjédtr stnpahanet er from a bl ood vessel of said

subj ect: nmeasuring a second par ter fromsaid blood vessel; deriving a
calibration fulCETOREFITSPUEAMRATNG ahlpgdaiepseal seid sbigstond pairaneter: and
calibrating thg.idfsh 1RaL [ al libration function. ] 0 2.

"Il se nmet hod O@c&éu&%%@%& urt ér§‘cfg?rnpf§‘?lsiglno§aég%?essi ng said bl ood vessel
duri ng nmeasur edeiinod cdardiisdoarisniasaie i@sl indarttoneaiipdetoredrafmtann 32,
wherein the act_of dcriviing a calibration function c.c~rnpnses: idc.ntify
ing at |east oH&CHIVEL ﬂcbmg:ﬁ?rﬂ?’hmgﬁﬁ"&{%"é GHPrYELHRSE,  and 15 generating a
cal i brrati on functi omhdasaedai dig@st1.iRnRar SR L. : ti.fact.
4. The nethod oof C aim 33, wherein the acu%ng?m?r%a%bﬁ%ba Ssrglgg%lﬁ%@rﬁ&agrgéa]neter
conpr i sesdUrtedngwitenicApeinbestist paumeive i nto said bl ood vessel; receiving

at | east one e¢ho of, said gcoystic.,wave;. and 20 .anal yzi ng. said | east
one echo to de%‘i ve Lkﬁt' 'g"sl'ﬁ}"@a‘ﬁgﬁglfn &% ‘ﬁh%%'gg'ﬁ%lﬂﬁa a\ﬂﬂf" 38 4 il ’é‘“%?ﬂlﬁ’df of
d ai m 34, comiefves:n said second paraneter is Mod velocity, and the act of

identifying at |east one artifact conprises identifying a predeteniined
variation ir> iaKiffngishlasiesd agireerithn s€d sqeed peahetiroindd ai m 32, wherein

the agt of maferﬂrcfaﬂnga%a]?b%&?@ndllﬁaricﬁlnl?atsg{ al leas( in part on said at least one artifact.

4, The method of Claim 33, whercin the act of measiring a second parametcr

CORPriscs;
transriling an acoustic wave inlo said blood vessel:
recciving al least one echo of said acoustic wave; and
20 analyzing said at least one echo to derive an estimate of said sccond parameter.
3. The method of Claim 34, wherein said second parameter is blood velogity,
and the ael of 1dentifving at least one artifact comprises identifving a predetermined
variation in maximum blood velocily,

6. The method of Claim 32, wherein the act of measuring a second paramcter

2
L

corupiises measiring the Kinetic encrpy associated with the blood Nowing in said vessel.

7. The method of Claim 36, wherein the acl ol measuring the kinelic energy
comprises:

measuring the Doppler shilt associated with the blood flowing within the

blood vessel; and
30 calculating the mean kinetic crergy of said blood based on said Doppler shift.

8. The method of Claim 34, wherein said acoustic wave comprises an A-mode
deouslic transmission,

G, The method of Claim 34, wherein said acoustic wave comprises an M-mode




25 coni piises neasuring the kinetic energy associated with the bl ood ] ow ng
in said vessel. 7. The nethod of Caim3, wherein the act or neasuring the
kinetic energy cennpri se.s: rneasuri]ig the Doppler shift associated with
the hood flowing within the blood vessel; and 30 cal cubAbEHGEMT: R
kinetic energy of'said blood based on s#i-d Doppl er shift _ The nethod
ol'Claim34, wherein said acoustic wave conprises an A-node {ice}uastic
trap sin i.ssion, 9. The method of C aim 34, wherein s{ ici acoustic wave
conpr i sesENINrIHdjacoBiisIRIsMESIMHLR 2004 (1t] Li ou- mode) acoustic

transm ssi on. - meth f) ai m.34. wherei.n said acoustic wavc_conpri ses
a B-node (bri ght noghe ﬁr’%ﬁfg’}d o R PG S aSgitia SRoc cpmpriE B T
Caim3, iknghiics: mbde)jacdusdt iERasiHEMg a second paraneter cwnpprises
measuring the ypl urT,Ftri c flowrate_ vessel associated witb the bl ood
flowing in saibi-12. [rhEethediddlaim 32 avherein the et dfencasorimy i stapd PEASAEl N

t he acGt ual,ngenpL Lo ' 0ad_during said act ) f conpressing;, and
gener ati ng g '[IF aﬁ??gﬁnﬁt&%g? ?‘g%l(%%lr]fa?lggt%gfe 0?*%11‘56%3“f1h6{p0 éﬁﬁﬁf Eng i sag
herei n saiwstal i bration function is derived based at |east in part on said
transfer f unction, 13, Ill met hod of Cl aim 32, wherein the act of
measuring said ecolts mgfhed p E@Ei@rﬂcﬁﬁﬁ‘bﬁi @apristiwasuri ng the vel ocity of

bl ood fl ow ng pkdshé i, . t itla.a Line-frequenc
representation fromﬁ% ﬁ%.dgmgrc[%%g?sicnggjafijs?fdé’té%%d;[{@é’tgﬁﬁm&? PRIPTRS et of
calibrating a gsrevtng etrangerdhnabndhdiestiveraimuid dohaodnvgsseln: of a i\ing

subj egt conpriging: iri casuririg a pressure waveformfrom said bl ood
vessglﬁ; appl yi@é;L r%ns’f“rde%‘g%@ﬁmge{ﬁg“ﬁ’lﬂdé ‘*Vé%‘zgéﬁseti ot iliwguberat pnedist essimed
condi ti onyhdiiod. 20 hcniod;rram ¢ puranctcr; neasuring said henodynani c

paranmeter at |east ,[%eri odically fromsaid hood vessel whi]e said stress is
app] i ed: 13, Ihe method of Claim 32, whercin the act of measuring said second

PAIANELET Comprises:
mieasuring the velocity of blood flowing within said artery; and
L5 torming a ime-frequency representation [rom the cchoes of said acoustic wave.
4. A method of calibrating a pressure signal obtained from a blood vessel ol 4
[reing subject comprising:
Incasuriing a pressure waveform from said blood vessel;
applving a stress on said hlood vessel to induce a predetermined condition in a
20 hemodynarmie parameter;
measunng said hemodynamic paramcter st least periodically from said blood vessel
while said stress 15 apphed;
identilying at least one artifact within said data oblained by the act or measuring

said hemodynamic parameter:

Fa
L

deriving a calibration function based a1 least in part on said at [east one artifact; and

corrceling, at least peniodically, sald pressure waveform using said derived
calibration lunction,

13, The method of Clam 44, wherein said hemodynamic paramcter 15 measurcd
contimiously, and the act of correcting comprises continuously correcting said pressure
30 waveform,
i6. A method of evaluating the hemodynamic response of the circulatory system

of a living subjcet, comprising:




idonti f vin.g at |least one artifact within said data obtained by the act
or neasuring said henodynam c pasraneter; deriving a calibration Function
based at least in part on said at |east one artifact; and correcting, at

| east periodically, said pressure waveform using said déi PHEGEVERR BPGE i nn
Junction, 15. 1 ]i method of (;fain 44 *herein said hetnodynanic paraneter
is measured confly Uously, and the act of correcting conprises
continuously correcting said pressure 30 waveform 16. A nethod of

eval uating t hedérevinglyndivic fesponis eclafiodshipy bervewhafion yasy st@md phankidd ng
subj ect, S}HsQLQ” Si: g:b-8 2}, EPTEMBER 20(14 deriving a first functional
teladiol 1P el lPPd ¥933%¢hd second paraneters associated with a bl ood
vessel ; rneasluicReuBaisaidifiratindRecond gand et APRLRLSWAQN- 1 nvasi vel y;
identifying aL ] east one artifact within at |east oné of said first and
second measur ety fessconcadlasoritiingt kasignmefisud Emeatd sfcosdindatiredst

par amef er g@glgmpgm?_t | east said first functional relationship and said at
| east one xitfact. I'T The nmethod of Cl aim 46, wherein the act of deriving
conpri ses= appislingsad stepasentnt o aiid Mirgagnes$aked o desst LQ8Hrst Nduci ng a
known responsellih_ rein,. 18 ngor' | oring said second paraneter .and a third
par amet er AR PR telitipnship ged sq ﬂhtﬁ%‘i‘i“é’éﬁmlf%d deriving a rel ationship

between sald fi7st sacnsaeand RARAIELAERIPASEE AARLA cokkidl LI ed Trom

said nionitorina. 18- the neth erei n-sai @ Stress conpri ses

conpressi ve stapgdeny a ir&ssambald biviord depal, anv teesstnheprg Slefvapphmmad (Hefin;
presswe applied to.said bl ood vessel, and said first functional .

rel aticonshi p cONPHFUESE seapid pURBACHEE fdehPagaroas whilosaud sresp esammlied:and
h] ocd velggity within said blood verse]. 19. A nethod of calibrating a
henodynam ¢ paranetric neasurenent, conprising; 20 in neasuring a first
henzodynani ¢ péaraing ercchdgodiatbetvanitdaida ol ood scesse paraivaens bysddngn aaaer r or
conponentobqt_%ﬁ&ﬂrg]%eﬁgﬁ with said me ast.u-ernent of said first

d monitorimng.
18, The method ol Claim 47, wherein said stress comprises compressive stross,
15 sand third paramcter comprises applanation pressure applied to said blood vessel, and said
fiest dunctional rclationship comprises a relationship between arterial blood pressure and

blaad veloeity within said blood vessel.

1% A method of calibraling a hemodynamic paramctric  measurement,
comprising;
20 measuring 4 lirst henrodynamic parameter associated wilh a Blood vessel;

dentilying an eiror component associated with said measurement of said first
hemodynamic paramcter by momtoring a second hemodynamic parameter:
generating a calibration function based on said second hemeodvnamic pararmeisr and
suid error component; and
25 correching data obtained during said measuring said lirst hemodynamic parametcr
wsing suid calibration function.
20 The method of Claim 49, wherein the acl of measuring said first
hemodynamic parameter comprises measuring a non-calibrated pressurc wavetorm.
21, The methed of Claim 30, wherein the acl of identifving an error componcnt
3 within said non-calibrated pressure waveform comprizes:

identifying a variation in the magnitude of said second hemodynamic parameter,

and




| i emodynam ¢ paratnctcr by nonitoring a second hernodynruni c paraneter;
ir nerafinfl a calibration function based on said second |icnodvnam c
paranmeter and staid error conponent; and 25 c" rrecti nkag dat a obt ai ned
during said neasuring sari first henodyn uric paraneter23 SEPFEMIEIR2004
catlibration function. 20- The method of2-0l ai m 49. wherein the act of
nmeasuring said first heniodynairnic paranmeter conprises neasuring a
non-cal i brated pressure Waveform 21- The nethod of C aim50, wherein the
act of ideriti$ywhogizan te nonsianpardsiid sS@niphiinitigalith pRNvakbREaLed
pressure wavef or - identifying a variation in the magnitude of
sai d seco‘ﬁ]d“ﬁ’éf"r‘?gh@/ﬁ?%l‘i‘(‘:“ﬁ 'r?élc%'inl"méﬁ% 23 SEPTENIB |j.R 2004 sr nchroni
7.ing the measgyemen i d : i SO as
to mtigate the eff e%ct: fs%té}?a ngg?ﬁ&lgqur g?l@%g{r]réptg&ng‘%mwog% E&@L’[(‘jm'l\mﬁ”lﬁdl 08'? Cairn
51, wherein safd vaFhatnshod ofstlshant,i ahéwimpeid edi ol rﬁ@nt‘ﬁmg srid hvochmoff

c aim the act of nmonitoring said second hen arnic .
par anet er OB RSP HORE COPRTG® THETRIAGAKCK B GyFret Cbr 6o ToPOw MG ¢ hi n
said f Iogm VeSS elssdl. 4 A nmethod ol ° adaptively nmeasuring the bl ood pressure
of aliviiig subject w]llg tit |east one blood vessel. conprising:
measur i ng non-%hl i bhamedodrdselapiévelameasuring ©aitdods) possrestel Hiving)sudeet vi ng

a cali bral_thn?ﬂuﬁ%ﬂ?&’m%u&?{e %laéot}&sﬁ &g said non-calibrated pressure data;

calibratin aid derived calibration function at a
first inter valhma-:shng tmng-cﬂ&jrﬁicdilpmmé i dtcedsyixt Blesdivesselat a and said
cal i bration function; %Ilectln non- @?L@lrated pressure datafroth sai d

1 1

subj é& durin &V INechE! Diion it H"“i@r Héh‘éﬂylﬁilﬁgmffﬁréd@ff@ﬁ@ﬂ Pieessur e
data and call DiblRfle MO GHiAt: 3% Milelsuf %th@a ARI! BfbdofE gy oal d at

| east one other tine; to"identi one response w
subj ect ; iamdvadi usdrig the vaI ue Am | east saki fi rst |nterv tl based on

said at | east one response. t he t hod, of . C.ai m 54, wherein the act of
measuri ng sai GUHR ilfm%ﬁl@aﬂtcdz@mfﬁme iuéiﬁ%ﬂ%@' 1vl§'é'§nheasuri ng an

arterial pressyRcMAMRIOf bR Ba U R frifin %ﬁi'actufnjl'r!@t ARl aPleall@ink W9

conpr i ses.
[5 time,

analvzing the stored pressure data and calibration function, as well as that obtained
during sakd at least one other time, to identify at least one response within said subject; and

adjwsting the value ol at leasi said first interval based on said at least one response,

253 'lThe method of Claim 34, wherein the act of measwring said non-calibrated

2 pressure dala comprises measuring an artenial pressure waveform tonometrically, and the

act of deriving comprises:

measuring a hemodynamic parameter non-invasively,

applying a siress 1o said blood vessel while measuring said  hemodynamic

parameter, sard stress inducing a responsc within sccond hemodynamic parameter;

]
el

identi(ying al feast onc marker withio said response; and

deriving said calibration function based at least in part on said marker.

26. An apparatus [or measuring hemodynamic properties within the blood vessel
ola lTiving subject comprising:

a first trausducer adapted (o measure al least a first hemodynamic parameter
A associaled with said bloed vessel;
a second transducer adapted o measure at least a second hemodynamic paranieter

associated with said blood vessel; and




Unreasuring a heni odynam c paraneter uori-invasively; applying a stress to
sai d bl ood vessel while neasuring said hemmodynamic parammeter, said

stress inducing a response within second henodynani c pa%?ﬁgﬁigpgﬁﬁaéagfenti

Ring at | east one marker within said response; and der
calibration function based at least in-Bémrt on said marker. 26. An
apparatus for neasuring hemod~ynammi c properties within the bl ood vessel
ol"a living subject colnprisin' a first transducer adapted to neasure at
| ead a First haisnodymtasqaiparmibely codndie 18 eaidifirstanl] eekonil indducsaiadd bl ood
vesse 1; a second transducer., adapted to neasure at | east a seco

bR bhg

d
heni odynaiie BEFhifeEarrale&GETLOa fngion JAIESu @ sleng droduceddpTENBER

2004 -83 @_Liliisagﬁ.h RHORRSS Ahd OREY alill Vit IR&Iedo hQigal SrollieathyaR frecond
transducers an con|] I gured to generate a calibration function based at

| east in pantduger. a signal produced by said ,eeond transducer, and apply

said calibrati function to a signal oduced by said fir n r
?27. Thé appara?gs oﬁ%ﬁlﬂﬂWFggi“?d?@ﬁ%rﬁ%oﬁgﬁpkﬁﬁ pgﬁnéfﬂ]éﬁgPﬁ%ﬁﬂhﬁgﬁgg
adapt ed tqdmé{pﬁssm%ﬁﬂ khidoBlow@seskelWhille Measting NGid aicchirle tomddhaimedyn

ni c paraniekr_ 28, e apparatus of C aim 57, wherein said blood vessel
conpri ses Putgiekadi al  artery of a huraun being. TO 29, The apparatus of

Claim 58, wheragn Said Lhldls'dr RSS! whAPR! LfPlBy YRLEPSHASR &L AR Auger
di sposed in proximity t S48 T adi'a artep,, and Sai d second transducer
conpri ses aatrvat@usinae teimgnsducer al so disposed in proximty to said radial
artery, 30. The apparatus of C 59, erein said acoustic transdycer
transiits at 18~ silheon@edsus (o i BREIFIA 18 i RISV SOBP Simck _
g used by LA ey SN e Py g Bl ey BESRN FROR RS |
second hcmﬂmpdynanﬁmcmmmammmhxeanMMHampléqsuﬁeﬁ@pp@ﬁddmﬁwzsahd appl at

ation device_SqI - Ehe appar at Sc f C]ai_160ﬁxmgq£e| .said a I?t>atioQ
devi ce conpri sed: saild® Bﬁ’ﬁ@%‘éﬁr‘g ?‘%H?n“s&]dd LT S8, G?Hg’eaﬁﬁ%qflﬁ‘?‘fﬁst FEOEF & m
60i wher ei| ;5@ ucolisl BN A SAHBHIR RIES 8hOReccidPs HOBRE bASSIRNIARBYEL | C
PH Se.lS said at least one echo being used by sald signal proccssor to gencrate a relationship between
said second hemodynamic parameter and the pressure applied by said applanation device.
3l The apparatus of Claim 60, wherein said applanation device comprises said
pressure transducer,
32, The apparatus of Claim 60, wherein sald at least one acoustic emission
20 comprises an acoustc pulse,
33 The apparatus of Claim 60, whersin sazid at least one acouslic emission
compriscs a substantially continuous acoustic wave.
34, The apparatus of Claim 8, wherein said second hemodynanue parameter
comprises the maximum velocity of blood Mowing within said blood vessel.
25 _ 35 The apparatus of Claim 60, wheremn said sceomd hemodynamic paramecter
compnses the amplitnde-weighted mean veloeity of blood tlowing within said blood vessel.
364 T'he apparatus of Claim 60, wherein said sccond hemodynamic parameter is
related Lo the ket energy of Dlood Qowing within said blood vessel.
37 An information storage device, comprising;
30 a dala storage medium;

a pluralily of dala stored on said medium, said plurality of data comprising a

computer program adapted to run on a data processor, said computer program being



3 t_ The apparatus of C aim60, wherein said at | east one acoustic em ssion
conprises a substantially continuous acoustic wave. 34, The apparatus of

Cl ai m 60, wherein said second helrl odynarnic paraneter ni
axirnurn vel ocity of blood Mowi ng within said bl ood vesgiggggLQﬁéai hﬁi
apparatus of O aim 60, wherein said secdtrd henodynar ni ¢ par anet er
curnprises the anplitude-wei ghted nean velocity of blood flowing within
said bl ood vessel, 36_ The apparatus of Caim60, wherein said second
hcrodynar pinglijpascafe tdeterin iamingne kalttested oaluk € a Hirstdtchmdgnmnjgmmdmlﬂdd aolgrind g

wi thin said bl ood vess%J n |nnfrnat|on storag ﬁ_x G aLng;

30 a cLi LPedr Bged i ﬁﬂlr?§t G and spepd  HRPY defo sl Sn QPH i '€ sai d-
plural ity gf.dat.a,E aMIiohldlbdted CHMRUCLIPIAY ha: AHARKE aﬂaﬁmfe'f' NsaQDs@of@t a
processor; said conputer programbeing 23 SE P 1'tMB E 004 -84
coIn||guradnmdnmdﬂU@ﬂnWmegﬂaﬂ@éhﬁbﬁﬁﬂé@ﬂvﬂhM@memﬂﬁmkmétmh@thd?ﬁﬁWWéﬂE

paralileter i,Vi based an flrs ut. .data and second i nput
dat a, salamﬁl Wﬁkﬂﬁaﬁgﬁﬁ 5&6””?%&?8%8%?5?# &@Hgm%on calibrated val ue
of said first Lhammeynam Secpad QJats $l:ﬁ|1{d:1ﬁﬁ59ﬂd:dbl| o Tusbgibaal belatignship

representative of a Second henodyn inic paraneter, the acL ¢ 1' det erm ni ng
sai d cal i Brat'ed val ue of said first hcrnodynami ¢ paraneter conprising;

anal yzi ng Sa'dunﬁ%ﬁ??ﬁdhpﬁﬁmxﬁéﬁﬁm&gna?&ﬁ@ggﬁm%Edeﬁﬁga ﬁ“&ﬁﬂ}eigpﬁ%n§%ip

relati onship ther ut’ one functiona

to derive a cahpﬁﬁa@memthBmhn@mnmanﬂuuammhymn@us&uducahmhnaﬁhmmcMnmme&ion
to said first input data to determne said calibrated 1{1 value. }8. The
stora¢® dedl'ee of Maim 67, wherein said act of deriving a calibration

tunetion conpri;ges: I'h%'bﬁﬁh'ré Jiéﬂu!&gufaéldhﬁ%sﬁ wHRRTREK 81 ¥ BN %hﬂh&%ﬁ&@d
i nput data, and det erni’t nii | g said calibration luncticm based at least in

part on sandtiat clr@astesone 1 niai -ker.. The storage device of. C aim 68,
wherein said a ni ng further a |ng third I nput
T I L R T o R R AR
storage devi Ced@ﬁcmﬂnﬁigﬁaﬁﬂ mn&%&h MuS@iodl ﬁ@apw%«,pwgmmﬂ Said Wi AL ongON
[ittured Lo ideud[y saki | east one arlifacl. by fomii rtg a

time-13ir egukticy representatlon

349, The storage device of Claim 68, wherein said act of determining further
comprises analyzing third input data relating to ervor associated wilth said Rrst inpat data,

4f).  The storage device of Clwm 67, wheremn said compater program 1s further
comligured Lo identily sand al least one arlifuct by fomming 4 time-frequency répresentalion

20 of al least a portion of said sccond input data.

41, The slorage device of Claim 67, wherein said data slorage medium
comprises magnetic media.

43, The storage device of Claim 67, wherein said plurality of data comprises a

plurality of dala bits forming machine readable object code.

I~d
1

43, Anapparatus for assessing hemodynamie paramelers, comprising:

a central processing unii;

a data storage devics operatively coupled to said central processing unit, said data
storage device being adapted to store and retrieve a computer program;

an inpul device adapled to receive data inputs from one or more external sources;,
kit a computer program, stored on said data storage device, said program being
conligured o dertve a calibrated value of a first hemodynamic based on first input data and

secomd input data received via said input device, said first input data being representative af



20 of at least a portion of said second input data. 41. The Loraige device
of Claim&67, wherein said data storage nedium conprises magnetic nedia.

42. The storage device of Claim®67. wherein said plural iy,

conprises a plurality OCdaLa bits form ng machine readgb¥é8@@@88%,

43. An apparatus for assessinng hcrmdynﬁ?ric par al neLers, ccornprising: a-
central processing unit; a data storage device operatively coupled to said
central processing unit, said data storage device being adapted to store
and retri evenaabbrpdt wdugpoOgidiutnst damiodputmid euraeetadapd ed:ihd ingaelavehdat a
inputs fromone or nore ext rlnal sour.ces; 30 rlhconr'pu ﬁr .pro%r m tprﬁaad on
sai d dat a SFoFAGEYHEY it &Coed RgmeHEm BEIR-Cr dhh A Pé P ot et e

cal i br at edyvalpg:;i®hird hbhiSnRerpaReRt SoRAsgd; on first input data and
data received via said input device, said first input data

second Enpkit
bei ng repr esentwdliziee Gaidl sandSEPTEVBERIQ OlAtity8E! karoma Alichvel axlatigindén of
sai d tji rsy _,p%r]r_ndynani i c paraneter, said second input data being
rcprescnt al'’'\'c of a second hemodvnanic paranmeter, the act of deriving said
calibrated vahubriof ssidiztlehdtopt fibROOGY MeBiihshprtadelier a cAiption asticanatd/zi ng
said second input data to _identify at |east one |Ixunctional r lationship 5
Llicrcirr: ut.ipplyipgppidgalbiagor Srchem i saghBrst Rut dabn b dTamans sk mlivriterd
derive a ¢al.bration function; and applying said calibration function to
said first input data to determ ne said calibrated aluc. 44. The appUual . u,
of Claim73. fd#thedTheompruiadinglalbisplay fidéwr cenfipising) acldisply dyving fat
| easl aki_.cllibrla}ed value to a user. 45. The apparatus of Caim 73,
furt hé c8ﬁﬁﬁﬁ'@?-’n’b e&“c"ﬁﬁdﬂ‘ﬁ pated A didot ed to run on said central
processi ng uni s sai AP {-QgrAal ' Ak e I 1Tur
cornpulients vvitli hi nqggi%d Tl Elg% t ggﬁg‘e:?oﬁéﬁi’%hgﬁ?“ﬁ gg{%g%ﬁgﬁukp#%%ﬁ%g wgéf{ptec?
provi di ngtit neatmend ceigrad prdoe iy suibjseict compmibgy miregrag : beinsseinggtued go addmtidod
vessel of said subjcc#.useful .for nmeasurin ressure data., neasaring
pressure SV ERSATLRMATILIAL FEG ObiosS W@Eg ' non-invasively; ntcasuring a
ficmodynani ¢ paganeiercthb@ar sk ik eesn¥ass allivigensi-el Le@pasisal i bration
function fromdata obtained Tromsaid neasuring of said

13 selecting a blood vessel of said subjcet useful tor measuring pressure dafa;

measuring pressure data from said selected blood vessel non-invasively;

micasuring a hemodynamic parameter from said blood vessel,

generating a calibration function from data oblained [Tom said measuring of said
hemodynanmic paranieter;

20 applying said calibration lunction to sald pressure data to producce a reprosentation

ol hlood pressure within said blood vessel; and

providing treatment to said subject based on said representation.

47. The methed of Claim 76, wherein said blood vessel is the tadial artery of a

human bcing, and the act of measwing pressure data comprises obtaining a pressure

S}
rdi

wavetorm using a sensor applied at the skio proximate to said radial arlery.

45,  The method of Claim 77, wherein the act of measuring a hemodynamie
parameler comprises:

CCNCHATING ACOUSTIc waves;

lranstmitting said acoustic waves inlo said radial artery;
30 reeciving echoes of said acoustic wave;

analvzing swid echoes to derive a representation of said hemodynamic parameter as

a fimelion of time:




hernod naniic par mreter; 20 applying said calibration l[inction to said
pressure data to produce a representation ol'hlood pressure within said

bl ood vessel; and providing treatnment to said subject b . .
representation. 47_ The method of Caim7. wherein said%isgggﬂ0ﬁ§§29D9% t he
radial artery of a human being, and t h8%act of measuring pressure data
conprises obtaining a pressure ? wave formusing a ensor applied at the
skimproximate to said radial artery-. 4. The nmethod of Claim 77, wherein
the act of measaout ixhgred the podymansrating a palibastwatfenctivovpnipses; generati ng
acoustic. waves= t._rans :,ttin% sai d. acousti c waves jntfo said radia
artery- 30 reciPHAGREHIEESE O FalrgwiiRig sak IEPIREA O34 2i ng | LLi d echoes

to derive a repLgsaAnAt L0 rion FRlcfioh Bhaady Rakiih Bk 6n RAUIRE on@Feat@eki | | ¢
Li on of tinme 23 SEPTEMBER 2004 -;6 and wherein the pact of generating a

calibration fudtiom oofpxi efedstermiviegtthe yicwgl atlug edst [vh @afaawtal reithin tthe n
said representation. and uen tin i bration function based at | east
in parf o SR GAT 5 (gttd ]f)wr{]éé\%%é%c&%éﬂ’%w%%inﬁ' nmet hod of determ ning the actual
val ue el f' a fifegtuparagwhige ofva tfititpatdhtetermssictaed aithnle aysdamyaistaml donk ng
subj ect, conprising: nmeasuring the value of a first paraneter associ ated
with the éviesiyelat Bieymessured ifahisnal lhﬁ\ha%im@nwcrtww&gw%a‘ﬂ%ﬂlﬁéww yHee | ust
paraneterﬂfggﬁg different fromthe actual value thereof'; applying a

stress on the tirculatory systemto alter the henodvnarnic properties 10

thea. eof ; ir aspfliivag @ ssecond tlpatinditen gssociatube Wet erdignanice ploatioky
systemwhi le. the stress is applied; generating a calibration function
basedl&t Mg’ in part on the neasured second paraneter; and 15 cOlTecting

the measured | ugh R FMBEIRAN pMEnERr LEScEAId RIAL IO MNES ARsierOwhile TRE hod
of determ ning a transfer function between a blood vessel " and a sensor.
said bl oodtresess@ipliatid sai d sensor havi ng one or nore bodily conponents

di sposed sencrating a calibration [unchon based al least in part on the measured sccond
parameter; ad

15 correcting the meusured {1rst parameter using the calibration function.

3. A method of determining a transfer function between a blood vessel and a
sensor, sind blood vessel and said sensor having one or more bodily components disposed
there between, comprising:

applving a first stress having a [rst magnitude Lo said blood vessel and sad

20h components collectively;

measuning a first response of satd blood vessel to said first stress;

applving a second stress having a second magnitude to said blood vessel and saud
components collectively;

measunng 8 second regponse of said blood vessel 1o said second siress; and

28 determimng said transfer funehon based on sad irst and second and said first and
socend magnitudes.

Al The method of Clamm 80, wherem said Arst and second siresses comprise
COMPTEssive Sreys.

52, The method of Claim 81, whercin said first and sccond responscs of said

30 blood vessel comprise chanpes in the diameter of said blood vessel under saic first and
second stresses, respectively,

533, The method of Claim 82, wherein said changes m diameter are determined



...

t here between, conprising: applying a first stress having a iirst

rnagFni lude Lo said bl (}aod vessel and said 2 0 C| ITTIVOr] A1 (S co ]
1 Ceti v ely, nmeasuring a first response of said blood vessel to said first
stress: applying a second stress having a second nmagni tideEFbEBRAIRR dhiod
vessel and said conponenl collectivel y#%7-rnmeusLin- ng as second response of
sai d bl ood vessel to said second stress; and dciernuning said Lratlsfe>r
Cunc.tic n.based on said tiirst and second and said first and xec.c,nd ]
ragni t udes ™S PUSICTBeAet hod of Clai mgo, wherein said first and second
stresses conprisse - r i ve-stress_.52. The nethod of C aim 81, wherein
said first anddéecoﬁ rSg%%ﬁ%éQEB? ardierein jaig) woustiessels wanplsi: Yo nelianges
i n the dittivenesioof. said bl ood vessel under said first and second stresses,
respectively. 53. The nmethod of C aim 82, wherein said changes in dianeter
are. determned _7 3 SFY7 EMBER 2004 using acoustic waves. i4. The nethod
of C&aim3, wherein said acoustic wanes conprise A-nbde transnission 5




