WD 01/ 70303 -1- PCT/USOL/ 09115 METHOD AND APPARATUS FOR ASSESSI NG
HEMODYNAM C PARAMETERS AND BLOOD VESSEL LOCATI ON W THI N THE Cl RCULATORY
SYSTEM OW@\01/703DNG SUBJECT 5 This applklcation is a conti pORUS@MILTIS- part of
U S. patent application No. 09/534,900 entitled "Method And Apparatus For
Assessi ng Henodynam ¢ Properties within the G rculatory Systemof a Living

Subj ect " fﬁed March 23, Zoogl‘éﬁﬁﬁggﬁaig nedéo t he _Assignee hereof, and
i ncor por at HJODANDPARRBARSY %ﬂ@q WIWP&%AW@ ERSns
Thi s appli ‘%{%19@
entitled ﬁ%ﬁ‘ﬁ@ﬂ%ﬁﬁ%gﬁ%{)ﬁé‘ L#!%N Wn?ﬁ?asﬁ\e}é sess F A

Henodynam ¢ Paraneters | ncl udi ngIBVONG SIEBHeCTLocati on" filed March 22,

2001, assigned to the Assignee hereof. 15 Background of the Invention 1.

Field &f the Invention 20 This invention relates ener al I% t o_ met hads and
ip

a]E)par Ftt us for nibid applicetipnoiseaeatisyaiiongdgpariofiby. iy %11’5 applécatipp Q- 800P9-98)st em
[13 t f
orteri o GROTHTEFief MhCPORuAGTELY ARelig PROLNES MopamelL [ GRADIET

Bl ood Pr egSittutatddpasysianestt a Jeivirga Bubjett” ﬁlﬂdVMatohCﬁhl 20085 eh)dvessi'meéttofﬂmee
been used to non-invasively nonifor _a sulject'!s _arterial blood pressure
wavef or m Asigpgh erg%g@q{ngglipgwtec{)@ae TERAS pemgjrf&sen(néﬁ%ﬁet ry. Both the
auscullbatl on and oscillonetry techni ques use a standard inflatable arm 30
cuff that occludes the subject's brachial artery. The auscultatory

techni que determnes the subject RelatsdsA pplicationsd di astol i ¢ pressures by

nonitoring certgai.n Ko otkoff s that o s .t he cuf

defl ated. The oSt$|aP8 ‘Ppclst E"E‘#ﬁ?gﬁ G%Oﬁ)a?%‘g qg\pﬁg&}tloﬂaﬁﬁ J(%%%rg%&n %t}hefl hese
pr essur es,«p\aghyind 38pdigus v ?ﬁé mnmﬁv@mg@s%em OF HeaRd ?ﬁaﬂm Redekrs
pressure changes that occur in the cuff as the cuff is deflated. Both

t echni quesindetisgiloed Hpssslsmcatlw fled Maols 22,200pcrsigeed fogbe £5sigpre herraf.
cannot, .replicate the subject’'s actual blood pressure waveform Thus, true

nt i I I I in nn h
tC(r)\etse ous, beat-to-beat b OOdBE eso%lﬂd%f{ﬂ% te(r)uong cannot be ac |eved usi ng

1. Field of the Invention

20 This invention relates generally to methods and apparatus for monitoring parameters
associated with the circulatory system of a living subject, and specifically to the non-

invasive monitoring of arterial blood pressure.

2. Description of Related Technology
25
Arterial Blood Pressure Measurement
Several well known techniques have heretofore been used to non-invasively monitor
a subject's arterial blood pressure waveform, namely, auscultation, oscillometry, and
tonometry. Both the auscultation and oscillometry techniques use a standard inflatable arm
30  cuff that occludes the subject's brachial artery. The auscultatory technique determines the
subject's systolic and diastolic pressures by monitoring certain Korotkoff sounds that occur
as the cuff is slowly deflated. The oscillometric technique, on the other hand, determines
these pressures, as well as the subject's mean pressure, by measuring actual pressure

changes that occur in the cuff as the cuff is deflated. Both techniques determine pressure



techni ques. Ccclusive cuff instrunents of the kind described briefly above
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transmural pressure. This theory is illustrated graphically in Fig. 1. Note that in Fig. 1,
bone or another rigid member is assumed to lie under the artery.
25 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
peripheral artery, e.g., the radial artery. The transducers each directly sense the mechanical
forces in the underlying subject tissue, and each is sized to cover only a fraction of the
underlying artery. The array is urged against the tissue, to applanate the underlying artery
30 and thereby cause beat-to-beat pressure variations within the artery to be coupled through
the tissue to at least some of the transducers. An array of different transducers is used to
ensure that at least one transducer is always over the artery, regardless of array position on
the subject. This type of tonometer, however, is subject to several drawbacks. First, the

array of discrete transducers generally is not anatomically compatible with the continuous



I naccuracies in the resulting transducer signals. In addition, in sone
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measured by a tononetric sensor (pressure transducer) placed on the skin.
Hence, any WO Qo3 08gnificanPCirAwBRk/ 00 adérial tonometry systems in general is their
inability to continuously monitor and adjust the level of arterial wall compression to an
optimum level of zero transmural pressure. Generally, optimization of arterial wall
compression has been achieved only by periodic recalibration. This has required an
25  interruption of the subject monitoring function, which sometimes can occur during critical
periods. This disability severely limits acceptance of tonometers in the clinical
environment.
A further limitation of the tonometry approach relates to incomplete pressure pulse
transfer from the interior of the blood vessel to the point of measurement on the surface of
30 the skin above the blood vessel. Specifically, even when the optimum level of arterial
compression is achieved, there is incomplete and complex coupling of the arterial blood
pressure through the vessel wall and through the tissue, to the surface of the skin, such that
the magnitude of pressure variations occurring within the blood vessel is different than that

measured by a tonometric sensor (pressure transducer) placed on the skin. Hence, any
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25  compared to data obtained from a tonometric sensor This approach, however, has a profound
disability in that the calibration offset is determined not by direct measurement of the
hemodynamic parameters of the subject under evaluation, but by modeling the relationship
between blood pressure and perturbation wave velocity; i.e., velocity and phase are modeled to
have a certain relationship to changes in blood pressure; therefore, in theory, observed changes

30 in velocity/phase of the perturbation wave can be used to generate estimations of actual blood
pressure within the subject being evaluated. The limits of this system are clearly dictated by
the ability to accurately model many complex, non-linear, interdependent parameters, as well

as predict the time variance of these many parameters.



Henodynam cs and Di seases of the Circulatory System The science of
henmodynam cs, or the analysis of fluid (blood) flow within the body, is
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meet the normal, non-exercise demand. As a result, the body is unable to increase the
volumetric demand since it has no way of minimizing the energy loss associated with
25  overcoming the resistance of the stenosed (decreased) area of the vessel. If volumetric flow
does not increase, the increased metabolic demand is not met and the distal tissue becomes
ischemic. V
| By modeling the stenotic artery as a fluid system having an internal pressure (P) and
blood mass flow rate (Q) or blood velocity (v), a modified version of the well known

30  Bernoulli equation may be applied to describe the flow of blood within the artery as follows:

AP o 4.2
Eqn. (1)



anot her is known. For exanple, the pressure gradient (AP) across a stenosis
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Considering these limitations, it becomes exceedingly difficult if not impossible to

25  accurately model the circulatory system of the human being in terms of its fluid dynamic
propetties for use in blood pressure estimation. Even if a hypothetical circulatory system could
be accurately modeled, the application of such a model would be susceptible to significant
variability from subject to subject due to each subject’s particular physical properties and
responses. Hence, such approaches can at best only hope to form gross approximations of the

30  behavior of the circulatory system, and accordingly have heretofore proven ineffective at
accurately determining the blood pressure within a living subject.

Based on the foregoing, what is needed is an improved method and apparatus for
assessing hemodynamic parameters, including blood pressure, within a living subject. Such

method and apparatus would ideally be non-invasive, would be continuously or near-



continuously self-calibrating, and woul d be both useful and produce
reliable results under a variety of different subject physiol ogical
circunst amaes7038lich as when the subject74 s both consci oUBCHUM01/09115
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i ncluding bl ood pressure within the circulatory systemis disclosed. The
met hod® geAlowing for calipighion Baique e eaelipdivifuaheasuring a first parameter from
the bl ood vessel of a subject; 15 neasuring a second paraneter fromthe

bl ood vessel; deriving a calibration function based on the second
parameter; and correcting the Sumstarpeftheabiventiatrsi ng the derived calibration
function. Once calibrated, the second paraneter is nonitored continuously
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During neasurenent of the pressure waveform the bl ood vessel is

appl anat eaaij%cg“rrpressed) so as to induce changes in the henodynam c
properties wthy B fildeaspeboodthéeins@itioand nedth6d! bAhaeysisy Bébdynhec ftopeitics
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or nore aindlydieg blogdtniessurehwithindbe gireulslametystem ispisdossdr The metodigenetallyn i s
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bl 00d >0 Vesagbionehhd R stodn@! pRidbicr @o&gﬁEési BB B35 v Rirehe RBEINGE blood
paraneter; and correcting the WO 01/ 70303 -8- PCI/US01/ 09115 t17¥st
par anet er withimthettleodieesseleBunng ntsasitrérnentfod tut pressurd waefierns tearpload yessel is

enbodi rTemapplta_rrfaeied (compressed) so as to induce changes in the hemodynamic properties within the

blood vessel and circulatory system; the kinetic energy during such applanation is then
measured and used to identify one or more artifacts within the pressure waveform. A

25  correction function is then generated based on these artifacts, and applied to the measured
pressure waveform to generate a corrected or calibrated waveform representative of the
actual pressure within the blood vessel. In a second exemplary embodiment, the maximal
velocity of the blood flowing within the blood vessel is determined using an acoustic signal
and used to derive a calibration function.

30 In a second aspect of the invention, an improved method of calibrating a pressure
signal obtained from a blood vessel of a living subject using one or more measured
parameters. is disclosed. Generally, the method comprises: measuring a pressure waveform
from the blood vessel; measuring a second parameter at least periodically from the blood

vessel; deriving a calibration function based on the second parameter; and correcting the
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i nvention; an | nproved nethod of calibrating a henodynami ¢ paranetric
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functi on. first @k secoadppaameiers asopiated, withea ridedsb gesselnpnileresertaire zonditiags; a
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henody namideniyity /ad 0388 sddwceP&BEo¢iIR0d /Wil the first parameter; generating a calibration
function based on the error source; and correcting the measured hemodynamic parameter
using the calibration function. In one exemplary embodiment, the method comprises
measuring a pressure waveform from the blood vessel; identifying a periodic variation
25  associated with the kinetic energy (or maximal velocity) of the blood within the blood
vessel over time due to respiratory effects; generating a calibration function based on
synchronization with the variation in kinetic energy over time; and applying the calibration
function to the pressure waveform to correct the waveform for the periodic variation. This
respiratory effect is also detectable from the pressure signal, and potentially other signals as
30 well
In a fifth aspect of the invention, an improved apparatus for measuring
hemodynamic properties within the blood vessel of a living subject is disclosed. The
apparatus generally a first transducer for measuring a first hemodynamic parameter

associated with the blood vessel; a second transducer for measuring a second hemodynamic



paranmeter associated with the bl ood vessel; and a signal processor
operatively connected to the first and second transducers for generating a
cal i br at ivomof/zn3ei i on based on the signa$9- produced by therPerTSOIDI11S
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coupled to the display and input device of the mcroconputer. One or nore

subr out i néls latteral gorithns for i rrpl enenti ng the henodynami c assessrrent,
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an instruction set disposed within 25 the storage device (such as the
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with the foreqoj nani. ¢ [re panrat us nsan vent ect
ot The | nognnten AER Y SRS IR ARINE TR briBRRANE ttRseh B e Wd P E8
obt ai ned agragetdevitet st 4 hecrbeuRBiNt Y stept HQIdS adisteditd hinzém thet MR roprocessor of
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| oaded i nigg,t IBieomded to the microcomputer are included within the program. In a second

exemplary embodiment, the computer program comprises an instruction set disposed within
25  the storage device (such as the embedded program memory) of a digital signal processor
(DSP) associated with the foregoing hemodynamic measurement apparatus.

In an seventh aspect of the invention, an improved apparatus for analyzing
parametric data obtained according to the foregoing methods and utilizing the
aforementioned computer program is disclosed. In one exemplary embodiment, the

30 apparatus comprises a microcomputer having a processor, non-volatile storage device,
random access memory, input device, display device, and serial/parallel data ports
operatively coupled to one or more sensing devices. Data obtained from a subject under
analysis is input to the microcomputer via the serial or parallel data port; the object code

representation of the computer program stored on the storage device is loaded into the



WO 01/70303 -10- PCT/USOL/ 09115 random access nenory of the m croconputer
and executed on the processor as required to analyze the input data in
conj unct ivom owra3hs commands i nput by thelliser via the i nput PdBVSE#NI1I5N a

ei ghth aspect of the invention, an inproved nethod of providing treatmnment
to a subjgfionlsicBd théiBos EMBEOBALLENSSLtERINARStebiFedb® HeqiBebssol 28 I&Fﬁﬂaa%
generally conprises the 5 steps of: selecting a blood vessel of the

subj ect usgedlyge theinpwb datarin agpjpreioswith ermamandydrpi by tee vice vigribe ipnedeigea of
t he subject non-invasively, eratin .cal | t hon faunct.i.on; L yi ng
the cal] brat i off FOIR ¥etto MACHEMAE af 1EPOLE Bt or PG Pe iyl ¥ &
cal i br at egubjecisiigahé afor@nemionbd arthodrie dBuleedMThb inetlidiegdakadld cogpsisds thand
providing treatment to the subject based on the calibrated estinmate. In
one exenpPEpy ofnielactinent, bload Vispshof\iBs swbieeh usefih fo1s measing, argrare getaer v
of the hu i I : I r ef orm
from the Fagrarieids pRtrt Bt T8 as e A L Wbt P IR

t 0 measur epplyinigeths tcabitvatibe rfonkytivantocthp aneazeted rprestarel datago prodice by adliteated

function based at, | t jn part qn.the neasured hengodynam c par aneter;
cal i brat | FpresBiaPRof Heod BPERBs MR HirboRS YESFl BRI g B D e ve
a calibr ats@é]eét%&@cﬁ@ﬂtﬂi’é L@t Qétﬁﬂé%e.%e(ﬁﬁ%x%mﬁ&i%ﬂf anb%éinge%, tHé BEIASIAE] One

or nore nedi'cal conditions wthin the subject; "and providing a course of
treat d@nt comptites thebpdiek atergedf the humastbeing, pad theo methvsl cahprives tnedsuring a
representation. In a ninth aspect of the invention, an inproved nethod for
et ect i on PSR aaVEER SomARoBaH sl vh & Progs toner: pERG R Srutlie Vorne
met hod geRehihbite GO SRShéhédiBHinid hatemeRE Wiy £ idMhRciSiEbNa0d
vessel ; evaluating the signal l'evel of reflections of the 20 acoustic

ener gy as least impari om thef measweryheredynamia pasameter; ppliiatihg the presworowdvefessel |,
and identifyi |.eas ne regi.on _of,.redyced signal l.evel. withint

ot ect 1 onsint R ebrarE AR SRR A Rab Ry SHirsSn e of Bl6d ibtre i om
t he Aqpodgoredi¥gosing ondbe niodé B@HiRh! copflitions wiBikiae siiljedteshdiawaHingS ddufsdEt i on
of depth is utilized to identi fxﬁar,tl facts "pl ateaus") which are

used, wit freamnbierthasebieeresadst rast lntp@rt@etﬂ@g@eélig?ﬁéedj@gtqﬁer&ftiqnhe | unen. 25 In
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aspect of the invention, an_inproved nethod of detecting at |l east one wall
of a bl oB8usHS sBprgysingg diag Blood. vessrd: pralwtineba esignal Jeved iriededions of the
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| ocati on ddentifyihg as tleash enealepionf off reelubddosignalekesel withlmathev eeflectidie [ae;
wherei n detectjng the,.location co ri.sgs. A- nbde data der.ived. from
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“plateaus”) which are used, with appropriate constraints, to detect the depth of the lumen.

25 In a second embodiment, backscattered energy (e.g., A-mode signals) are analyzed using a
power calculation performed over pre-selected depth intervals to identify regions of
reduced signal level therein.

In a tenth aspect of the invention, an improved method of detecting at least one wall of
a blood vessel is disclosed. The method generally comprises transmitting acoustic energy into

30 the blood vessel; detecting at least one region associated with the lumen in the blood vessel;
and detecting the 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 energy. In one embodiment, the wall is detected by comparing the integrated power
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vicinity of a blood vessel; receiving at least a portion of the energy backscattered by the blood

C)

vessel; detecting at least one artifact associated with the blood vessel based on the

25  backscattered energy; and determining the location of the blood vessel based at least in part on

the detected artifact. In one exemplary embodiment, the blood vessel comprises the radial

artery of a human being, and the acoustic energy comprises ultrasonic energy transmitted into

the artery via the interior region of the subject’s wrist/forearm. Energy backscattered from the

artery walls and lumen is received by an ultrasonic transducer and analyzed using an

30 integrated power metric to identify the location of, and/or optimal position of, the transducer
with respect to the artery.

In another embodiment, integrated power and/or signal level is analyzed as a

function of depth within the tissue to detect the location of the lumen. The location of the

artery walls is then determined relative to the lumen, thereby allowing measurement of the
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the prior art "maxi mum pul safi | heory. Fig. | ustrates a bl ood
vessel w pharamzteys sughlassignsl qﬂahm érme@nrtmﬁmfdtl@wmmewalor slutteth end tife likes
Figs. 3-3e are a logical flow diagrams illustrating one exenplary

enbodi ment of the nethod of assessing hempdynam c paraneters within the
circulatory systemof a livi ngne@_@bﬁﬁﬁo@mﬁém@ﬁngg the invention. Fi gs.
4a and 4b are graphs illustrating the relationship between bl ood velocity
and 1@ducti onkig.  isea epmpesite\arapl Blystrating therrapsstseefipnal élsap@fof@nmr@adasa
vessel . 20Q F A e | af in

appl anat i gtr'{l Iggés%fﬁgpéﬁ%dgég%sg%cagf rﬁfﬁﬁse ?ﬁcto{(ﬂh‘% Y t%]‘Q r Zr‘r‘?{al l%g%lm 3@%
accor di ngthiedrt.he invention. Fig. 5d is a graph illustrating the

rel ati onshi p between maxi num bl ood vel ocity and . percentage reduction_in
flow area (appFihatilosrgeea dlaod)vessst Wid wranadavslsiof stangsisyermsdiqn the walls
pressurestheggofFl g. 6 is a cross-section of a portion of a typical human
wist illustrating the relationship between the artery, skin, and
interpdsed tisFig. arda dﬁ@dﬂdg{catﬂﬂp&ﬂleg’rms ilhisgating ene/éxeaiptarg empbdiment of the
illustratin %PE |, ar émsfer function and transfer fracti ?

respect i vEIhOk g} agEsing %0 R pagmelsry Wigin thy cigylptosy, sysin of gnliving
diastolic Q&%&dr@ 10 AL b &htio. 1S @ graph of measured, actual, and scal ed
(cali brate]? arteri a pressure versus tinme for a typi cal human subj ect
utilizing the iFigserdniaod 4brirg graph slhestratnd el refationship dgmeam ibldodstelawity mgdone

exenpl ary F%{urgﬁgn gﬁ@fz gﬁgegtfve CIp§scse e htbo%ap I‘loxgvm a(rje% ofjgtgolcgohcfa vesserfDdy namc response of

cerrent

the circu
20 Figs. 5a-5¢ are graphs illustrating the relationship between applanation pressure,

cardiac sinus rhythm, and arterial wall displacement according to the invention.

Fig. 5d is a graph illustrating the relationship between maximum blood velocity and
percentage reduction in flow area (applanation pressure) for both diastolic and systolic
pressures.

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

Figs. 7a-7b are graphs illustrating an exemplary transfer function and transfer
fraction, respectively, for the cross-section of Fig. 6, for both systolic and diastolic
conditions.

30 Fig. 8 is a graph of measured, actual, and scaled (calibrated) arterial pressure versus
time for a typical human subject utilizing the invention.

Fig. 9 is a logical flow diagram illustrating one exemplary embodiment of the
method of modeling the hemodynamic response of the circulatory system of a living

subject according to the invention.



subj ect according to the invention. WO 01/70303 -13- PCT/USOLl/ 09115 Fig. 10
is alogical flow diagramillustrating one exenplary enbodi nent of the

met hod ofwa@al/f@3pati ng a henodynani ¢ parldretri c neasur enenPCT/OR0W®SIS r at i on
or other periodic error sources according to the invention. Fig. 11 is

pl ot of the velmeityisafdoftdleiow daRi@Yillatingf ol SQehidrWnitddhd i dF Be 5
typi cal blood vessel, illustrating the effects of respiration thereon. Fig.

12 is a bimsghoddphgrlihraidng enkeneodynynisr parampisigi merrurement Her agsplntianuer foder
measuri ng ] I [l i.thin.the blood vessel of a living

subj ect a ?@%?ﬁ‘ggﬁgg%r‘%ﬁg‘g‘?%ﬁ@%g?‘?@85@8&13 is a functional block diagram
of a second entyigli Iteistplof of tie ity adndskinétidérgrgy (OE)L3f blobd Slokaig Rdthid &8 use

on the_radi al tery of a human being. Figs, l4a-14b are perspective views
of var?ou@’ﬂ%ﬁ%’évﬁéﬁlid%‘ﬂs@a%ﬂfh&ﬁﬁgﬁsﬁ’éms paythersae represent ati ons of
conput er progrgas {NeoL i h t S Al L i Fig.
15 is a bl ock g;li%glr a%ogfﬂga# id?%%&%%o@#ng%ﬁpg%yt%go app%l?gfutgé;%ﬁ%h%%%i ng
15 par anetsasurites lenaslyoadicngropatiesheithintberblood vessehof 4 Bving sabjecigicemtingltow

di agramil | ust rrgti ng one exenpl ary enbodi nent of the nethod of providing
treat nent t VM) ect using the aforementioned methods. Fig. 17 is a

| ogi cal bl ock d¢iaqnasm, ifkdchshdl Bldck Aid2Ren 6K 5RbAI ¥mBSRREhI B e fhpalalR orBRNIET 2l
met hod of |unmen and wall detection according to the present invention.” 20
Fig. 10¢a ilg ikustrengitd usslondhe ailiabarteny of 4 lugnanchdingy one exenpl ary enbodi ment

of the nethod Hf pro sing. A- node si gnal er the. netho f Fig. ,17. Fig.
18 is a graphi gg%s' ﬂé”ﬁ'ﬁgge%‘ff g‘fef%’nab‘fe Xfeg" aw'Y 1°r1f18dga°41iubenléﬁag% eglelrdgan@fi}’%ﬁ Io?
depth W tobjebt &dtRe represdnativhs bheorbplabesibghisificdtporatify 8 méths okIhnéd fresent

graphi cal representation of the envelope derived fromthe raw A-node data
25 of FigInvegtiowrjig. 20 is a logical flow diagramillustrating the general

nmet hodol ogy of a tun d | at | a i Ll.teri .
according to the™i fnjjl\’/gsn ibg%c.k ﬁl% 2?1; :dgﬂgt %%@%ﬁ%f%%%ﬁsrﬁg iaﬁ%y%lﬁg
met hod5 of petadchtad dute ackopdiag tathe dnveafiod.ne A-node signal according to the
present invention. 30 Fig. 22 is a graphical, representation of_ the
fr eqijency res p(ﬁ*&elgi)g %?_%égl@leﬂw é‘l%gra@nlﬂﬁﬁ%@ﬁtoﬁ e&wl%mggﬁ?fﬁi Qfetthebl
i mpul se resno : . is atable
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Fig. 17 is a logical block diagram illustrating one exemplary embodiment of the

general method of lumen and wall detection according to the present invention.
20 Fig. 17a is a logical block diagram illustrating one exemplary embodiment of the
method of processing A-mode signals per the method of Fig. 17.
Fig. 18 is a graphical representation of a “raw” A-mode signal as a function of depth
within the tissue of the subject being monitored.
Fig. 19 is graphical representation of the envelope derived from the raw A-mode data
25 of Fig. 18.
Fig. 20 is a logical flow diagram illustrating the general methodology of quadrature
demodulation and A-mode signal filtering according to the invention.
Fig. 21 is a block diagram illustrating the method of quadrature demodulation of the
A-mode signal according to the present invention.
30 Fig. 22 is a graphical representation of the frequency response of one exemplary
embodiment of the lowpass finite impulse response (FIR) filter of the present invention.
Fig. 23 is a table listing an exemplary set of (FIR) coefficients used in the quadrature

demodulation and filiering method of the present invention.



denodul ation and filtering nethod of the present invention. WO 01/ 70303
-14- PCT/US01/09115 Fig. 24 is a graphical representation of the

envel opevwguarsm wavef orm derived frosdt he A-node signal POT/URMgI1IS8. Fi g.
25 is a graphical representation of the |ogarithm (base 10) of the

Coprosontation o The ARl fomcsshiyicn of e lclope B aRietfiom dogved

envel ope- mmxathedk nfodblsgnﬁl—afdﬁg I$ignal of Fig. 24. Fig. 27a is a | ogl cal
flow diagramil|lustrating the | at eay’ t hod of. |u tectio
according to t 2r§\r/ g%ﬂ?incﬂ b‘gjref?%taﬁl%n gF Eog?ﬁlﬁhﬁé@é? qﬁb Eﬁl‘@éppe-

backscattgg W@@éfoﬁ?oﬁﬁg“@&“ on of depth for a 10 single A-node |ine.

Fig. 27c is a graphi cal presentation of the normalized integrated power
functi dn accolFil. 29 is @ graphiqal mpesentatinhefdhe hpilicgtior?dfathe Bhig. fu@Tidni(FGL) to

gr aphi cal representati he pl at etection nmetric used in
conj uncti & ‘% ?ﬁp‘i-ﬁ@aﬁéﬂﬁ@@% (jlgngg‘ng%gﬁFi g. 27e is a graphical
representation Fi)g 2U8 8 IRGIEI AlAP diaplaf Bastraiak At pRileai® Wetifod{dFlurfen E&HQGLE

A-mode line. Fig. 28a is a graphical representation of the power profile
(1mmint eravfalrdmat@hgmvﬁetlonTGC-correct ed A-node line of Fi g 26 Fig. 28b is

et act ton us ndTa2Th it AR ms N red PRl Red SIAAHS HERKoPOr g a 20
| ogi cap f|smgleCMddelhthSt rating a.first exenplary net hodol ogy of front and

back wal | detection based on integrated power calculation. Fig. 29b is a
| ogi cal flow cHig t27cl s s giaphical gepresentabing exibppoanslizad driegrated ppwst fmctian 25

and back \Q@é I dxﬂgioet%?%%a@ﬁ?e%d%@ﬁ?@é%ppe squared signal |evel
a

det erm nat'ron graphi representation of the relationship

bet ween t he av@igagmmow grapaicalu kreprésontatiaid of hibe f plaoiu aecti@c knetdd lused in
artifacts present in the pi cal A-node envel ope according to the nethod
of Fig. 2gan1umt@nvgﬂ1¢1§n§ﬂgﬂéz§ﬁlgc87a representation of the positions of the

front ;and back I %?{Pak beﬁim al rre
(base §on a sar?ﬁijr’{g 1éc))% g%@%ﬁ%% s‘?fé?{fﬁ?{e I ne ?z)iﬁ sa}t%é t JCH&F%&% i%% I
29b. Fi g. sdwld A-nsodgrmphi cal representation of the positions of the back

wall of a blood.vessel as unction, of finme during. applanatio n
ext ernal appl aﬂ: |?(§ﬁe1§] @Vgrgg]?c representation o% e power pro%le Plenmnmtervaf)I atfg/ng the

TGC-corrected A-mode line of Fig. 26.
Fig. 28b is a logical flow chart illustrating the “interval” methodology of lumen

20  detection using A-mode signals according to the invention.

Fig. 29a is a logical flow chart illustrating a first exemplary methodology of front and
back wall detection based on integrated power calculation.

Fig. 29b is a logical flow chart illustrating a second exemplary methodology of front

25  and back wall detection based on envelope-squared signal level determination.

Fig. 30 is a graphical representation of the relationship between the average power
calculation and the front and back wall artifacts present in the typical A-mode envelope
according to the method of Fig. 29b.

Fig. 31 is a graphical representation of the positions of the front and back walls of an

30 exemplary blood vessel as a function of time (based on a sampling of 5000 A-mode signal
lines) using the method of Fig. 29b.

Fig. 32 is a 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.



WO 01/70303 -15- PCT/USOL/ 09115 Fig. 32a is a graphical representation of
the linear position of the applanation device (mm as a function of tine
during appbanaBidbn of a typical radial-@rtery. Fig. 32b i BCHU§#APhisCal
representation of the pressure profile neasured by the applanating
pressure trans®ys SPa &Sa graphidel tepres@itation o thisIlihdag pasiiar of thg applafrition e S
Fig. 33 is a_graphical representation_of the front and rear arterial wall
position (@EpPERafyctipngt time during applasption efidvicalpadiglartey. a functi on of
appl anati on. Fi kS ,a i S i VaQf
det er m ni ng thlgggr' a‘f%’ (‘i)fa %1%3%8% %?teg§r§%gp%v§§se pg%}g%ét rpﬁggﬁfggg%ér?c:&?otﬁlgof
appl anat i epplacating gresgure tranddecdr ay & fitnicton offirge d&mg aecardingdo £g. 324.ow chart

illustrating one odi ment .of the nethodol.o f 10 assessing h y.nam c
bar Anet or 5. ot RGE-BRHEARCHGrIGBeliet pOS OB Fsg Aty o RED PRy h (Bt o
35a is a %ﬁ}?%@ﬁm@ﬁﬁéﬁ%@réﬁﬁﬁré@ﬁlﬁéﬁﬁdﬁaﬁ MefipHS appl anation pressure
for an exenplary radial artery, indicatin he "flat spot"” in

end- di ast ol i ¢ prigs¥hisea griphical3@pieserdationgifdhe niathwdoldigs i slateitiningt thatratagpfone
exenpl ary Jjret hodpl ogy of. ..15 det erim ni ng.opt.i mal appl anatipon. pressure
during ne e AP eotbeSehdiast A biong AP efRon ARDRRE Bl ileiRe” < 4
hi st ogram pl ot E? FBENisex AR flywedHartdillagikRinb one fdnifodfiRétt ‘of 4B Rfetliodblogy of

al gorithmaccording to the invention. Fig. 37 is a_|ogical flow chart

i | TustPat iaprgssne demedieanmnic cpasaarivesnsing lomen ol Mellhdeiettivgy aesording desthag
henodynamilgveg,ag meters using backscattered ultrasonic energy based on the
inflection pornt wwthin the diastole pressure profile. Fig. 38 is a |ogical
fl ow di agram i [FigiS5ads b peaphref reeesiet aririsingresurevirsus fapplaaatioet presbureofor an

scaling the neasured pressure to account for tissue loss. Fig. 39 is a

gr aphi cal crepplesdadial Wdﬂdw@%@?h 3t spet’ap gud-dmstolig ppssgure.40 s a | ogi cal
flow diagram i Ig s i mhedi o]

| ocating a bl og‘loé!vgeiz%lglagggg ﬁéﬁfgﬁ{ag{ea%lnegtl onhg%cmgredlé%egﬁﬁo t E@xﬁ?{&lg iogn.
Fi g. 43 i sleerhmgigomptinfal applaliation pressuré deingdienugymamnsic excasqement aecdodidp wethe of
the nethod of |ocating a blood vessel using |umen and wall detection
accor di ng G i nvention. 30 Detailed Description of the Invention

Ref erence is n et -gngﬁ,a' i i ka A I r ke
parts thr ough%' n%%t lsi g Hrllggt ed t a?%ﬁ“?ﬁﬁg@ﬂé&gﬂ%ﬁ{ci sﬁactie%é?i %éetgca}?&elr ein

in terns caigoaiﬂnma&wrdiagmb thejmyemtainus f or assessi ng the henodynani c
paranmeters of tijge §J7 & laafo%{c\él 3 osv;[z ecrHa¥ti ?Ill}sggting an alternate embodiment of the
20 methodology of assessing hemodynamic parameters using backscattered ultrasonic energy
based on the inflection point within the diastole pressure profile.
Fig. 38 is a logical flow diagram illustrating one exemplary embodiment of the method
of scaling the measured pressure to account for tissue loss.
Fig. 39 is a graphical representation of the method of Fig. 38.
25 Fig. 40 is a logical flow diagram illustrating one exemplary embodiment of the method
of locating a blood vessel using lumen detection according to the invention.

Fig. 41 is a logical flow diagram illustrating one exemplary embodiment of the method

of locating a blood vessel using lumen and wall detection according to the invention.

30 Detailed Description of the Invention

Reference is now made to the drawings wherein like numerals refer to like parts
throughout.

Tt is noted that while the invention is described herein in terms of a method and

apparatus for assessing the hemodynamic parameters of the circulatory system via the
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appl anation (i.e,, conpression), and the velocity of blood flow ng through
the adBa &nowppiradeinrminable; andoreidieddensifying artifasts warmaskerswithhihe observed
velocity profile r nd. ' L, 8. State qf
near zer ot s RS ol EReB LRFREC h, talrPhGls B et PuBilighets,
accur at e nemsdyrenit phfatetead.t eri al pressure may be obtai ned non-invasively.
It will be recognized, however, that the invention as described herein may

al so be readi| Fou§&ympls, anwdlbbsidgsrribeddn grrates dpiilnbedo s bparesenkinvention iss
the press I i i | £hin

venous. or taeuE bt SffhEde e YOUEERSNG wa 5 ncl 6T TR HPSRRlce
vent rilSul pressmnt seasdri disposeddoteetht ikdial artdryact ar bumgi being, nied nbhahligdiet o

t he nmeasurenent of .arterial bl ood Eressure gﬁ%?gg%ofAsiessing Henpdynam c
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according to the invention is descri bed wn 1 n
step 302 df.e.t bempresdiar), 300 tlwomgloiitesf bwad Uidwigg dhrbiighs theparea i tapplandtiomnist he

bl ood vessel .of supject. I.n the present context, .the paraneter neasured
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described in greater detail with respéct to

accurate measure of true arterial pressure may be obtained non-invasively. It will be
recognized, however, that the invention as described herein may also be readily used in
assessing other hemodynamic properties, such as the pressure differential between two
locations within a blood vessel, venous or arterial wall compliance, variations in the
25  strength of ventricular contraction, and the like, and accordingly is not limited to the

measurement of arterial blood pressure.

Method of Assessing Hemodynamic Properties
Referring now to Fig. 3, the method of assessing hemodynamic properties including
30  blood pressure within the circulatory system according to the invention is described. As
shown in Fig. 3, the first step 302 of the method 300 comprises measuring a first parameter
from the blood vessel of a subject. In the present context, the parameter measured will be a
blood pressure waveform derived from a pressure sensor or transducer disposed in

proximity to the radial artery of the subject, as described in greater detail with respect to



WO 01/70303 -17- PCT/US01/09115 Fig. 3a herein. It wll be recognized,
however, that other henobdynam c paraneters may be neasured as previously
not ed. | mpOoo7A303 n t he nmeasur enment of tle first par anmet er PCHUBHINI1 BXi St ence
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alia, t he%?réﬁlsl%%? ﬁo@vggr%#%%%wwgrgﬁr%%?(\g?lgjbggvel ocity gradient, and
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not ed, however, that st ressgr ot her_than the appl anation, stress
B oot g
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cross- secthigridl tlas etacss @ontphised mcale enelsbdimentagpphating orofarmbhnéongiressingsthances

into the bject to affect the.conpliance of the artery. ny .such 2
stressor/ rst?gor?JGd‘iFﬁ 28 ap‘t%‘?"ﬁtrlr@( tl%%@?ilﬁﬁl% aB%esu‘geét‘érgﬁ%ai glee‘ﬁf‘ss\/ﬁ?‘ﬁ t he

i nvent i on rare B! velb&itys FHPo3Pélociy SRARRE Al BABRIEEnAsE PRiERIEdhdVbidaatiRemb! ood
vessel is neasured in order tofacilitate derivation of a calibration

functildn iregien ep tiz0@rariatian. Abisdnated;dwedven thagstrassers etberathhn the fpplawgent t o

Fig. 3c herein, the second raneter i e enbodi t onprises tot.al

bl 0d 11 onnierSugNongyrogf 1R b el dreler Ll o LA eh SRy 2
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step 304. As used herein, the terns "artifact" and marker are used
synonynoudtith a awldilike fdsvicebtoaafject adenal faresgisectionalaarga, eordhe lashlizeddnibdystion

exi sting w.thin. a dat et. her,.par.a ers which exhihit the ne o
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i ncl udong stréRor/h@xaiyph@ic paAMBKACHhbREiNE| 188} by usdd @meisteas fth the invention.
cross-sectional area, and blood mass flow 30 rate. In step 308 of Fig. 3,
a calibration MExhiip stap 306na seeondipsramster ageqoiajecdwith deaibload vessel is aneaseedi ¢

o LT PR el o Ay SRSl GBS
i ndi cat i ngredrendetal trdthnrespect to Fig. 3¢ herein, the second I;arameter in one embodiment
comprises total blood flow kinetic energy, since this parameter exhibits certain easily
25  identified "artifacts" as a function of the application of the stressor in step 304. As used
herein, the terms "artifact" and marker are used synonymously, and refer to any identifiable
feature or relationship existing within a data set. Other parameters which exhibit the same
or other artifacts may be used to derive the calibration function however, including, for
example, maximum blood velocity, blood vessel cross-sectional area, and blood mass flow
30 rate.
In step 308 of Fig. 3, a calibration metric or function is next derived based on the
parametric information derived in step 306. Specifically, one or more artifacts or markers

are identified within the parametric data, these artifacts indicating when certain

relationships between the actual and measured values of the first parameter of step 302
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of step 302 WO 01/ 70303 -18- PCT/USOL/ 09115 above exist. As wll be

di scusseavowt/m3nef erence to Fig. 3d hefl@ n, one enbodi nenPCDUSUIN®115pr OCeSS
of deriving a calibration function conprises neasuring total blood flow
Kinetic gpsedki AS '\Aﬂlltﬂéedﬁ(ﬁlgéeg%ﬁf re&‘&@n&RQlFlg@cﬁﬁérﬁﬁs&ﬁe élﬁl%ﬁlﬁléﬁ‘tt SO -
and identifying changes he systolic and/or diastolic velocity
profil es gecassf ohderiang af catlibeat@ppﬂuactmm comBrises angasiing tbtaloblped dlomt kgetlc

reducti on of cro cti onal ea o he bl o sse of t he
et hod o cpigy s 36S rkPE orthe doBlied SetoBiplER and JosbEng SRafiss 0
to the neagathie ﬁ@é\ts%ﬁ(f)hé had/ok rcﬁastdqaf QuBtGF padfiled @p a3@Endkion 96MBlahplaation

corrected or calibrated neasurenent. Note that if the first paraneter is

measur &d éeelateriosieyceniage reshictioipicapssysectionaharey aE e ploask vessele, t he
correction fungf kt%ﬁ gl osftt é?nr?éb d”&}yFlg Ccﬂé‘lcéﬂb‘ﬂ&’qrbibﬁmg:&’o PRl 17 Ye ﬁ%‘syls
applied as approprtate, y gene ’i'ng a rated neasuremne of "t he

first par apjﬂieﬂrtol the aneasn@meng oﬁthecﬁnmt pardoeter foﬁ&tupomz idog@emte aiogrettod ar
vari ety of rent facto(r;\?I th thefactual "A-line" arterial pressure

and the s&alf afs& %@waaé otp Htat EcfhiF fEd PEAPPISF A MFISYEH CONGHONEY @ary
as a func LR, e
previ ousl ?ER%PQ% y§h cal i g%&%t eﬁ(%ge%%tﬁgﬁl&ﬁe [ nﬂeerroré'1y ?E&gln%gugw

al terdati ve peﬁcﬁdwdibr appdied aaypppiopnaty, thereby genahting a ealiiratod aneasloymestagithyi ng

the st .., .perform th | apat i '
updat ed oS CEEr B BB FORBIATF FGORHY Lobsveh AU oA LHIEnoL At
the first fpasERiiethe 4R YALlined SrtbiFal YOGk fass) thesclleRA @igniBdAbf thh BfRied

bel ow, the pr esent invention advant ageously provides the ability to
generat e aaldaatuqn Bmiction imayctarpas atfusctionrafttimg; rheneel anyldalitz@ted himnaswoemeant r

ar ca, or PROS)OICURERAIBHL) SRR e dat TREBHT VAT R sifor b e ofeBaiEy

par amgger theTﬁ$e$ théy s@ﬂﬂ? 'ﬁhb(ﬁbﬁﬁl fe@alﬂir@@ ‘t?}lll?eaﬂil?;ﬁaﬁethg%ﬁ@%r 308, P¥rformin
controlling the extern pressure applied artery so as to establish
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pressure, as described further below.

25 In step 312, the pressure applied to the artery is controlled to selected value of the
first parameter so as to maintain the pressure across the artery wall (i.e., "transmural
pressure") within the artery at or near a desired value. This process is referred to herein as
"servoing" to a particular value. As discussed in detail with reference to Figs. 5a-5d herein,
this servoing generates a particular blood flow kinetic energy in the area of the applanation;

30 changes in this kinetic energy are then used to identify changes in the true arterial pressure.
This "continuous calibration" is a desirable attribute of the present invention, since the
continued, accurate measurement of hemodynamic parameters with the blood vessel of a

subject is of critical importance, especially in the context of surgery or other such life-
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however, this behavior is of sone 25 significance to the discussion of
appl anat i éaratiensees; they bymerheing(en pthay sneciess pak thetusedtifer. thibpurpesenchs npied

presence r er X1 St L.al disease. s medj al _cal.cjifi.cation
could i rrpgé?‘%’ q%eeﬁa%llﬁ#”’ﬁlg) ;ar{:’%rﬁgoé%l r%%oes%yﬁéeageﬁ%}ggi? 28 r4% ‘"%'}688@’ B}eeé'gﬁ %, By
sel ect i ng cofditiomed bk a@idsﬁd}’oﬂﬂﬁ@ﬂitorﬁ@tb%&?}étﬂ)rbieﬂpcbpécﬂﬁ&? h@lﬁg@%ﬁf&ﬂgs,
which utilize controlled applanation as the applied stress, the user Is

ef f ect i velgeatipasumay &g srplayedariybother spqueatially poin pengHele vithetha trnethodsoof e
pre-expst g%ef&tiﬁ%ﬁbﬁ or calcification. Next, in step 326 of Fig. 3a, one
or nore paranetric sensors capable of measuring or sensing the selected
paraneter (s) i Wili aeshespas ahe iradiplr avtéry ¢fy tHeohhihen deimctieds Wudied noted that

anecdotal evidence suggests that the radial artery is only minimally affected by arterial

diseases, including stenosis and calcification due to diabetes. The reasons for this observed
behavior are beyond the scope of this discussion; however, this behavior is of some
25  significance to the discussion of applanation stress provided herein with respect to Fig. 3b,
since the presence of pre-existing arterial disease such as medial calcification could impact
the ability to accurately measure arterial blood pressure. By selecting the radial artery when
performing blood pressure measurements, which utilize controlled applanation as the
applied stress, the user is effectively insulated from many potential error sources relating to

30  pre-existing stenosis or calcification.
Next, in step 326 of Fig. 3a, one or more parametric sensors capable of measuring
or sensing the selected parameter(s) is/are disposed in proximity to the selected blood
vessel. In the case of measuring blood pressure on the radial artery of the human, a

pressure sensor (transducer) is disposed physically in contact with the skin on the interior



vessel. In the case of neasuring blood pressure on the radial artery of the
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with thevw@ion7mns the interior WO 01/ 70388 -20- PCT/ USO1/ OBawEsossnofsace of
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i nduced. In the present enbodiment, 25 the stress be applied conprises
appl anat i ®A¢ \Mhlcgﬁbgumsent:omég@|1@>rpamcutlarb/ sislleadapted tor auéredme st will bas a

function qf ‘sweep”, as used herein, generally refers
to the stgig bg&n}égaﬁgpg‘%g@géll ncreasi ng or decreasi ng pressure to the

artergoin a leeéﬁ*hng mogeelial 3y, one fefblodinterit D€ tigihbhoe oﬁﬁnduhﬁlgsdﬂerbr more
overlying the artery. The concept of applanation is sinp i1 lustrated by

one pl aci ﬁgeﬁﬁ%o\)\ﬁhes?lf%t%eﬁys@wf’tthﬁ FRbIaFdste B84 iof diée: 3905 é‘?scflh%d Bt drdail.
pressur o b Rt b 02 A el 1507 et 1§ ifabheg BIcEteR" s {RFHERE "0
recogni zedhe tepme\saess" (or "stressor") refers to any physical or physiological change within the
circulatory system of the subject which is artificially induced. In the present embodiment,
25  the stress to be applied comprises applanation, or physical compression of the selected
(radial) artery as a function of time. An applanation "sweep", as used herein, generally
refers to the steady application of increasing or decreasing pressure to the artery in a
direction generally normal to the surface of the skin overlying the artery. The concept of
applanation is simply illustrated by one placing one wrist between the thumb and forefinger
30  of the other hand, thumb atop the interior portion of the wrist, and slowly increasing
pressure on the radial artery until the artery is occluded. It will be recognized, however,
that as a general proposition, applanation as used herein may take on any variety of

different forms, such as (i) a continuous linear rate of increasing or decreasing compression

over time; (ii) a continuous non-linear (e.g., logarithmic) increasing or decreasing



that as a general proposition, applanation as used herein may take on any
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examine the effects of variation in pressure due to, for example, the normal cardiac cycle,
also discussed in greater detail below. |
25 As illustrated in Fig. 4b, in the region of low applanation pressure 410, the
percentage reduction of the flow area is small, and the effects on flow velocity and gradient
are minimal. Volumetric blood flow (Q) is unaffected. As applanation pressure increases
(region 412), the flow area is further reduced, and while the volumetric flow is maintained,
the blood velocity, velocity gradient, pressure gradient, and kinetic energy begin to increase
30  correspondingly. As applanation pressure further increases, the flow area is substantially
reduced, and velocity, velocity gradient, pressure gradient, and kinetic energy increase
substantially, while still maintaining volumetric flow under normal metabolic demand. In

the stenotic artery, this region 414 corresponds to "sub-critical" stenosis, i.e., the level of

stenosis where the subject's excess volumetric capacity is significantly reduced, generally



reduced, and velocity, velocity gradient, pressure gradient, and kinetic

energy increase substantially, while still maintaining volunetric flow
under nomwabi/msdabolic demand. In the-Xtenotic artery, thCEUSEHIOIS 414
corresponds to "sub-critical" stenosis, i.e., the level of stenosis where
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equi | 1 brateRy area (and resulting attendant changes in velocity, velocity gradient, volumetric flow

(Q), or kinetic energy as previously described) occurs. However, as the applied pressure

25  exceeds the arterial internal pressure, the diameter and cross-sectional area of the artery
begin to be reduced, and the maximum flow velocity and velocity gradient begin to
increase (region 414 of Fig. 4b). This increase in maximum velocity (and kinetic energy) is
used in the present embodiment as a "marker" of the point at which the transmural pressure
is roughly equilibrated.

30 However, as previously discussed, the circulatory system is not a static system, but
rather dynamic and subject to significant intra-arterial pressure fluctuations, both due to the
normal cardiac cycle, as well as other factors such as respiration (discussed below). Hence,
such pressure fluctuations must also be considered when measuring hemodynamic

properties, particularly intra-arterial pressure.
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(Fig. 5c) increases, the previously described condition of zero transmural pressure is
reached successively for both the systolic and diastolic pressures. Specifically, with
25  increasing applanation pressure, zero transmural pressure at the diastolic (lower pressure)
condition 520 is achieved first, followed by zero transmural pressure at the systolic (higher
pressure) condition 522. Considering the diastolic condition 520 first, as applanation
pressure is increased beyond the zero transmural pressure condition, the effective diameter
(and flow area) of the artery begins to progressively decrease, resulting in the increase in
30 flow gradient and peak blood velocity and kinetic energy as previously described. As
applanation pressure increases well above the diastolic pressure, the artery more completely
closes during the diastolic portion of the cardiac cycle at point 527. Similarly, with
increasing applanation pressure, the diameter of the artery at the systolic condition 522 also

begins to decrease, with similar results, until the artery is completely collapsed under both
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within the circulatory system in general or blood vessel in particular. Hence, the method of

Fig. 3b is in no way limited to the use of compressive stress.

25 Returning again to Fig. 3b, the second step 334 of the method 330 of applying stress
to the selected blood vessel comprises providing a mechanism by which such stress can be
applied. In the context of applanation as described above, there is particular utility in using
the aforementioned pressure transducer (used to measure the pressure waveform) as the
means by which the artery is applanated, since this arrangement permits the pressure

30 measurement to be made precisely at the point of applanation. An applanation mechanism
of this type is described herein with respect to Fig. 12. However, it will be appreciated that
a separate pressure transducer and applanation mechanism, or even other configurations,

may be used in conjunction with the present invention.
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(applanation) as previously described, several "secondary" hemodynamic parameters may

conceivably be used to generate a calibration function, including, without limitation, blood

25  velocity, total blood flow kinetic energy, and blood volumetric flow rate, as well as any

variations or combinations thereof. Total blood flow kinetic energy is one particularly

useful parameter to measure, as it contains one or more readily observable markers of the

zero transmural pressure condition or other useful relationships. The total flow kinetic

energy is also less prone to errors than certain other parameters, since it utilizes velocity

30 information obtained across the whole blood vessel, as well as the amplitude information.

Additionally, the peaking in the kinetic energy is more dramatic than the peaking in other
parameters such as maximum velocity.

Next, in step 344, the selected "secondary" parameter is measured using an

appropriate sensor or measurement technique. In the case of kinetic energy or blood



zero transnural pressure condition or other useful relationships. The total
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which the transmural pressure equals zero can be determined by constructing time-
frequency representations of the acoustic energy reflected within the artery. When the
25  time-frequency distribution is maximized, the zero transmural pressure condition is
achieved. Hence, the maximal time-frequency distribution acts as yet another marker for

the purposes of the present invention. |
In yet another embodiment, the so-called acoustic "A-mode" may be used to
monitor the second hemodynamic parameter. In this approach, acoustic waves are
30 generated and transmitted into the blood vessel;, reflections or echoes from the
transmissions are received and analyzed to determine the relationship between the time of
transmission and the time of receipt. Through such analysis, the relative diameter of the
artery at different points in time, and different points within the cardiac cycle, can be

determined. Analogous to the well known time domain reflectometer (TDR), the A-mode
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interferonetry, may be enployed to identify the zero transnural pressure
condi t i on meapyring the secondary hemodynamic parameter and markers associated therewith, it will
be recognized that other non-acoustic techniques may be applied to identify such markers.
For example, other methods of accurately measuring arterial diameter/area, such as using
25  interferometry, may be employed to identify the zero transmural pressure condition. All
such techniques are considered to fall within the scope of the present invention.

Referring now to Fig. 3d, the stressor magnitude at which the desired hemodynamic
condition is achieved (e.g., applanation pressure at which zero transmural pressure is
achieved) is correlated to the actual or true arterial pressure. In the simple case where there

30 is a high degree of coupling between the applied stress and the stress actually felt by the
blood vessel, the measured stress can be equated to the actual stress. Specifically, in the
context of arterial blood pressure measurements where applanation (compressive) stress is
applied, the pressure applied by the applanation device and sensed by the associated

pressure transducer could be equated to the actual arterial pressure when the artifact or
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bi ect ort i . : tor al
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prior art approach to this problemwas to nodel the response of interposed
materi al horCBRERANSAUGED). 2 syst em of springs having |inear force

consiante) Mgk oedl BB fuIBAE A ML L FRORIARS

based on this no proac r, 1s on a nodel
used; dif hexterid (Subkanpls, as 4 bystbinf d£speings havdsg tinddhifelca esmstantd Nn@idt gorreciathe
CoMDl | ANC e &sBirt FiealiiSa 1 the Fosshit trandditet Bitedon'hS madel Ths dprosdh Lowever .
is only as good as the model used; different subjects with different tissue thickness, density,
and compliance values (as well as the location of the tendons and bone relative to each
25  other and the artery) will respond differently, and these differences are not accounted for in
such models. Furthermore, even for a single subject, changes in the response of the tissue
and arteries of that subject may occur over time or as a function of externally induced
stresses. For example, when an anesthetic is introduced into the circulatory system of the
subject, a given artery may become substantially more compliant, thereby losing much of
30 its resiliency. This change in compliance alters the relationship between actual and
measured arterial pressure, and accordingly reduces the accuracy of any blood pressure

estimate based thereon.
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the artery may be divided into several discrete regions, such as the skin
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bet ween t rf. 0 e skin 608 and e skin/tjssu oundary . 61 t he
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tendon 618 and, ti ssue_622 and 25 baone 620 and tissue 622. The | oss_of
pressure Fitief iRt Jefiectiops fpmpthese haungariesseschrayignslydeseribed. Additionally, the

relative location of bone 620 and tendon 618 have great influence on the transfer loss. In

effect, a restoring spring force of sorts exists between the tendon 618 and tissue 622 and
25  bone 620 and tissue 622. The loss of pressure transfer is at least partially associated with
overcoming these restoring forces, as well as with the compliance of the tissue. Hence,
during applanation (and during specific portions of the cardiac cycle), a transfer function
between artery diameter (and flow area) and applied external pressure is developed per step
356. Specifically, for the diastolic and systolic portions of the cardiac cycle, different
30  transfer functions will exist as illustrated in Figs. 7a-7b. At low applied pressure (as
measured relative to the actual intra-arterial pressure), relatively little compression of
interposed tissue, underlying tissue/tendon, artery wall, etc. has occurred, and hence further
increases in applied pressure generally contribute disproportionately to further compression

of these components. At higher values of applied pressure, the interposed components are
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described in greater detail below. Hence, if the blood pressure of the subject does vary, the

25  present invention utilizes this transfer function to correct the measured value of pressure
within any pressure range.

Similarly, it will be recognized that methods of determining the transfer
function/fraction other than the A-mode acoustic technique may be utilized, either alone or
in conjunction with the A-mode technique.

30 In sum, the method 350 of Fig. 3d involves determining a transfer function/fraction
as related to applied stress (e.g., pressure) for the subject and location being monitored, and
calibrating the measured parameter at the designated "marker" point using the transfer
function/fraction to determine the actual value of the parameter. In the case of blood

pressure monitoring, this process involves applying an applanation pressure at which the
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parameter being measured is described. As discussed with reference to Fig. 3d above, the

transfer function is useful for correcting the measured pressure waveform for compression

25  of the interposed tissue, artery wall, etc. This transfer function is obtained during an
applanation sweep performed at a given monitoring location on the subject, such as the
radial artery. However, to permit continuous monitoring of the subject's arterial blood
pressure, a mechanism is needed whereby changes in the measured parameter can be
accurately observed and scaled between calibration events (e.g., applanation sweeps).

30 As previously discussed, prior art calibration approaches relied on periodic
calibration events (such as asculatory cuff measurements) to "continuously" calibrate the
measured pressure waveform. The term" continuously" used with reference to these .
systems is somewhat of a misnomer, since what actually occurs is periodic (rather than

continuous) updates of the scaling function. This approach presents at least one serious
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hemdynamp?ev@@dsmés%ﬁbed to track changes in the first or "primary" measured hemodynamic
parameter (e.g., blood pressure), as described in detail below.

25 In one embodiment, the kinetic energy 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 of significance) is maintained within the artery, as
illustrated by the method 370 of Fig. 3e. Specifically, the applanation device, which in the
embodiment described below with respect to Fig. 12 also comprises the pressure and

30  ultrasonic transducers, is "servoed" or continually modulated 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 function of time at the
same time per step 374. Depending on the particular application, the modulation of step 372

may be controlled so as to maintain the transmural pressure at a specific value during the
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if significant_increases or rates of increase in total blood flow kinetic
ener gy were observed in steps 378-382 (thereby indicating that the applanation pressure felt by the

artery wall was exceeding the true intra-arterial pressure), then the applanation pressure
could be reduced so as to maintain the artery at a near-zero transmural pressure condition,
25  asreflected by smaller increases or rates of increase in kinetic energy. It will be recognized
that any type of control scheme which controls one parameter based on measurements of
one or more other parameters may be used to effect the desired behavior, including fuzzy
logic or PID controllers of the type well known in the control system arts.
Notwithstanding the foregoing, it will be recognized that the continuous calibration
30 of the first hemodynamic parameter using the method of Fig. 3e may be accomplished
using additional or other secondary parameters including, for example, maximal blood
velocity and/or arterial cross-sectional (flow) area.
It 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 of parameters
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previously described with respect to Figs. 3c-3e herein. Alternatively, the points at which

wall diameter begins to decrease at the systolic and diastolic portions of the cardiac cycle,
25  as measured by A-mode ultrasound or other similar techniques, may constitute a marker of
zero transmural pressure.

Next in step 906, one of the functionally related parameters from step 902 above is
measured non-invasively as a function of the stress applied. In the above-referenced
example, this measurement would comprise measuring blood velocity within the artery as a

30 function of time (and applanation pressure), and deriving total flow kinetic energy
therefrom.

Lastly, in step 908, the calibration "function" (which in theory may be as few as one
data point) is applied to the measured response of a selected parameter associated with the

circulatory system based on the artifact identified in step 904, thereby producing a
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Next, in step 1006, periodic 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 monitored, illustrated in Fig. 11. As shown in
Fig. 11, the velocity and kinetic energy of the blood flowing within the radial artery of a
25 human being generally includes a time-variant, periodic component. This periodic
behavior is due in substantial part to the respiration cycle of the subject, and occurs at much
lower frequency than the typical cardiac cycle. Hence, the normal cardiac cycle 1102 can

be thought to be "amplitude modulated" by the periodic respiratory variance 1104.
The origin of the respiratory periodic variance relates to the varying pressures which
30 occurs as the diaphragm ascends and descends. With inspiration, the diaphragm should
descend, increasing intra-abdominal pressure and decreasing intra-thoracic pressure. The
increase in the pressure differential from the abdomen to the right atrium increases the
volumetric flow back to the right atrium. With expiration, as the diaphragm ascends, the

intra-abdominal pressure decreases and the intra-thoracic pressure increases. The result is



relates to the respiration of the subject being nonitored, illustrated in
Fig. 11. As shown in Fig. 11, the velocity and kinetic energy of the bl ood
flowi ng Wwohi/m3bhe radial artery of a Z%-hunan bei ng generp@l/Ugoraeisudes a
time-variant, periodic conponent. This periodic behavior is due in
substant | forp3taods ey d 82 BbiAES frofty bk Soflr diitnitkY Bl losHfhrR 45 Hlei

much | ower frequency than the typical cardiac cycle: nce, the nor

cardi ac cytilum.1T0@ cydival bmngéoingivilume abé pteasypt iateuct8ectod evayebére yrotigmout
periodi c res‘ﬁi rgat;[or)é vari ance, 1104, 'gghe origin of the respiratory periodic
vari ance 8 GBIy SyFiemysise i i 45eed SYS€Mwhi ch - 30 occurs as the di aphragm
ascends and degggngsremdhiibnddn&Rlitat deSilratdri chdh@ReaMiS RO fiFESERRies

i ncreasing intra-abdom nal pressure and decreasing intra-thoracic pressure.
The i dcr ébd &ingiict ¢nsrgiese der ivteyalip.ethempasuredr digstohie and dystelic presstres.r Inghat

atriumingr es vol tricyfliow . ri.ght rium .Wth

expi 1 at | o R0 il Himal bR dre o B QURE b ok By shE oA, Wei dbests
decr eases i thd maghitide dftshel aaiions 8RH be@ni the bRRE 6620 Thie HE6UMbrd in Were
01/ 70303 -36- PCT/US01/09115 nore venous return to the abdonen fromthe
| ower ext caipstTaken apadracensor parepninge of theesyptplp and diastpligrpresnese {hig vasigtion
changes i ¢ : . ef. r

ci rout at oryPESHFE AN BOARHIA TR JELAGEL Sp NP MNIRE Rl A trosebid®
cycli ¢l menpiredivhey thehsabgesis mesahbulatory auchaastdutihgwargelyocities 5 and

ki netic enerqgi for, .inter alia, the rre,asuﬁied di astoli.c and systoli.c
pressures. |n dDSfoVARAtORY ALe aREAHREEdL T G, ths tetsst dnveatipieaen deudicdelY by

the Appl i gm@ﬁggg T 4RASRAGH of AL chia B0 Huldidh PomSHe w@sﬁie?ﬁén%% {fBy be

on the order o Hg or nore in severe cases. laken as a fraction or
per cent ageeahdédychemslymdmic mranaena@tal veboqgiyckinetieanergyhios avenl.i Stecifically, rin

ressure due tao_respiratiaon nay. be sjgnifi t, especially for the | ower
8 iastolic SFPe@@& roggﬁe wtf@ﬂ@e&l%mwg{% 02‘3@7 %Plrﬁgryn‘fﬁn by aabyzpd cndh as

dur i ng5SurgRkMined NARE N AABEh A8 RN Bed S QR FeOthe | Rril AorPb LR Malibration
i nvention, when required, by synchronizing the derivation of the

cal i br at i dwndtionde iacrenfmempoing onwas permde(titarnér"} tespiraimnoraiaformh eldouljfication

t g...velocity kinetic eneray,. . Specifically, i t
008 o ¢ 06 isciehritford Gommbppe BB KS abiodicyis SordbiiBbes PERE P G otiimisibors "
anal yzed fdigheitlied el MiRthn dNde tsipingl prot&simgtar8Nadcordifgs, §1@h%&’%ﬁﬁlﬁlﬁ§‘!\ﬁﬂ the

derivation of the calibration function to a common point on the period
("carri er npt bedistysaed Buthgabespioy nit is velad that siace the respfiratany rate gpd/prtdspth” of

conponRent _and _i.ts pepiodicity IS _acc | i.shed, usin one of .a,.nunber, of
a1 gor PO n e Bl Rl o 15" SPBL S Tl 3B RerigrOh ARt

al gori t hmenaphithde BPprefguréliisausaRUchd WithRI theeirRiy) thd belicdisigt efithehaipittdige
the respiratory rate and/ or. "depth" of 20 resg:uratlon of the subject may

vary wi t h effedfshorlddecnptingally doy Hdeasheqepilgeltiaedand  nmagni t ude of
pressure/ f1 ow ¥ght ah! 2851046, ' uibBBoR thilibn it B8vARGHaOHsEd bY nfasirBfents of

respiratory
the secondary hemodynamic parameter taken at the periodicity prescribed by the result of

25 step 1008. For example, a series of blood velocity measurements may be taken every 7
seconds (each measurement corresponding to the same relative point on the respiration
waveform, but displaced in time), and this information used to derive kinetic energy values
and a calibration or "stretching" function as described previously herein with reference to
Figs. 3-3e.

30 Lastly, in step 1012, the stretching function of step 1010 is applied to the measured
(i.e., non-calibrated) waveform of step 1002. Note that by virtue of measuring the second
hemodynamic parameter at a similar point relative to the respiration waveform, the effects
of respiration across the entire respiration cycle are accounted for. Hence, the derived

stretching function may be applied to the entire non-calibrated pressure waveform), as
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hemodynam ¢ pr ®eésrtin@ow to Fig. 12, an apparatus for measuring hemodynamic properties
 within the blood vessel of a living subject is described. In the illustrated embodiment, the
apparatus is adapted for the measurement of blood pressure within the radial artery of a
human being, although it will be recognized that other hemodynamic parameters,
25  monitoring sites, and even types of living organism may be utilized in conjunction with the
invention in its broadest sense. The apparatus 1200 of Fig. 12 fundamentally comprises a
pressure transducer 1202 for measuring blood pressure from the radial artery
tonometrically; an applanation device 1204 coupled to the transducer 1202 for varying the
degree of applanation (compression) on the artery; an acoustic transducer 1206 for
30  generating acoustic emissions and reflections thereof, these acoustic emissions being used
to derive blood velocity (and kinetic energy); a signal processor 1208 operatively connected
to the pressure and acoustic transducers 1202, 1206 for analyzing the signals generated by
these transducers and generating a calibration function based thereon; a signal

generator/receiver 1210 used to generate acoustic signals for transmission into the artery,
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During a calibration "sweep", the controller 1211 controls the applanation device to

25  applanate the artery (and interposed tissue) according to a predetermined profile. During
this sweep, acoustic signals are transmitted into and received from the artery preferably in a
region directly proximate the ongoing applanation of the tissue. Velocity, kinetic energy,
and/or arterial diameter data is extracted and/or derived from the received echoes and
recorded as a function of the applanation pressure for the selected portion(s) of the cardiac

30 cycle. The signal processor 1208 and associated algorithms then identify one or more
markers, and determine the desired applied pressure at which continuous monitoring is to
occur based on the measured markers. For example, if the peak in maximum velocity
shown in Fig. 4b were selected as the marker, the algorithms would identify this peak and

identify the pressure data corresponding to this peak. During subsequent blood pressure
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according to the transfer function to a value somewhat higher than 60mm Hg.

25 Referring now to Fig. 13, one specific embodiment of the apparatus for assessing
hemodynamic parameters of Fig. 12 is described. In the embodiment of Fig. 13, the
apparatus 1300 comprises a self-contained unit having, inter alia, a combined pressure
transducer 1302 and applanation device 1304, acoustic transducer 1306, microcontroller
1308 with control micro-code (such as a fuzzy logic algorithm), digital signal processor

30 (DSP) 1310 with embedded memory 1312 and instruction set (including calibration lookup
tables), signal generator and receiver unit 1314, storage device 1316, display device 1318,
and power supply 1320. In this embodiment, the microcontroller 1308 is used to control
the operation of the combined pressure transducer 1302/applanation device 1304 so that an

initial applanation "sweep" is performed. Specifically, the pressure transducer 1302 is
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generation/processing, and applanation mechanisms and circuitry are described in

25  Assignee’s co-pending U.S. patent application, Serial No. 09/342,549, entitled "Method
And Apparatus For The Noninvasive Determination Of Arterial Blood Pressure,"

previously incorporated herein.

Computer Program and Related Apparatus

30 A computer program for implementing the aforementioned methods of
hemodynamic assessment, modeling, and calibration is now described. In one exemplary
embodiment, the computer program comprises an object ("machine") code representation of
a C™ source code listing implementing the methodology of Figs. 3-3e, 9, and 10, either

individually or in combination thereof. While C™* language is used for the present
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central processing unit (CPU) 1502, random access memory (RAM) 1504, and memory

controller (such as a direct memory access controller) 1505. A storage device 1506 (such as
a hard disk drive or CD-ROM), input device 1507 (such as a keyboard or mouse), and
display device 1508 (such as a CRT, plasma, or TFT display), as well as buses necessary to
25  support the operation of the host and peripheral components, are also provided. A serial or
parallel I/O port 1511 is also included for the transfer of data and/or control signals to and

from the apparatus 1500.
The aforementioned computer program useful for assessing hemodynamic
parameters is stored in the form of a machine-readable object code representation in the
30 RAM 1504 and/or storage device 1506 for use by the CPU 1502 during parametric
assessment. The user (not shown) assesses the hemodynamic parameters of interest by
selecting one or more functional modes for the computer program and associated measuring
equipment via the program displays and the input device 1507 during system operation.

Specifically, in the case of arterial blood pressure measurement, the user places the
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25  Method of Providing Treatment

Referring now to Fig. 16, a method of providing treatment to a subject using the
aforementioned method of assessing hemodynamic parameters is disclosed. As illustrated
in Fig. 16, the first step 1602 of the method 1600 comprises monitoring an non-calibrated

30 hemodynamic parameter non-invasively. In the case of blood pressure, an exemplary
pressure transducer applied to the radial artery is used as described with respect to Fig. 3a
herein.

Next, in step 1604 of Fig. 16, a stress is induced on the blood vessel which alters its

hemodynamic properties (at least locally), thereby inducing changes in other parameters



the pressure and acoustic sensors and anal yze the data to produce a
corrected neasurenent of blood pressure. It wll also be recognized that
ot her powa@bl/a3devi ces, such as | aptop-£0 conputers, cal cRCBRUS61H091ENd
personal organi zers, may be configured to run the conputer program of the
present i r .
Eranom £ 11 Ag ol ik thd DR Rirc ek, s ydin 35 qiclE" RS prfEOHRESistsed withng
net wor ked respectfotlég.s3b liereimy ns wireselcespriskatia dne rkdbodREeniiapplashtimg dPrvavialbliyng

subj ect  uSPRgTHaE e BPed Srerbinitinefeba GeSelk MycHa e Hoomter ale,”
par anet er $hd $oldnealcOBRH (QRSveldchty $b), 8he Rinetid ellfér?y g@:@) oft i€ bfdoﬁslﬁ ‘d&t 1%%011@92 of

the nmet hod 1600 conprises nonitoring an non-ca rated 30 henobdyna

par anefer thowprlanation.y Bliy agdimnoted, lmywenfthat lothdl stpeseers may, coaceieabibé appied

pressure S ed tg t d| al. artery is used as described with
respect té}&lﬁ&ﬁiﬁgiﬁ ‘ﬁgﬁgl:l%orﬂ&?fn Ysl‘lﬁg]b 11%’8%1%? Fig. 16, a stress is

i nduced on the Nux@af s1ps$eb, a/\évcsllid h@esr hisSciald@ MRthyRa BldodREREth&Sulkat

| east |l ocally t her eb I nduci ng anges in other paraneters WO 01/ 70303

-43- PCT/ US@E epda fasilit sdféwa&l@uow calirpdon, Bmsidon by step 1608 helowy Asyliscusseds a
whol e. As { ) ress
conpri ses THFILBHE ol 198 e, Mhe Reoh@ 9B Tn ol enfBalfaf Buthtlfioog
vessell0as bdoddufiotvi lmmené eh'engy ot hekmbymi idod IVBE)cﬁjil&hweSthbm phin@fer adxhibits t he
volumetric flow ( 82 1,%&01 (v), and kinetic energy (KE) of the blood in
the regi offSHfna] 1d§BB 1@?3 1% g fungtion pf H@tmlwﬁmev the sfrgggor dn H@P
stressors ORIG r

henodynami gg%r operg es. ﬁ%@%hg@@he%g@ gﬁﬁsé%%fgﬁ ?sfonéé}égrr%a{l%rd tggglg{é ed
with the khblodtimefmetion boweasured in order to facilitate derivation of a

calibration functjo 608 el ow As di scussed wth respect to Fig.
3c herein, the é@BHébgeﬁfg}gtl a;:ar] %@%ﬁap tl%%?d?‘?xgé%mteéi‘&ﬁe dien $eood
f1 0w KinetdfunREs BoRaiRcHVE] B 8 196 e&ﬁcailyn 6 bEDR RN Sharkers
exhibits ‘"certain easily identifie rart i acts as a function of the

appl i cati ére otﬁemttféids twitdg othei pasnegtric 1d&04. tl@sheartlm;tsanadleatmg\/\,{whdn @xtaihi t

th b dt | i brat f t
novever . PHaBYEEPs Aot e gk A, e yflfts O e e Sitameler of Shoi B05ext
derived bapeeb @ﬁls‘@ hes diseuddad anmt fdferehed @ 'Wés' Q@edﬁérbﬂle%nb Nenfodnd R USE the

Specifically, one or more artifacts or markers are identified within the
par anet r i @rergssh of tdesivingaat ¢4libeationi Adiction i comqprisesn (i emcassunng ridhedici emsy ps
betvvecig t he ac uaIb a al ues .of the f.irst ter f ste 1602

n asured
above “exi St %ousse%‘goc\}@'t Rrotley RIRKIA, B fie a§e£ EIaIQ heStresso
enbodi Went(aﬂﬂaﬂaﬁen), and identifying regions of increasing velocity or kmetlc energy W1thm these

profiles as a function of the applanation (correlated to percentage reduction of cross-
sectional area of the blood vessel); and (ii) measuring a transfer function for the tissue and
other bodily components in the region of pressure measurement.

25 In step 1610 of the method of Fig. 16, the calibration function derived in step 1608
is applied to the measurement of the first parameter of step 1602 to generate a corrected or
calibrated measurement. Note that if the first parameter is measured continuously (or
periodically) as a function of time, the correction function of step 1608 may be
continuously or periodically applied as appropriate, or alternatively the second

30  hemodynamic parameter may be monitored (such as during pressure servoing as previously
described) to indicate changes in the calibration function.

Lastly, in step 1612, the calibrated measurement of the first parameter is used as the
basis for providing treatment to the subject. For example, in the case of blood pressure

measurements, the calibrated systolic and diastolic blood pressure values are generated and
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1dent1ﬁcat10n of “markers” or artifacts within the sensed pressure waveform(s) which are

correlated to blood pressure measurements. The A-mode ultrasonic energy of the present
embodiment advantageously complements the Doppler spectral modalities previously
described herein, but may also be used alone if desired, thereby providing both the system
25  designer and ultimate end users of the apparatus with greatly enhanced flexibility in both
design and operation. Specifically, at least three different operating schemes are contemplated
by the present invention, including: (i) A-mode detection alone; (ii) Doppler-based detection
alone; and (iii) a combination of the A-mode and Doppler modalities together. While not
required, such use of complementary modalities as in (iii) advantageously enhances the

30  reliability and robustness of results obtained with the instrument.
It has been observed by the Assignee hereof that as the blood vessel is increasingly
compressed (applanated), various of such hemodynamic markers occur within the sensed
pressure waveform. In one aspect, certain “flat spots” within the end diastolic portion of

the waveform occur, wherein the change in sensed pressure as a function of time is low (or
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pressure condltlons and correlated to the occurrence of certain of the aforementioned

25  hemodynamic markers.

Lumen and Wall Detection
The methodology of the present invention advantageously employs A-mode
ultrasonic energy to detect the position of the lumen and the front and back walls of the
30 blood vessel. As used herein, the terms “front” and “back” infer no specific spatial
orientation, but simply refer to the order in which the walls of the blood vessel are
encountered during direct propagation by a moving ultrasonic wavefront emanated from an
ultrasonic source. Hence, what may be the “front” wall when measuring hemodynamic

properties in one transducer orientation may comprise the “rear” wall in another transducer
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Spect T 02l Yiep 19656 S 2 Emiing poins for he snalyess. “The S¥nals sesociated with the frant and
back blood vessel walls are detected by searching forward and backward from the
identified location of the lumen within the artery. When the backscattered energy

25  associated with the search in the backward direction (towards the transducer) satisfies one
or more criteria, such as exceeding the mean lumen power or estimated level of the blood
signal by a prescribed amount or factor (described below in greater detail), the front wall is
detected and the location of the signal along the line is interpreted as the location of the
front wall. Similarly, when the reflected energy associated with the search in the forward

30 direction satisfies the relevant back wall criteria, the back wall is detected and the location
of the signal along the line is interpreted as the location of the back wall. Various
methodologies for wall detection are described in detail below with respect to Figs. 29a and
29b.
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Fig. 18. Since the center frequency conveys no information relevant to the location of the

arterial walls, the first step of signal processing is to remove the center frequency. This

process is denoted as quadrature demodulation (or envelope detection), identified as step

25 1720 in Fig. 17a. The envelope detected signal associated with the exemplary A-mode
signal of Fig. 18 is shown in Fig. 19.

Quadrature demodulation as used in the present embodiment generally comprises

multiplication of the A-mode signal by the sine and cosine functions, and lowpass filtering.

The purpose of quadrature demodulation is to baseband the A-mode signal, through the

30 removal of the transmit carrier frequency. This method is generally illustrated in Fig. 20.

As shown in Fig. 20, quadrature demodulation consists of multiplication of the received

backscattered “raw” A-mode signal by the complex exponential, exp(-2nf,t) where f,

denotes the transmit center frequency of the signal (step 2004). This produces a series of

values representing sum and difference frequencies of the complex exponential function
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20  filter is designed with a passband cutoff of 6MHz corresponding to an A-mode transducer
with 80% bandwidth. This provides for a decimation in sampling by a factor of four. That
is, the filter output is produced at a rate of 16MHz (=Tp). The frequency response is shown
in Fig. 22. The coefficients associated with this exemplary low-pass design are shown in
Fig. 23.

25 Note that for the illustrated case, the filter output advantageously need only be
sampled at a rate of approximately 16MHz in comparison with the original “raw” A-mode
signal that is sampled at an effective rate of 64MHz.

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

30  other components of the processed or unprocessed A-mode signal may be used for other

purposes if desired. Note that obtaining the magnitude of the complex envelope requires
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processi ng nmay quaresr referre

herein as the enveI !)O g%g ?S‘Rgﬂhf 15" et % H”%ll?alsg\?ingt%%a aﬁ‘éteneed

to perfor r&ntn? Tg:h? gg&p&gdgggeg?(g%_ﬁlﬂ%gr eby si nplifying the resulting

algorithmc P ronrsone vel ope-squared waveformis
depicted in F| g. 24. The envel ope-squared, Esq (nTD) , is derived fromthe
i n-phase and quadrature conmponents. Thi S is corrput ed as set forth in Egn.

5: 15 Esq(nTD) =X T In or 0 better assess the |evel
of the signal ;1]%5(53@)1 P te}g(%\inq’ ﬁ)rt)éﬂgﬂﬁﬁ n Wlthlﬁ n"lé confines of the

arteri al vval | s, the logarithm (base 10) of the envel ope squar ed si gnal i's
obtalned wn_in Fi 25. t.e that theI of the.si 502
aasoc! at ed PR S WAL anen hEIayBror PER Siastabh it e Hinet v 9 gpakies
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however, that in _certain applications, "false” |umen detection mght occur

i f thell ushowmd B 26n Nae e diedgyel whitee signd @582 estogiatad witle thefsmientie versl ue
of roughly 30dB below the signal 2504 associated with backscatter from the arterial walls.

It will be recognized, however, that in certain applications, “false” lumen detection
might occur if the lumen detection methodology were based solely on the absolute value of
the A-mode signal level. For example, lumen detection criterion based on the absolute

25  signal level alone might erroneously detect lumen where there is none, or conversely miss
lumen where it is actually present. Such false detections can arise from a variety of factors
including, for example, backscatter and reflections from tissue (veins, musculature, etc)
interposed between the transducer element and the blood vessel, movement of the subject
during measurement, and the like. Hence, as described in greater detail below, the

30  methodology of the present invention further examines signal artifacts proximate to those
produced by the lumen in order to confirm the veracity of any given lumen detection, and
positively locate both the lumen and contiguous vessel walls.

A non-linear depth-dependent gain (step 1726 of Fig. 17a) is also applied to the
envelope to account for the attenuation to the acoustic A-mode signal as it propagates

35  through the skin, tissue and blood vessels. This depth-dependent gain is often referred to as
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quadrat ure_denodul ation, envel ope-squared cal cul ation, Iltering,
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enpl oyed consistent w.th t.he invention. 20 After conpletion of the signal
processi nﬁ_,on?%gﬁn g.lthgt“é‘f?n&‘?%G of the method 1700 of Fig. 17 detects the
| umen2wi t hin t hefies @bRplctidn D dassiyes pRlceéstng) the Kexdlkdp 12064 6f thd nf@oEA®0 A

e

node line. In one exenplary enbodinent, the lunen is detected in step 1706
accor di ng Hig 17 detects the lumen within the selected blood vessel (e.g., radial artery) for each A-
mode line. In one exemplary embodiment, the lumen is detected in step 1706 according to
the general methodology of Fig. 27a (hereinafter the “plateau” method). As illustrated in
Fig. 27a, the plateau method 2700 of lumen detection generally comprises first determining
25  a power metric as a function of depth (step 2702), the power metric being based on the
aforementioned envelope-squared function. Fig. 27b illustrates backscattered power as a
function of depth for a single A-mode line.
Next, the power metric is integrated according to Eqn. 7 below:

30 P,, (k) = Py, (k1) + P(K) Eqn. 7)

where P, (k) denotes the power integrated up to the k™ sample of the envelope-squared
sequence, and P(k) denotes the K sample of the envelope-squared sequence.

The second step 2704 of the plateau method 2700 consists of identifying the best

35 estimate of the plateau associated with the weak backscatter from the blood within the
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t hat when the ‘power is |ow, correspon ing tot scatter for
exanpl e, - Meniflustated embradimeni of Rige @%ataddsttuonmstn@oﬁthe mumber ofiyiods abnmmetl he

next . an interval con tai ni indicative o

pl at eau (é%?hfﬁgo?sﬁﬁgh‘ﬁe mFeﬁV i I‘rq‘eal?ﬂqgﬂzatﬁétzgg% é’d e Betriejig as 5 %Vmént est
consi 381 ngqaf 8 bAigwhuber of points contained in three consecutive

interval s |s applied (step 2714) such that the rretrlc is as shown in 15

Eqn. 8 below. k Mnt (k) = @2&(%@ n=k- 2 M nt (k) denotes
the sum of the counts in threeemnt ( elnterva |ng with the kth
i nterval, and m(n) denotes the numb&*’of sanples in the nt' interval. This
metric is shO\éan Fla 27d for A-node line nunber 50 for a |ateral

he

sweep of t"ﬂ@rer Nhi &) denoggsythe spn of theccopnts 4k thyes gonsequiae faemvals 2rdiog iwith the
Intervals ka‘b Ye?ve{l n;[me m?n) denotes. thgonum %?So sgmgferéal ltYle n" interval. This metric is
20  shown in Fig. 27d for A-mode line number 50 for a lateral sweep of the radial artery. Note
the relatively large peaks 2730 in the intervals above interval number 60. These generally
correspond to the low power occurring at deeper depths, which can often times result in

false detection of the lumen.
An additional term was added to the foregoing metric to ensure that the plateau
25 owing to low power towards the deeper depths does not trigger a false lumen detection.
Specifically, the metric includes the requirement that the three consecutive intervals must
be followed by an interval with a low count corresponding to the back arterial wall. Hence,

the modified metric is given by Eqn. 9:

K Zm(n)

M, (k) = _%n(n) += Zm< ) “‘(_kﬁ (Eqn. 9)
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cont ar ned 150G o e BmbHEST sBREE SR «f ind duink arer, M KB Ty

For  examgpeinter’htoahe thiresphettyecqupssntite intadls forviicipmeskal Fasledtesed.ned
fromthe second (ci),f, the three consecutive intervals by sinply averaging the
sanpl é3val uedt §Aditing, @ gelippe-ofshedren ehtke lmen oopERaayobe Hervadnfremythe

Thi's estigpher Abnthfied! MGR BRHGE A fleCBrdOWilsedlive intervals (step 2716). For

example, in one exemplary approach, mean lumen power is determined from the second of

the three consecutive intervals by simply averaging the sample values of the envelope-
squared that correspond to this interval. This estimate of the lumen backscattered power is

20  subsequently used in conjunction with the estimated position of the detected lumen to
detect the arterial walls, as described in greater detail below.

It is noted that plateaus in the integrated power profile may result from other sources.
Specifically, 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

25  vessel of interest, or by the presence of cysts or other growths. While more common,
plateaus due to veins are generally quite small in comparison to the “true” plateau of
interest associated with compression of the radial artery, due largely to the comparatively
smaller vein diameter (and wall thickness). Furthermore, the methodology of the present
invention effectively overcomes this issue by conducting measurements of blood vessel

30 diameter (and integrated backscattered power) at applanation pressures above the level
necessary to collapse the comparatively thin-walled veins. Such collapse of the veins

generally occurs at pressures well below that necessary to significantly affect the diameter



20 subsequently used in conjunction with the estimted position of the
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herei nafter referre® Toctds the "interval" nmethod. The IFm. i)t erval
corresponds to a tine interval along the A-node line of I.33usec, assum ng
the speed.of propagation is 1500nmet/sec and is derived fromEgn. 11: 15 D
= ct/2 (EQHE™{1) where: 20 D = depth, c = speed of propagation, t = time
of propagation

20 D = depth,

¢ = speed of propagation,

t = time of propagation

The factor of 2 in Eqn. 11 accounts for bi-directional acoustic wave propagation. For a
25  sampling rate of 16MHz as previously described, 1.33usec corresponds to approximately

22 samples along the de-sampled A-mode line.

The Imm interval for power calculation was selected in the illustrated embodiment
based on the observation by the Assignee hereof that the diameter of the blood vessel under
examination (e.g., radial artery) will exceed Imm in essentially all of the adult human

30  population; hence, the power calculation is reasonably assured to constitute signal
attributable only to the lumen. However, it will be recognized that this interval may be
adjusted based on factors such as measurement of non-adult populations, use of other blood

vessels, and/or use of the technique on other species. It is also noted that the 1mm interval
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20  signals may be accomplished by any number of techniques well known in the electronic
arts, and accordingly is not described further herein.

Fig. 28b graphically illustrates lumen detection using the aforementioned “interval”
method. As illustrated in Fig. 28b, lumen detection comprises beginning the search for the
artery wall at the pre-selected depth, 1mm in the present case (step 2802). The minimum

25  power is initialized at the power for depth = lmm. Next, the relationship to the maximum
specified depth (e.g., 7mm in the foregoing example) is determined per step 2804. If the
maximum depth has been exceeded, the minimum has not been detected, and the search is
terminated (and optionally restarted) per step 2805. If the maximum specified depth has not
been exceeded in step 2804, the next power sample is analyzed per step 2806. If less than

30  the minimum value, the minimum is reset to the power level P associated with the sample
of the current depth, and the count reset to zero (step 2808). Conversely, if the next power

sample is not less than the current minimum, then the count is incremented by one (step
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(Egn. 13) 15k=1 15 where Nblood denotes the index of the envel ope squared

corresponding to the depth of blood detection. Note that in Egn. 13, the
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relative to the sensor unit) are estimated. Specifically, the front arterial wall is assumed to

occur between the sensor unit and the depth of the detected lumen and in particular,
generally in the vicinity where the A-mode signal is decreasing to the integrated power or
signal level associated with the lumen. This assumption is founded on the knowledge that
25  the lumen of the blood vessel is immediately adjacent the wall (i.e., on its far side with
respect to the transducer). Similarly, the back arterial wall is assumed to occur at a depth
greater than that of the lumen signal, and generally in the vicinity where the integrated
power or signal level rises sharply above the level associated with the lumen. These
changes in the A-mode integrated power or signal level corresponding to the front and back

30  wall of the artery are readily observable, for example, in the TGC A-mode data.
In a first exemplary embodiment (Fig. 29a), the method of wall detection utilizes (i)
the detected position within the lumen from which to begin the search for the arterial walls,

and (ii) the estimate of the mean lumen power from which to derive detection thresholds as



25 the lunmen of the blood vessel is inmmedi ately adjacent the wall (i.e., on
its far side with respect to the transducer). Simlarly, the back arterial
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search for the back wall. Starpimg) £rmikhi s pggighon (step 2902), the

i ntegrated power is conputed by sumn; consecutive sanples of the square
of the envel ope of the A-node signal (step 2904). The fornulation is given
by Eqn. Svhete PRlin) (ddnotesRbk )integigted fotjer ik-ths diredtemeotPthle Hack vetdhsttgimgtdre
integrated power in the direction of the bacth wall starting at sanple Kt

up to samstm@plierKs apdo FmRple durradd¥k) danotes thalkpl mmfle ohthessquare of dlie ¢rtvelope
envel ope f, the Asnode sighal .. \When Pbk exceeds th escri hed .
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cNsanmp 2F (Eqn.  15) .s_15 where c denotes the speed of propagation, Nsanp

denot es t e actibdepth imdsaived fiogn the sgraplstnamber peshommin By 15at e associ at ed

wi th the envel ope-squared sequence. The front wall is detected in nuch the
same manner as the back wall. Starting,from the same position used for the
back wall, the integrated powans's xfgut ed Wggsusyi ng 20 consecutive
sanpl es of the square of the envelo the A-node signal in the direction
of thé5front wall. Hence, the sanples are taken in descending order from
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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 integrated power is computed by summing
20  consecutive samples of the square of the envelope of the A-mode signal in the direction of
the front wall. Hence, the samples are taken in descending order from sample K. When the
integrated power exceeds the prescribed threshold, the front wall is assumed detected and

the corresponding sample value determines the depth of the front wall.
In the embodiment of Fig. 29a, a front wall threshold equal to 500 times the
25  aforementioned lumen mean power, and a back wall threshold equal to 50 times the lumen
mean power, are utilized. These values were determined empirically by the Assignee hereof
with a specific depth-dependent gain (e.g., TGC) function. It will be recognized, however,
that other threshold values and types of criteria may be used. For example, variable
thresholds whose value varies as a function of other parameters (e.g., clutter in the lumen,
30  or attenuation in interposed tissue) may be substituted. Furthermore, it will be recognized
that the relationship between the front and back wall threshold criteria may or may not

respect a predetermined relationship. For example, the front wall threshold may be
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wal l . with the front wall, when the amplitude of the envelope-squared exceeds satisfies a
designated criterion, this amplitude is attributed to backscatter from the back wall. The
depth of this occurrence is assumed to be the location of the back wall.

25 Accordingly, a simple search algorithm may be used in conjunction with the signal
level (envelope-squared) methodology to identify the locations associated with the front
and back arterial walls when the A-mode data is of “reasonable” quality. Specifically, as
shown in Fig. 29b, the method 2950 comprises first comparing the A-mode signal level to
the signal level of the lumen in both (i) the direction toward the transducer, and (ii) in the

30  direction away from the transducer, starting at the depth where the lumen signal was
detected (step 2952). The signal level is measured in the selected direction (step 2954);
when the signal level is found to meet one or more predetermined criteria (e.g., the signal

level of (i) or (i) above being “n” times as great as the signal level associated with the
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It will be appreciated that while the foregoing exemplary methodologies of wall

detection (e.g., integrated power and envelope-squared signal level) are described in terms

25  of both front and back walls of the blood vessel, either the front or back wall detection

approaches may be applied separately and/or in isolation. For example, if it is determined

that for a certain subject being evaluated (or group of subjects having some common

characteristic) that the front wall artifact is particularly weak or otherwise unreliable, back

wall detection may be weighted more substantially in compensation. Similarly, if the clutter

30 in the blood vessel under examination is significant, the more affected wall may be

selectively de-emphasized in terms of weighting. Other such modifications may also be
employed depending on the particular application.

Additionally, it will be recognized that the integrated power threshold and envelope-

squared signal level approaches may be used either alone or in combination, or other
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25 As yet another alternative, the envelope-squared or integrated power values
associated with given A-mode measurement may be weighted based on some extrinsic or
intrinsic “quality factor” which is related to the quality of data sampled during that interval.
As a simple example, if the subject under evaluation moves during a given series of A-
mode lines, the quality of data may be reduced, and accordingly any lumen/wall detection

30 computations performed based on this data may be artificially reduced in weighting with
respect to other samples.

As yet another alternative, “locational” weighting and/or scoring may be applied,
such that envelope-squared or integrated power values generated by A-mode lines

corresponding to certain depths may be adjusted. For example, as previously described, the
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transmit and rec€ive beams. Specifically, two-way beam response should be sufficiently

narrow to fit within the lumen (i.e., the cross-sectional area of blood flow) of the blood
vessel under evaluation when the ultrasonic transducer is in the vicinity of its optimal
25  position with respect to the blood vessel. Otherwise, backscatter from the sidewalls of the
blood vessel may impede detection of the lumen, and degrade the accuracy of the estimates

of the spatial position of the front and back walls.
Another consideration in the evaluation of front and back wall position is the
relative compliance and compressibility of the tissue during applanation. Under
30  predominantly static wall position evaluation such as described above with respect to Figs.
17-31, the absolute and relative positions of the blood vessel walls within the tissue do not
vary significantly. However, when assessing hemodynamic parameters of a blood vessel
based on such wall position determinations (discussed with respect to Figs. 34-37 below),

wherein the blood vessel and at least a portion of the surrounding tissue are compressed
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rate of change is simply calculated by taking the change in vessel diameter over a given
period, and dividing by the number of A-mode lines during that same interval. This latter
25  number may be correlated to linear change in the position of the applanation device (Fig.
33a), thereby generating a transfer function of sorts (i.e., rate of change of vessel diameter
as a function of linear applanation), which describes the behavior of the tissue and blood

vessel during compression.

30  Method of Assessing Hemodynamic Properties Using Backscattered Ultrasonic Energy
Referring now to Fig. 35, one exemplary embodiment of the method of non-

invasively assessing hemodynamic properties using the aforementioned backscattered
ultrasonic energy (e.g. A-mode signals) is described. It will be recognized that while the

following discussion and exemplary embodiment are cast in terms of the non-invasive
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longitudinal component as well. Furthermore, certain points along the blood vessel may be
better suited to hemodynamic analysis (due, for example, to the existence of veins, cysts, or

25 other components which potentially may interfere with the transmission/reflection of
ultrasonic energy).

Next, an initial calibrating applanation sweep (i.e., sweeping applied pressure from
no compression through full compression or occlusion of the blood vessel) is performed in
step 3506 to identify “flattening” of the slope of the end-diastolic pressure profile, therefore

30 aiding in localizing the point(s) of interest in the pressure waveform. As shown in Fig. 35a,
the flattened region 3552 of the end-diastolic waveform 3554 will generally occur between
two regions 3558, 3560 of greater slope, although this may not always be readily
detectable. Furthermore, it is noted that multiple flat regions may occur within a single

applanation sweep.
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(the latter being readily determned by any nunber of neans well known in
the art) rayefpsm. Accordingly, maximum pulsatile pressure may optionally be monitored as well

(step 3510) to further aid in setting the upper window limit on arterial compression.
After the initial applanation sweep of step 3506 is completed, and the blood vessel
25 relaxed (3512), the vessel is again applanated to the level of compression corresponding
roughly to equilibration between the applied pressure and the hoop stress of the blood
vessel wall (step 3514). This level of compression is significant, in that the end diastolic
pressure becomes a measure of the compressive force applied to the blood vessel, since the
hoop stress component is eliminated. As previously described, this level of compression is
30 bounded by the lower bound (e.g., 25-percent reduction in blood vessel diameter, or about
a 44-percent reduction in cross-sectional area), and the upper bound (e.g., 50-percent
diameter reduction, or 75-percent reduction in cross-sectional area). Hence, the optimal
level of applanation, wherein the transmural pressure is equilibrated, will occur within a

window of pressure formed between that associated with the lower diameter reduction
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for ready (Aff8fhdin? ising a high order polynomial fit (step 3610) to the pulse pressure data, then
determining the peak there from (step 3612). This approach helps minimize noise in the

25 pulse pressure readings, including respiratory effects. The end diastolic pressure which
occurs at the maximum pulsatile pressure is then recorded (step 3614).

Note that these two indicators of end diastolic pressure (i.e., the “flat spot” and the
maximum pulsatile pressure) can be used separately or in conjunction with one another as
desired. Furthermore, other techniques may be substituted for, or used in combination

30  with, one or both of these two indicators for more precise determination of the optimal
applanation pressure to be maintained during hemodynamic measurement.

In an alternate embodiment of the method of assessing hemodynamic parameters
(shown in Fig. 37), the method 3700 comprises positioning the transducer(s) over the blood
vessel (step 3702), and then subsequently applanating the blood vessel (step 3704) while
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point of interest wthin“the waveform nster Function erring
to Fidgs. 38 tansfeSfinctiom faxeseplitr sneesvibabarteeial blobd tpessumetvabus othe nekficiobdgyi ng

and applying the scaling, (transfer) functjion to the neasured value of the
hemdynamr’&a%'plé‘?’élﬁéet ggne %%YeiPPgS‘iéo R oA PATRGE TR aYeforRps Thesired

recogni zeqlsfn@a&e%k@achh@f @t | BN Gt S8k 1628t Iig &eﬁhﬂplegfthét the
scaling 15 oOr transfer function for use with neasured arteria | ood
pressur e \spbliediontofie stresstodbe cigyulatomyysykstemnudrassubieatresilisyin aphdition o inséresir
henodynam c paraneters or i

or ot her wi(€E" B iprerey fopitEeS: BRHRAHPAHANOR NG 2aBBNERTEHE o
stresgot o fbdiRtieh M U AbRALY dENEh@N b Oeldtes UB) BfE-dihRSIE tiredslire), ERNLhQIBI
interest (e.g., pressure neasured tononetrically during applanation t0 a
certain peiewﬂ;pé@grein may be used to determine the scaling necessary to correct the measured
value for tissue compliance and other effects.
Furthermore, while the methodology of Fig. 38 generally comprises an empirically-
based technique dependent on a population of data, the present invention contemplates the
25  use of other non-empirical approaches in place of or in conjunction with the method of Fig.
38, all such variations and combinations falling within the scope of the claims appended
hereto. Accordingly, the method of Fig. 38 is merely exemplary in nature.
The method 3800 of hemodynamic parametric scaling according to Fig. 38
generally comprises using empirical reference data in order to derive corrections which are
30  subsequently applied to in situ measurements of blood pressure obtained from the subject
under examination. Stress is applied to the blood vessel being measured so as to match or
“anchor” one variable of interest (e.g., end-diastolic pressure) between the empirical

reference data and the in situ measurement. The derived corrections for other non-anchored

variables (e.g., systolic and mean blood pressure) are then applied to the corresponding



20 reduction in arterial dianmeter correlates to end-diastolic pressure),
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In another embodiment, the applanation is controlled by an algorithm which

automatically computes, on a periodic or continuous basis, the anchor variable of interest

25  from both the A-line and tonometric waveforms, and attempts to match them as closely as

possible using scoring metrics. For example, a scoring metric which is related to the

difference in end-diastolic pressure during discrete time intervals may be used to evaluate

the quality of “fit” between the waveforms, the metric being used as an input to the

applanation motor control circuitry previously described so as to modulate pressure to

30 minimize the value of the metric during the selected time interval(s). Such curve-fitting

metrics are well known to those of ordinary skill in the signal processing arts, and

accordingly are not described further herein.
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correction factors fé)g tl"ge paraneters, of interest have been obt ai ned per
artery, per step 3810. Stress is next applied to the blood vessel in step 3812. Specifical A

the stress is applied in order to induce changes in the hemodynamic properties within the

blood vessel to a point generally where the “anchor” variable of interest (end-diastolic

25  pressure in the present embodiment) most achieves a desired value bearing some known

relationship to the actual value of the anchor variable. In the present context, this

application of stress comprises applanating the blood vessel using the non-invasive

(tonometric) applanation device previously described herein while non-invasively

measuring the pressure waveform of the blood vessel, the degree of applanation being

30  determined by the relationship of the anchor variable within the measured pressure
waveform to the actual value.

Next, in step 3814, a scaling or transfer function is determined from the foregoing

data for the subject being evaluated. In one embodiment, the transfer function is obtained



20 step 3808, the non-invasive henodynam c assessnent apparatus of the
present invention is applied to the blood vessel of interest of the

subj ect waer/70al uati on; e.g., on the-6&dial artery, pePCBRUSE/BBE0.
Stress is next applied to the blood vessel in step 3812. Specifically, the
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achi eves a desired val ue bearing sone known relationship to the actual

val ue of the anchor variable. In the present context, this application of
stress conprises appl anating the bl ood vessel using the non-invasive
(tonometric) applanation dePk@qu@évmgwgyykgescribed@@giqu whi |l e
non-invasively neasuring the pressure waveform of the bl ood vessel, the

degreesof appl anation bei ngp30-=dgt gt wikned by, the rel @E&rf?ﬁ?}"i p of the anchor
variable within the neasured pressure waveformto the actual val ue. Next,

in step 3814, a scaling or prangfper flunct i i s determ fromthe
foregoing data for the subj &ct lfllo)g“l ngl&e\?‘él %gt ed. In g]?%{?gg%odi ment, the

transfer function is obtained WO 01/ 70303 -68- PCT/USOL/ 09115 by sol ving
the followi ng three sinmultaneous equations for a curve fit polynom al,
based on \*ﬁﬁ@rej nput val ues of uncorrected pressure and "corrected"
pressure: Ps; = klPsu2 + k2 Psu + k3 (Eqn. 16) 5 Pnt = k1Pmu2 + k2 Prmu +

k3 (Egn. 17) RdC 5 klPdu2 + . Pdy. + k3 %ﬁéEcﬂn. 18), Were: Pse, Pdc, Psc, =
systolic, diastéritia dc’rré"aﬁyééb‘iﬂra’@?tﬁga dreap "~ geedert e dscaled) pressures

respeqyi vebgpectaesy; Ba@, Pdu, Pnu = systolic, diastolic and mean uncorrected
(original) pressures respectively. By solving for constants k1, k2 and k3,

a polynom al cyrvepjs mener . JWh; t | 6\t he
tononetrical ly obt a‘Jlu’ne "mv%@%&@é&@%gﬁ Zlgén @g@?éé%z%&/f@r?ﬁ%@ PIYSUES ves
of pressurespectiglyt her ef ore provi de a scal ed out put given that the input

waveformis matched (by the nmethods previously described herein, or other

t echni que®y salvidgef@nconstinas kgl ke audliye a Eblyh@mi&'ﬂ)’a@\'%jiéj Io@iSdrftbd Gwiieh NdanW t h
known rel ationship to the actual value, Fi g. 39 is a graphical
r epr esent aflvaagspusly scale thegonameisicalbe ebtained vRIvebum oz she presendtsiljactafod all
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terms of emtcrde@yabe unethydsopreviously described herein, or other techniques) to the end-

diastolic value, or to any end-diastolic point with known relationship to the actual value.

Fig. 39 is a graphical representation of the foregoing process.

20 Blood Vessel Location and Positioning
As previously discussed, proper transverse positioning of the ultrasonic and
pressure transducers of the apparatus is beneficial in terms of enhanced accuracy of
measurement of hemodynamic parameters including arterial blood pressure. Such
transverse positioning is generally predicated upon initial placement of the apparatus in the
25  locale of the blood vessel of interest, and subsequently “fine tuning” the position of the
transducer(s) such that optimal coupling is achieved. In the case of the human radial artery,
the approximate location of the artery is known by the caregiver; i.e., running
longitudinally down the inside surface of the wrist/forearm of the subject, within a narrow
band corresponding to something less than the width of the wrist. However, for other blood

30 vessels and/or species, the location and orientation of the blood vessel of interest may not



measur enent of henodynam ¢ paraneters including arterial blood pressure.
Such transverse positioning is generally predicated upon initial placenent
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optimal position with respect to the blood vessel. In one enbo t he
met hod of (&8t be inigssuiedandfelinasaonic ttraasdicorsdassemblyl obthe NEBRrdesicei previously
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Sggge b! ;giggcéﬁ%%ﬂ%%ﬁ‘ﬁé%épt?rgvle%éﬁpgg vgﬂﬁgg@%f {betﬁéﬁ%élfi%?%glom c ene?gy g?esent
in A-node | ine IscaRSembotitneRS Ahé aRET G defecliBE GnteREktng %39169&%?%]& *Hf{‘h
in the

the lumen (such as by the red blood cells 25 and plasnma present wi
bl ood) t hawfersyt israecamplidied dyndjregdls sistecting K lumentassaviated with the blood vessel

based on reduced levels of backscattered ultrasonic energy present in A-mode line scans;

ultrasonic energy is more readily absorbed within the lumen (such as by the red blood cells
25 and plasma present within the blood) than by the surrounding vessel walls and tissue.
Hence, the vessel is located, and/or the monitoring device positioned, by identifying
regions of reduced backscattered energy. Such regions may be found in one dimension
(e.g., only in terms of depth within the tissue), or multiple dimensions, such as where it is
desired to precisely locate the vessel both in terms of lateral or transverse position and

30  depth.
Another embodiment of the invention detects the relative locations of both the front
and rear walls of the blood vessel based on analysis of backscattered A-mode energy. This

wall information is used to indirectly determine the effective diameter of the blood vessel;
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t hereof), & > 4 _ @ﬁgﬂ%' . I i ficall
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artery. Specifically, controlled pre-loading preferentially collapses the smaller vein due to

its smaller hoop stress and lower lumen (blood) pressure as compared to the artery, thereby

25  effectively removing it from view of the lumen detection techniques described below. The
Assignee hereof has determined that a pre-load applanation on the order of 30 mmHg is
suitable in most cases to sufficiently collapse any veins interposed between the transducer
and the radial bone, although it will be recognized that other values may be used depending
on the specific application. “

30 It will be recognized, however, that it may also be desirable to detect and locate
other blood vessels such as the veins referred to above contemporaneously with the
detection/location of the primary blood vessel of interest. Hence, the foregoing applanation
may be used selectively as desired in order to “filter” what is viewed by the lumen

detection apparatus. For example, if there is a high degree of clutter and other noise present
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are further 15 analyzed in terns of a predeterm ned nmetric or other

criteri on therégiwunef injerest avhers tiei dopdivaskel nesiddse Inoye oariaft, thetneetds is adepted t he

bl ood vessel.,esides. In one variant ..the netri,c i s adapted 0 identif
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presence of the lumen. ‘

In a second embodiment, detection of the lumen in step 4010 of Fig. 40 is
25  accomplished by computing the average power within a predetermined distance (e.g., Imm)

interval along the A-mode line, previously referred to herein as the “interval” method.

Note also that the procedure of Fig. 40 may be repeated as necessary for any
number of spatially distributed scans; in this manner, “slices” of tissue may be examined in
the depth (time) dimension sequentially (or even contemporaneously) in order to generate

30 information regarding the lateral position of the blood vessel of interest as well the depth
thereof. Such “slices” may also be electronically fused or combined to provide a multi-
dimensional representation of the measured envelope-squared value (or integrated power,

as described with respect to the previous embodiment) as is well known in the tomographic
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cast in terms of a lateral positioning assenbly (such as that previous
descr PBed biadaieasel issdascribed: dp issnatedithat whileitherfallowing discassiouisaastvin titrnmsegpect

to the radi Y i.n t he.general . t hadol o may be
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deriving ‘anaitrasoricl trehsdoedrewith réspecredol 18 radial artery of a human being, the general
methodology may be readily adapted to other applications.

The method 4100 generally comprises deriving “raw” wall diameter information

25  which varies as a function of time (step 4102), as previously discussed herein. Next, in step
4104, the wall diameter information of step 4102 is integrated over a pre-selected finite

time interval to “smooth” the raw data and eliminate most or all artifact relating to
respiration and cardiac cycle. This produces a wall diameter metric (step 4106) which
varies as a function of time. The wall diameter metric is then used to generate an error

30  signal (step 4108) which is functionally related to the value of the absolute metric. This
error signal is then fed to the aforementioned controller device which varies the lateral

position of the transducer element (step 4110) so as to effectively maintain the magnitude
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to the cl anventio25The foregoing description is of the best mode presently contemplated of carrying

out the invention. This description is in no way meant to be limiting, but rather should be
 taken as illustrative of the general principles of the invention. The scope of the invention
should be determined with reference to the claims.
25



WO 01/ 70303 -74- PCT/USO01/09115 WHAT IS CLAIMED I'S: 1. A nethod of
detecting the lumen within a bl ood vessel, conprising: 5 transmtting
acousti c veaer/gpoi nto the bl ood vessel ; -Bkal uati ng t he si gpal/usevmiiisof
reflections of said acoustic energy as a function of propagation of said
ener gy W tWHATHE dLRhges) ixkessel , and identifying at | east one region of
reduced signal level within said reflections. 2. The nethod of Caiml1,
wherein said act of evaluating further conprises 10 denodul ating said
reflections. 3.; The 0 im2. wherein i d act of dempdul ating
conprises: (i )1'deri vi egh"g (ﬁ{diggfg?%ﬁ&érﬂ%wb%wgﬂ@ﬁq vespels P ect i ons;
(ii) dériving a secaphshitgseatyticampsian theblcodiwsdesf | ections; and (iii)
filtering said first and second conponents to retain only a subset of 15
said first and secorfyaluatag dssignablepe wémilectians dfiseidmsphsit entreglasamuition
wherein said a [, Vidg: | . s C copponent conpri ses
mul tiplyi ng sai%gpgéé)fagg%%nl d(’)f'r%gl &E@%ﬁ%ﬁ?ﬁﬁ?& orYerggng%d to the center
frequency of said tridesifyingetleast ous tdgtorestasdiced sipdaldavel vagin afid A€kbiéRy 2
second frequen C onent ¢ rj ses | tiplying said reflections by a
Cosi ne functi orf'rel de@Oflrfgr@éW? dr WT;{FH? sefach & evrluating furthan somptised
acoustpc eRRbaNlatiRe saldfellRlifgd of Caim4, wherein said act of filtering
said first and second conponents conprises |owpass filtering said
conponent s to Bet ai Thenhgthodef Qlainh 8y wherein s(ahbe&;ebﬁdnihodlﬂe&ﬂfg%ﬁﬁ%rimmonents-
6. The net hod of CIgimS, f.urthefr C rising: 25 squaring said filtered
subset of conponent$Dto plEHdRER ES’S%F%W@ PoReatol said seffectiers; nat i ng sai d
squared paraneter tgjp fi i ' ci mat ed
paraneter. 7. The rrgt od c{)efﬁ 5/1(1%%%%{:66{1& %@%ﬁg&ggﬁ%%??ﬁgdéwgé%?a%%e
dept h- dependent 30 (fillnctfiltsning saidafirst agusecent denporgnsdopamaneile s, subsitdfat
| east igne dept h dependent ifgncti gn %ﬁ ensat i ng@at | east in part for
propagation | oss of sai d At and sgep WP CATPPY | ood vessel . 8. The
method of Ol aim2, et meﬂma%tpuamng: wilgieRI BAiB1 9 dhRRIEL il FreRhdcp! 1 tY
of propagation intervals; and WO 01/70303 -75- PCT/US01/09115

component comprises multiplying said reflections by a Sine function related to the center

frequency of said transmitted acoustic energy, and said act of deriving a second frequency
component comprises multiplying said reflections by a Cosine function related to the center
20  frequency of said transmitted acoustic energy.

5. The method of Claim 4, wherein said act of filtering said first and second
components comprises lowpass filtering said components to retain only the difference
(baseband) frequency components.

6. The method of Claim 3, further comprising:

25 squaring said filtered subset of components to produce a squared parameter;
and
decimating said squared parameter to a first sampling rate to produce a
squared decimated parameter.
7. The method of Claim 6, further comprising at least one depth-dependent
30  function to said squared decimated parameter, said at least one depth dependent function

compensating at least in part for propagation loss of said acoustic energy within said blood

vessel.
8. The method of Claim 2, further comprising:

determining the power in a plurality of propagation intervals; and



identifying at least one mnima within at | east one of said plurality of
propagation intervals. 9. The nmethod of Claim8, further conprising

det er m nimgorr3ayer age val ue of said &t5-l east one m ni nePdRUSIMGINED at
different points in tine within said reflections. 5 10. A net hod of

detecting at |east Qﬂﬁ‘lﬂ'ﬁﬁhF Af least Qiﬂéoﬁilﬁﬁﬁsﬁrhhincﬂma%ﬁ biAg of M@gﬁ&aﬁt&i&g

acoustic energy into_the blood vessel; detecting at |east one region

associ at ed wi t PPrenagatiomaeryals.sai d bl ood vessel ; and detecting the | ocation

of said at |eag on . bl vessel .relatjve.to 10 said | unen;
wherein the acts)t' of g%}}%{:qlﬁ(ig of ?ganﬁogéggriﬂ%eﬁ CRBRpPE Zlg{em%%%veﬁ@g{%v Lpe ta
derived f rsaihas ddast aetmidimi deasminéd atnfitfertis polts ifMRind Oethod s4ill adffecdéhs. Wher ei n
t he ac%mof det e§t| ng, the location further conprises: 15 (i) determ ning

the A-node signdt | &Yyalcthpdaideiseibng giileast ang wall efp bleodvessal, omprisingr; (i)

detecting at |east Qpg h }%ﬁ-m ; [ . level varies Dbetween
said | evel associ ated \Simrh?ﬁ ggatio re(g}eo o@tgg;ﬂg)oﬁl}gne&%l’and a higher signal

level ; and 20 (iii) detssting at leagy ohteediac adsbcinted fwittaihd lameh dasdid dlvedwabdel;Wi t h
said at | east on& region of variation. 12. The nethod of Claim 11, wherein

the act of det &¥ ing at | east one region associated with said [unen

further conprises deRrdihainen I ' i - ' l's.
25 13. The method of d ai %HfZ,gca{?\%grog?%Hggilegggﬁqu?lpg&%gg?dgtﬁ%?é%%{i)‘%ﬂges:

derivilfg a fir seidflumguency conponent of said A-node signals; deriving a
second frequency conponent. of sai ~node siqgnals; and filtering said first
and second corrponens%e{edn%% %‘ftr?%égf?gé%g}?dl%ﬁ%f?ﬂo‘f%?ﬂme? @W@%Maﬁgﬁﬁ
sai d A-node si gefival frd@ sl acfolMednRetttiaf. det ermining the diameter of a bl ood
vessel, conprising: _transmtting acoustic energy into the bl ood vessel;
detecting the rédgi odhgsnebpdiotlgim hO.t wherkinntha ach of detactisigotd loeation | firrther
det ecti ngcgﬁﬁﬂgegcati on of a first wall of the blood vessel relative to said
| unen; )

15 6] determining the A-mode signal level associated with said region of said

lumen;
(i)  detecting at least one region where the A-mode signal level varies
between said level associated with said region of said lumen and a
higher signal level; and
20 (iii)  associating the location of said at least one wall with said at least one
region of variation.

12.  The method of Claim 11, wherein the act of detecting at least one region
associated with said lumen further comprises demodulating at least a portion of said A-mode
signals.

25 13 The method of Claim 12, wherein said act of demodulating comprises:
deriving a first frequency component of said A-mode signals;
deriving a second frequency component of said A-mode signals; and
filtering said first and second components to obtain a baseband component

representation of said A-mode signals.

30 14. A method of determining the diameter of a blood vessel, comprising:
transmitting acoustic energy into the blood vessel;
detecting the region associated with the lumen in said blood vessel;
detecting the location of a first wall of the blood vessel relative to said

lumen;



WO 01/70303 -76- PCT/US01/09115 detecting the |ocation of a second wall of
the bl ood vessel relative to said |unen; and determ ning the dianeter of
at | east wOoporapdn of said bl ood vessel-7&ased at | east iPCpasel/omssaid

|l ocations of said first and second walls. 5 15. The nethod of O aim 14,
wherein said acts ofdclakinghd\thchiith bpa ki GAFRE o PIbBENERMRIARE 1o hil
determ ning the A-node signal |evel associated wth said region of sail
lumen; (ii) detlB@enyapdat | east one regi on where the A-node signal |evel
varies 10 between said level., assocjated with sai.d regign.of,said.|unen and
a higher signal Iev‘gt?nnél?fﬂg (ﬂ?el ﬁl)amgt%é’ iaﬁma i PW@IOP(S’%%?@QHO‘& V%gé‘?c’id:’aﬁ"? & or
second wal | Wi tlbass&i shrén sedflcati@R& &AL M sy@hdatdien. 16. The method of

G aim 15, wherein said first wall conprises a front wall of 15 said bl ood
vessel ? and theldact e methedtaffglaimm 1fe swbereim said eagisoof detientiog tthe lokatiord each

si gnal Ie\ﬁ]}ﬂF Les..conprises detecting such at | east one region at a
depth less t eé%eﬁqg%'of said lunmen. 17. A nethod of assessing henobdynam c
properties within th#® ci rdsdraingythe Yy siodesighaldevel ¥iso@atsdtith sdid rép@ssfsaidng:
measuring a first paraneter froma blood vessel of said subject; 20 at

| east partly conpressing lumew bl ood vessel ; measuring a second paraneter
fromsaid bl ood vessg) duekddfnsal adChnPleoi LN €. .
nmeasuring said secofl(dj par amet e€ cor?pr%’%‘él)ne&&l?i({))%%f%%s%{ﬁd?nsé&%leg%%)gs e
wave ilAto said bl ood vesdehween(daid) lavelcasisvdiatgd avith sed tregiore of e4id lahers ahd a
acoustic wave; and 25 (i ihii%heanal %ﬁl ng said at | east one echo to derive an
estimate of the dianeter M°688%vessel ; deriving a calibration
function based at |gqagt |dsRpfiihg W RRkEHISECIRL firPdf il 6al Piati no
the first paramet erquis?i ng said %al I bration funclgi on.gé%%@%a.u eg%%taﬁgfggtof
Cl ai m 17, wherein t he actonefregien dfinanigtien.cal i bration function conprises:

identifying at .l .eastone artif.act. wthin said.second parangeter;. and
gener at %/ngga cai bra }}eolﬁeﬁﬁal of ?’g?‘fmowéé’e H‘?fﬁmsséf(ﬁﬁ‘ﬁ V‘fﬂélg@énﬂiﬁés a ffonf xafl of

15 said blood vessel, and the act of detecting at least one region where the A-mode signal level

varies comprises detecting such at least one region at a depth less than that of said lumen.
17. A method of assessing hemodynamic properties within the circulatory
system of a living subject, comprising:
measuring a first parameter from a blood vessel of said subject;
20 at least partly compressing said blood vessel;
measuring a second parameter from said blood vessel during said act of
compressing, the act of measuring said second parameter comprising:
@) transmitting an acoustic wave into said blood vessel;
(i)  receiving at least one echo of said acoustic wave; and
25 (iii)  analyzing said at least one echo to derive an estimate of the diameter
of said blood vessel;
deriving a calibration function based at least in part on said second
parameter; and
calibrating the first parameter using said calibration function.
30 18.  The method of Claim 17, wherein the act of deriving a calibration function
comprises:
identifying at least one artifact within said second parameter; and

generating a calibration function based on said at least one artifact.



WO 01/ 70303 -77- PCT/US01/09115 19. An apparatus for measuring henodynam c
properties within the blood vessel of a living subject conprising: a first
transducavoadapbed to neasure at | east -&-first henodynanm BCPES@MSY S
associated with said blood vessel; 5 a second transducer adapted to

transmt ultrasmi C &R apdtathifeR miéaisstinl Aty MERR Hroftiled Wit Y% BIGOR Fihsel

therefrom and a signal processor operativel'y connected to said secon

t r ansducerofg@living gibfécycemeprisiog:det ect the |unmen within said bl ood vessel
based on said echoes, .a timate the di aneter of i.d bl.ood .vessel based
thereon, said esti ngt %rsggaﬁ%iﬁ%@?ptf% t%wegsé’ir%latglf’%f’gﬁ tf;%tslgeg}odwﬁ Paeameictt

| east in part t@ssodtbdwahaiddisbdeasdly enent of said first henodynam c
paranmeter. 20. The apparatus of Claim 19, further conprising an applanation
devi ce adapted to cbp§sord dransdugen pdrnted, s ransmih ultersorie snetgs gntoasadd dbodnd

henodynam ¢ pa‘;eggétjzg&[rec%igegéh&egpj%rmraﬁhus of Caim 20, wherein said

bl ood vessel conprises t artery of a human being. 22. The

apparatus of C ai m 2 signhk pejcesseaiopefatively tonasstediaer said ¥pdond egarddudt emgur e
transducer di sposed igégroxi mty to said ragib?cl) artery, and said second

transducer corfPPHEws dﬁT"P‘rﬁ’Qﬁ n FHLR S dlood eessedibapsdssaich eghtossi awdt y
to said radi al &fifl@lVthe dhnteder JRiPHIBAT Fbddel }S’%se kB2 (%alﬁj WAEHGE Bf TRnfhter

processor is adapted to anal yze A- node signals derive rom sai d echoes.
24. Alfet hod ofofpseidviloddhyesseldmingaused aoleastlin pamtp sakibpate aid cmaprementaif said
selecting a blood vessel of said subject useful for neasuring pressure
data; neasuri rFS‘SthF cgﬁpgnﬁ:é}aaamc}t%rm sai d sel ected bl ood vessel

non-invasi vel y;225 MBRSyphdisug STe0RENNa] Guii adBhssidd O §§i§1£1af%&90d%v}’c%sse'

by detecting the relative locations of the lumen wthin sai'd bl ood vessel
and at | easlepiof etongpmprash evaibfbloagle ryesssl iwitjlea mraburingasaidnsdecond theorodynamicdat a

obt ai ned f a?%ﬂu?c%’ d neasuring of said henodynam c paraneter; 30 applying
said calibration ' function to said pressure data to produce a

repres@gnt ati on 21f, bl TiedappaessuseCIMh 0N whketh Bli@®thodersil icoﬁa?ﬁse@.rtﬁé’ haHislg
treatnment to said subject based on said representation. WO 01/70303 -78-
PCT/ USOL/ gatenssof a human being.

22.  The apparatus of Claim 21, wherein said first transducer comprises a
pressure transducer disposed in proximity to said radial artery, and said second transducer
comprises an ultrasonic transducer also disposed in proximity to said radial artery.

20 23.  The apparatus of Claim 22, wherein said processor is adapted to analyze A-

mode signals derived from said echoes.

24. A method of providing treatment to a living subject, comprising:

selecting a blood vessel of said subject useful for measuring pressure data;
measuring pressure data from said selected blood vessel non-invasively;

25 measuring a hemodynamic parameter from said blood vessel by detecting
the relative locations of the lumen within said blood vessel and at least one wall
thereof;

generating a calibration function from data obtained from said measuring of
said hemodynamic parameter;

30 applying said calibration function to said pressure data to produce a
representation of blood pressure within said blood vessel; and

providing treatment to said subject based on said representation.



25. The nmethod of C aim 24, wherein said blood vessel is the radial artery
of a human being, and the act of neasuring pressure data conprises

obt ai ni ngv@opresssure waveform usi ng a-gensor applied at pPOBUSKI11H oXi mat e
to said radial artery. 26. The nethod of C aim 25, wherein the act of
nmeasuring a hemsdynarheCmethod dF @NEELL4, GAHERSh SHE bIASNELE 116 theAQ QP bty WRYES:
transmtting said acoustic waves into said radial artery; recelving echoes
of said adBin; beipgvend sheapglz phanesauringe ptessie tdatad eoraptises habtiningt 4 gmessfiresai d

llunen; 10 (et i t ocat i . least one arter || based on said

act of det ecful nglﬁg%%&‘lnt%%a%%hg&n%ﬁ%%g%?R{Oﬁ(inﬁﬁtett%ﬁa“éf@ﬁ%tag\,\gryof said artery

based on said |26cat TR methedi of Clamms, ankréial e alct beasdas@itey aMtediod c:

27. A gEt hod of determ ning the actual value of a first parameter Wthin
1

t he ciNPEAMSAFTSOIPESSY em of a | i ving subject, conprising: measuring the
value of a first pargpghehe 45306 .With the circulatory system
non-invasi vel y, the gr%feasurged vg?ugao the first paraneter being different
fromthe actual val tenshitiep$aid agpistic wgves istorsekivadial drtegy;Ci r cul atory system
to alter the henbdynam.c 2 propﬁeaﬁfii es thereof; the application of said

stress being det er ni'AEd 88 CFOREP HaEGYaVedet ecting the |ocation of the
lumen within at | eaghai9h, l?,hiﬁ%@hcye%%@éte&f/tvlll?ﬁ)'cﬁ]oncdfsﬁfdl lﬁg@ﬁy system

measuring a second paraneter associated e circulatory systemwhile
t he stlfess is appli agtectitg rthadocatiog of sthicast poe aretyewalsbased atnesaidi 4dh dfhe

circulatory system. eperating,a calibration function based at least in
part on the mggﬁ%@%@ﬁgﬂ@@% aneter; and correcting the neasured first
paraneter using the demibiind iHeridmaet b0%Rid artdy bdd JHEbPRcond AL Riren

wherein: 30 (i) the act of neasuri nIg said first paraneter conprises
nmeasuring the apdé&aidat leastongartewasall. a portion of said circulatory system

(i1) the act ofysneasyr] I econd para er. conprises measuring. the
di ameter of said’ at é%lés@dspgigle%{mg A aﬁ é’ﬁllugtogf?ﬁi{fsﬁmé%fn&“&qﬂ‘)? t he
act oflSmeajiltogy S8t ¢ lvihPALRIE LOMpLAART | Ses measuring the

measuring the value of a first parameter associated with the circulatory

system non-invasively, the measured value of the first parameter being different
from the actual value thereof;,
applying a stress on the circulatory system to alter the hemodynamic
20 properties thereof; the application of said stress being determined at least in part by
detecting the location of the lumen within at least one blood vessel of said
circulatory system,;
measuring a second parameter associated with the circulatory system while
the stress is applied;
25 measuring a third parameter associated with the circulatory system;
generating a calibration function based at least in part on the measured
second parameter; and
correcting the measured first parameter using the calibration function.
28.  The method of Claim 27, wherein:
30 ® the act of measuring said first parameter comprises measuring the
pressure in at least a portion of said circulatory éystem;
(i)  the act of measuring said second parameter comprises measuring the
diameter of said at least portion of said circulatory system; and

(iif)  the act of measuring said third parameter comprises measuring the



WO 01/70303 -79- PCT/US01/09115 velocity or kinetic energy of blood
flowwng within said lumen. 29. A nethod of scaling a henbdynam c

par amet ewooumasn3 si ng: provi ding a refef®nce waveform gePeT/aBIINY1EBN
uncorrected waveformincluding said henodynamic 5 paraneter; determning

at | east one correction fwlo&@io@lkﬂﬁﬁeéﬁ@?yeﬂbWﬁBMﬂQ\bﬁ\ﬁiﬁ@aﬂtlumEﬁ.aSt in
part on said reference waveformnm and apJJ ying said correction to said
uncorrect ed waves or i fetlaedpfscaliga heeodypipicRarapriel FOTPHIIAE29, furt her

conprising calcul ati q: i.on 10 based at least in part on
TR R PR Glog WRERLEY

sai d uncorrected waveform-a waveform 15
generating an uncorrected waveform including said hemodynamic

5 parameter;
determining at least one correction for said uncorrected waveform based at
least in part on said reference waveform; and
applying said correction to said uncorrected waveform to scale same.
30.  The method of Claim 29, further comprising calculating a transfer function

10 based at least in part on said uncorrected waveform and said scaled waveform.
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