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SELF-CALIBRATING SYSTEMS AND METHODS FOR BLOOD PRESSURE WAVE
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No. 13/231,703 giled 097137201 1; US Application Publication No, 20120238887 US
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LS Application SN 11/300,558 filed 0848/2006; LIS Patent No. 7,087 025; US Application SN
117803 643 filed 05/15/2007, US Patent Noe. 6,723 454 US Patent Mo, 8001835 and US
Provisional Application SN 617846 277 filed 02282014,

FIELD OF THE INVENTION

1} The present tnvention relates 1o the selt-calibration of blood pressure tracking systems
that infer blood pressure by indirect means, such as, for example, through time-delay

miegsurements of the arterial pressure pulse or using pulse wavelorm analysis tn general.
BACKGROUND OF THE INVENTION

3 There have been many attempis 10 dedoce arlenial blood pressure from arterial sites other
than the taditionally used brachial antery site of the upper arm. The motivation is related to
contfort and fit 1ssucs, a8 well as to the lucrcasing awareness that continuously measuwed blood
DIOSSUIS X superior to eccasiona! point-inslime measurernents. The comfort and fit issues
assoctated with traditional upper arm culfy makes them & less attractive technology candidate,
particularly when monitoring awake or sleeping patients, as opposed o anesthetized pationts.
Finger cuff-based blood pressure mogsuraments are far better tolerated in these particular
populations. This motivation has foeled the development of two noad classes of non-invagive
contingous blood pressure monttoring technologies: 1} those that are non-invasive bal inttusive,

and 23 those that sim to be both non-invasive and non-intrusive,

3 i?‘eﬁa}&px’imip’ie based devices and tonometers, while non-invasive, are intrusive due to
thelr aggressive coupling to the monitored artery as well as the footprint and power tequirements

due to the natere of thelr underlying wechnology.

43 Blood pressure tracking systems that are both non-fovasive bat also now-intrusive (NING

utilize, for example, the refattonships botween arterial pressure and pulss propagation velocity,

& pubse transit tme {PTT), or pulserwavelorm anabesis (PWA) to inder bood pressure

continwously or beat-to-beal. These NINI systems currently Freguently wtilize one of the digits to
!
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obtain at keast part of the physiologival signals required for thewr operation.

53 The finger as anartenial palse monitoring site has significant advantages. Iis
approximately cylindrical shape facilitaies the stable coupling and, equally buportant,
reproducible application of 4 sensor to the arterial pulsations through removal and re-application
oveles. Digital anterial monttoring siies, in contrast to the radial artery site of the wrist, for
exarople, are not subject fo rolations or twists and the associated skin stretches and
displacernents. The digits of high BMI (body mass index) patients tead not 1o exinhit the same

ss fissue that characterizes magor limbs, High pressure gpplication (o the digits, i confined o

by

tine scales of a minuis or so, 15 well tolerated, particularly by the genatric population that tends
1o exhibit the least tolerance for upper arm cuff inflatons. The tme scale consideration
mientioned is very important, because the intolerance of patient populations {o the long term
application of bigh pressure to digits, such as atilized by Penar principle-based systems, 15 well

documienisd.

&) While there are @ murober of issues associaled with the digits as an arterial pulse
monitoring site that will be discossed in more detail below, 8 well-known disadvantage 5 that, gs
part of the distal arterial periphery, the digital arteries are subject o throttling mechanisms, sueh
ax due to fempergtore, that can affect perfusion sigmificanthy. In addition, while the brachial site
of the upper anm 1§ uswaily adjacent o the heart, requiring no hydrosiatic bead compensation, this

i usually not the case unless hand/heart positions are speeified or the pationt 1§ suping/prone.

73 Since PTT or PWA blood pressure monioring systems, and i particuiar blood pressure
monitoring systems uiitizing PRA, infor blood pressure indirectly, they requive initial andéor

recurning calibrations with g divect blood pressure measurernent. Freguently these systems use an
externally obtamed blood pressure, for example a blood pressure obtained froam an upper arm
cuft. This is not optinal as i requires more hardware to be included in the monitoring system,
the migrfacing of the additional component, and the mentioned palient comiort issue. Due o the
significant sizing requirements of upper aom cufls, i alse invelves inclusion of different adult-
5iz& upper arm cufls, even more i & thigh cutt is to be included, in the monitoring systen.

) Ulsing a digit itself a5 a site for the selficalibration measurement of an absolute blooed
pressure would therefore be clearly preferred, particularly if the selfcalibration procedure could

utilize the digital seusing enclosure that is already being used for continuous blood pressure

tracking.
N Despite decades of vesearch there ave still today no non-invasive blood pressure

2
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calibration nsethods available that do not involve the divect apphication of 2 known pressure {o an
artery o deternune the pressure within it The difficalty i delermining such a method hes wn that
all indivect, surrogate measures of arterial pressure, for example pulse transit time, pulse shape
changes eic. are subject to physiclogical confounders, such as vasodilation or constriction, that

can produce the identival surrogate measure af significantly difterent blood pressutes.

Wy Tradivonally, divect blood pressure measurements subject the arfery o & sequence of
external pressures that modulate blood flow, ranging step-wise in pressure from complete
obstruction o complete relegse while the arterial wall response during the traversing blood
pressure palse is measured. Traditional arm cufl measurement ovoles typically start with the
external pressure initially high enough that the artery collapses and Mood flow coases. The
external pressure is then gradually released, whether in steps or comtinuously. With dropping
external pressure the blood will inttially spurt through the obstructed arterial region, the onset of
which corresponds approximately to systole. Further redaction of the extemal prossure will allow
the artery to expand further while unloading sty wall stress, which in tum allowsthe wall o
oscillate with greater amplitude with sach heartheat than thwould in s natural, loaded wall
tension state. At approximately mean arterial pressure the wall stress anloading is optimal,
producing the largest oscillatory signal. With further dropping external pressure the wall
wording diminishes until the wall stress s restored, blood flow is unimpeded, and the
sscilations cease. The pressure at which flow resumes unimpeded corresponds approximately to
diastolic pressare. When auscultatory methods are used, whether involving devives or clinicians,
these prossurs points are detornmned by listening for the characteristic bleod flow trbulenge

sounds, 1o, Korotkott sounds, of each Dow stage.

11} Automated oscillomefric measurement approaches analyze the shape of the escillometric
“hill”, e the regponse curve that plots ogeillometne amplitude versas external pressore, utilizing
statistical averages of invasive bood pressure and oscilloimnetric meastroment COMPAriSONs sCross
differsnd patient populations fo establish generally vald thresholds. o the case of upper arm
ascillometric culls a generally accepted threshold for systole 15 30% of full anmplitude oy the high
pressure side for systole, and 70% on the low pressure side for diastole. In practice, the analysis
algorithms used by monitor manufacturers are all propristary.

12} While the concept of oscillometry wmvolving upper arm cuffs is well gstablished, the use
of eseillomelry to obiain blood pressure readings from the digits 18 less well known and o date

has not sicceeded acceptably. Specifically no prior art approaches wing oscillometry on the
3 & & ; ; & &

Link
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finper have been gbde © meet the specifications set for FDA-cleared blood pressure monitors, the
most recent version being the ANSFAMIVISO 81060-2:2013 standard. The core of the standard
ave two conditions: 1) the bias of paitred readings obtained from the wmonitor wnder test against the
Gold Standard has 1o be within § mmHg and their standard deviation has to be within 8 mmHg;
and 2} the biay and standard deviation are related via a specified formuda, the net effect baing
that, s the bias increases, the standard deviation bt shrinks. As an example, i the has of the
paired readings i3 4.3 mmHg, the standard doviation can be po larger than 541 mmbe, (ther
constral requirements are the distribution of blood pressures to be measured and the number of

subjecivreadings.

131 A pumber of investipatory have examined the feasibility of the use of osctllometry to
abtais blood pressure readings fromthe digits as part of development and clinteal comparison
studies, with results ranging from poor, b with no statistically significant correlation with a
chnical Gold Mandard being found, to reasonable, 7 where a conunercially available device, the
Marshall P-88, matched the performance of the FDA-~approved Finapres device but both
performed outside 81066 muidehines, Likewise, the results of a study by Lyew ® that compared
the performance of standard arm readings with those from forefinger cufts in a cohort of 41
children and young adults met the bias requiremonts of the guidelines and came within less than
2 mmHg of the standard deviation requiraments on both svstole and diastole. A group st
Samsung that has been developing related technology more recently clammed performance well

within the guidelines. * However, the lack of any follow-up makes these claims questionable.

14y Thos lack of success s notable, considering that sovne Fenaz principle-based devices that
use the Physiocal self-calibration approach, which alse tvolves the pressure step-wise
interropation of the anertal pulsatile response, have met the 81060 standard 1n comparisons
against vasive arierial catheters, considered the Gold Standard of blood pressure comparisons.
Qther Penaz principle devices use upper anm cualls to provide calibration, Lo, they do nof self~
calibrate in the sense described here, using the same finger cuft that 13 used for continvons

monitoring for the calibration segquence.

13y The reason why Pefidz/Physiocal devices have succeeded reasonably, while osciltometric

measurements on the finger have fallen short, is likely two-fold. On the one hand is the fact that
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as part of the development of the volume clamp method the changes the arterial pressore palse
andergoes when it reaches the finger have been nutch more carefully studied and modeled.
Secondly, the Physiocal method has available the mpat of two sensing systems. One being the
glectric current requirements of the punip motor and the conesponding pressure generated. The
other is the optical response signal, which provides feedback on how the pump-driven pressure

modulations are affecting the artenial pulse response and blood volume.

16y Oscillometric approaches, one the other hand, vsually only employ a single bladder-artery
nterfuce that is ased © both engage the srtery through pressure increases and e sense the arterial
pulse response. Considering case of use and scononues, a single finger cull is clearly preferred

aver the cumbersome current blood pressure moniionog technology.

17y Previons attempis to use a digital cuff for obtaining @ self-calibration measurement of an
absolute hlood pressure bave fhiled because simple assumptions were made ghout how brachial
and digital blood pressures are related, the primary previous congern having been that the
gravitational ditference between the two pomts, the hydrostatic head, bas 1o be compensated for
by keeping the monitored hand at heant height.

X

I8 As discussed barein, the jssuey affocting # blood pressure calitwation sysiem opersting on
the finger establish the level of sophistication and non-iriviatness required for the task This s
despite the fact that the ase of oscillometry on the finger would appear to be an extension of an

gstablished methodology, Use of osciiix;nmtry on the finger requires Dvcrmming a host of 1ssues

cregss morvitoring efficiency, spd improve pationt care. While some theoretival physiological
pusdeling 18 possible, the best approach appears o be, given the enormons range of lnunan digital
physiclogies, to create \)suil{'srm tric response analysis models on the basss of suificiently large

human populations.

19y Inordertodevelop the self-calibration blood pressure monitoring capability proposed by
the present invention, the physiological effects that affect blood pressure on the Binger must be
wlentiffed and considered.

SUMMARY OF THE INVENTION

20 Inaccordance with the present invention an indirect blond pressure monitoring system

enabling self-calibration to obtain absolute blood pressure values s provided which Includes a

L4
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digital cuff baving an air bladder and & secwring mechanism; a receiving madale, having
electronic components, by comnuancation with the digital cuff; an air conduit in preamatic
compuication with the digital cuft and the recetving module; a pressure controlling means
within the receiving module; 8 processor connected to the receiving masiule; and a display

mechanisn.

21y The secaring mechanism mainiaing engagement belween the cuff and the digid on winch
the cuff is positioned while the aiv bladder is pressorized through the aiv condull by the pressure
controlling means 0 a pressure less than said wser’s diastolie blood pressure, thereby
circunaferentinlly squeezing the digit to partislly unload artery and creating a hydraulic coupling
hetween the at feast one antery within the digit and the air bladder. The hydrauhically coupled air
bladder detects pulse pressure oscillations cansed by pulse pressure waves passing through the
coupled artery, and the pressure oscillations are sensed by at least one pressure sensor of the
pressure controtling means, which is transmitied to the processor fov analyvais. The pressaire
controlhing means s controlled by the recerving module. The operation of the digital coft i alse

controlied by the recaiving modude to take either absolute or relative blood pressure readings.

22 The processor s configured o run an algorithm anabyring real-tine pressure change data
seceived from the digital coff when taking absolate blood pressure readings in selation to filed
pressure change chinical data. The algorithm exivacts parameters atfecting digial pulse pressure,
gstablishes an sscillometric profile as a function of pressure, and considers imervening effects on
digital polse pressure. The processor uses the oseilfometric profile to derive a calibeated, absohute
blond pressure value against which a relatively continaons blood pressure monitoring mode will
track changes in blood pressure. The Calibrated, absolute blood pressure value matches within
gtidelines sef by ANSFAMEASO €1060-2:2013 standand.

23y The interveming effects affecting pulse pressure includs coupling of blood pressure
moatoring device, mumber of aneties being montorad, arterial stiffness, tissue variatioos,
filtering effvcts, prossurs pulse amphification, and spectral content of arterial pulse.

24y Inaccordance with the present invention, the processor analbyzes real-time pressurg

change data psing a method of calibration inclading:

i} detecting arterial pulse peak of the artenial pulse from oscillometric pressure scans;
i} denving the oserllometric profile as a function of pressare from said artevial palse peak,

the oscillometnic profite having a dinstohie side, a systolic side, a slope, and an amplitude;
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HEY  testing the oscillometric profile for regadarities due to cuff posiioning or scan Srrors;

i) rejecting or accepling the oscitlometsic profile based on presence or absence of

wrregnlanties;

v} determiming prebmingry threshold values for sysiole and diastole, the preferred values
being 70% of the maximum amplitude of the cscillomettic profile for svstole and 30% of the

maxinun amplttude of he-ostillometric profile Tor diastode;

¥ij  categorizing the profife info fow, normal, or high blood pressure ranges based on the

prehonary systole and diastole values;
vit}  adding an offset for systade based on the categorization;

viiid  ostimating tissuc coupling by assessing said amplitude and systolic slope of the
oseitlometric profile m the low pressure range o caleulate an offsel 1o be subtracted from
ultimate blood pressure values based on pressure required to penstiate infervening tissue to

engaze the arteres;

X} assessing the spectral coavtent of the arterial pulse at different pressure steps of an

ascillometric scan:
%) assessing sides of the diastolic slope and systohe slope of the osaillometric profile;
xty  calculating the final systolic and digstohic thresholds; and

xiy  applying offsets o said final thresholds:

23y Inaccordance with the present invention, the cuff is placed in a position a finger that
substantially conforms fo the shape of the finger thereby eliminating gaps bebween the fingey and

cuft and equaltly engaging both of the two arteries i the finger,

26y Inaccordance with the present invention, the air bladder of the dizital cuff &5 unifemly
supported by g semb-cylindrical enclosure sufficiently rigid to pressure-contain the ar bladder 1o
provide for hydraulic coupling of the air bladder with the ot least one artery, s0 that 1) increases
in inflation pressure of the air bladder of the digital cuff from the receiving module gre directed
o the at feast one digital artery by the hvdraulic coupling and 23 pressure osoidtations mduced i
the eutf by avterial pressure waves are contatned seithan aaid atr bladder and directed to the air

codutt:

~
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BRIEF DESCRIPTION OF THE DRAWINGS

27y Fig | ilustrates the acquisition of signal during a pressore scan and the resulting

oseitlometric profile according o an embodiment of the present mvention.

283 Fig. 2 shows g simulation of oscillometric pressure sweeps for different relative aneriat

stiffhesses acctnding to an enbodiment of the present invention.

29y Fig 3 shows clinically measured brachial systolic cufl pressore versus percentage systolic
threshold accotding to an embodiment of the present fnvention.

MY Figo 4 shows the effect of diastolic side slope on systobic detection threshold,

3y Figo S shows the dependence of the spectral content paramcter on cohott age according 1o
an embodiment of the present nvention,

32} Fig. 6 shows the age dependence of the spectral content parameter separated by sex
according to an embodiment of the present ivention,

33y Fig. 7 shows the age dependence of the normalized diastolic slope of the osciliometric
profile gecording to an embodiment of the present invention,

3y Fig 8 shows the age dependence of the normalized systolic slope of the osciltometric
profile for A) the entire cobont, B) fenmales only, €) males only according to an embodiment of
the present invention,

38} Figo 9A shows the displays the resulis of determining the optima! systalic slope threshold,
according to an embodimernt of the present invention.

36y Fig. 98 shows the optimal threshold on the systolic side of the oscillometric profile of
Figure ¢ A maiching chinician’s averaged systohie readings as a fanction spectral parameter
gecording to an embodiment of the present invention.

37y Fig 10 shows an embodiment of an example Snger cuft applied o the middie digit of 2
wser and recerving module according 1o an embodiment of the present invention.

38y Figore 11 s av example digitad caffaccording 1o an embodiment of the present invention,
39y Figare 12 is the example digital cuff of Figure 11 in the closed position according to an

ermbodiment of the present mvention.
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407 Bz 13 s o schematic representation of the pressare control and monttoring clemients of
the system shown in Fig 1, according 1o an embodiment of the prosent fnvention,
Fig. 14 shows the sequence of algorithonic processing everts for a setf-calibration ot re-

calibraton event

41y Fig 15 dlusteates an alternate embodiment of the disclosed system meluding a patch o
bandage for providing palse oximeter readings according to an embodiment of the present

mvention.

42y Fig. 16 shows graphs of inflation pressure of a cuff, graph 16Aand pulse oximeter signals
graph 168, both plotted on the same time seale {o show the relationship between the presswe of
the cufl and the resaltant pulse oxygengtion signal, sccording 1o an embodiment of the present

nvention.

43y Fig 17 13 9 schematio representation of the pressure conirnd and monitaring clements of

the systentshown i Fig. 1, sccording to an emwbodiment of the presest invention.

Definitions

44y As used herein the term “about” refers to @ variation of +/- 158%.

45} As used hersin the term “auscubtatory method” shalf refor to determining blood pressure
through the use of a stethoscope and a8 manometer. The ansculiatory methed s the predopiinant

mcthod of clintoal measurement.

463 Asused herein “absolute blood pressure”™ shall refer to systolic and diastolic pressures
obtained via divect pressure moasurgments, such gs via gn tuvasive avterial catheter or non-

invasive means that couple divectly to the acterial pulse pressure,

4?} As used herein “relative blood ’pﬁ;:‘s‘:ssure’" shall refer to systolic and diastolic pressures

48} As used berain the term “oscilfometric” shall refier o the measurement of oscillations,
which i the context here are artenal wall oscillations due to the passing arterial pressure pulse

and accentoated by the wall's stress undoading due to the supporting finger cuff

493 As used herem the term “digital cuft” shall refer toa saitable semi-cylindrical enclosure

that enables a slighily prossurized air bladder to couple 10 the digita] artenes and alfows said
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bladder to relieve the received arterial prassure modulations ouly via & connected preumatic
haose.

1

307 Asused hereln “computing device” shall refer to any device having computing capability,
commumcation means and storage, ncluding but not himited 1o PC, Mag, tablet, smart phones,

watches, elo.

§1y Asused horemn the teom "HR VY shall refor to hesrt rate variability, the physiological

phenomenon of variation iy the time interval between hearthents. | is measured by the variation

in the beat-to-beat interval .

32y Asused heorein UPDRAT shall refer to Pulse Becomposition Analvsis, Fora full disclosure
of PDA techialogy seeUS Patent 7,087 623, Blood Pressure Determination Baged on Delay
Times between Poinds on & Heartbeat Pulse, pending patent apphication, s/n 127537228,
Dietection of Progressive Central Hypovolemia, filed 06-ALG-2009, pending patent: ¢/
11/500,5358, Methad for Arterial Pulse Decomposition Analysis for vital Signs Determination,
and Diagnostic Support Apparatug, PCTUS T304, Hiled 30 huly 2010, which ave mcorporated
herein by reference, as though recited in full

<,

=

3} Asused hersin®

receiving module”™ shall refer o any devics receiving data from the finger

3

cuff capable of having a computing capability, communication means, and storage,

34Y  Agused hereln the term YTO1™ shall mean the the rise time of the P pulse, or the front

end of the composite pulse

55y Asused hoerein the term 1137 shall mean the caleulated mterval between the systohoand

tliac pegks.

36%  Asused herein the teom PP shall refer to the original systolic pulse peak.
87y As used herein the feom VP27 shall refer to the renal reflection pulse.,

S8y Asused heren the teem P37 shall vefor fo the thac pesk.

89y As used berein the leom “external calibration” shall refer to the calibration of the
continnous blood pressure monitoring technology using a devicedechnology external to'separate

from the continuous blood pressure monitoring technology, for example an upper arm cuft

603 Asused herein the term “selfcalibration™ shall refer to the calibration of the continuous

blood pressure montioring technology using a devicedechnology that is part of the normal

i
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contintois blood prossure monitoring operation, for example the finger cuff that s also used for

continuous operation.

811 Asused herein the term “calibration” shall refer to the ealibeation of the continnous blood
pressure montdening echnology in general, Lo providing the continuous bload pressure
monitoring technology a starting point, in tenmy of absolute blood pressure values, fron which 1o

track relative changes in blood pressare from

DETAILED DESCRIPTION OF THE INVENTION

62} Before the present sysiems and methods are described, it s o be anderstood that this
wvention is not hmited o particular enbodiments deserthed, as such may, of courss, vary., 1
also 1o be pnderstood that the terminology used herein i for the purpose of describing particular
embodiments onty, and is not intended o be limiting, since the scope of the present mvention
will be hmited only by the appended claims.

631 The present invention incorporates the continuous Mood pressure tracking technology
Pulse Decomposition Analysis (PDA)Y as disclosed in 1S Patents 8,100 835 and 7087 025 The
disclosed system enables self-calibration, without the addition of new hardware components,
obtain absoluie blood pressure values 1o calibrate the relative blood pressure values obtained
during tracking. Furthermore, these absolute blood pressare values mateh, within guidshines set
for example by the ANSEAMIFISO 81060-2:2013 standard, those obtained during standard-of-
care measurements, which currently are obtained from upper army cufls or arterial catheters. In
particular, the invention relates o self-calibration af arterial sites other than the commonly used

brachial artery of the upper arm, such ag, for example, the digils.

64y Finger cuff-based blood pressure measurements are far betier tolerated and critical in
certain patient populations. o high BMI patients i can be alniost impossible to obtain g reliable,
non-yvasive BP because no cult size fits them. Women whose hvmph nodes have been removed
as part of mastectomiss cannot folerate upper arm cufls, making i that only feg cufts can be wsed
on double-mastectomy patients. The frail elderly do not tolerate upper arm cuff inflations well.
63)  Asnoted herein, provious attempts o use digital cufil 1o obtain a sclf-calibration
measurement of an absolute blood presswrs have failed doe 1o insafBoient research feading o
meorrect assanptions about how brachial and digital blood pressuves are related. Previounsly the

primary concern was that the graviiational height difference between the heart and wonitored

i
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hand, referred o as the hydrostatic head, had © be compensated for by keeping the momitared

hard at heart height,

661 The disclosed method succerds because it is based on a coniprehensive approach that
micorporates the various intervening physiclogical effects on digital bleod pressores that previous
approaches did not take into account. Obtaming such a comprehensive prcture of the Intervening
alfecis way schieved due to the significant physiological model-building during the development
of the PDA formalism, which in tuen was based on extensive Hterature searches as well as the
developmient and validation testing of original congepts regarding the structure of the anterial
pulse and the changes it undergoes during its propagstion from the heart to the periphery.
Extensive datg were collected to map out the, at times unexpected, differsnces between digital

and brachial blood pressures and o conpensate tor these effects in the analyzing algorithay,

67y Oneof the inereening effects on digital and brachial blood pressures 1§ arterial stiffhess,
Efferts of variations in scierial stiffhess on the shape and threshold shifts of the oscillometric
pressure bill were examined by Babbs * in a physiological mathematical mode!l, The study
examined the physiology of the brachial antery as itwould affect an upper arm cuff. Similar
cousiderations apply to the digital arteries. The central point of the study I8 that increasing

arterial stiffoess changes both slopes of the oscillometrie Wl necessitating changes in the height

thresholds commonty assigned for the determination of disstole.

681 Babb’s previcusly mentioned vscillometric moded 18 @ useiul place 10 start n gaining a
prafliminary understanding of the effeets of arterial stiffhess on the shape of the oscilometrie Rl
and therefore the thresholds. Bven just considering the effvcte of anteriad stiffness, the
understanding gained will be profiminary due 1o the fact that the presemtation of the model is
purely theorgtical, L, with no comparisons to any chinical data, and it considers only

specifications applicable to the brachial artery.

&%) Figere 2 duplays an example of the results that Babb’s woodel provides, The bottom
figure displays the results of simulations of cscillometric pressore sweeps, for different relative
arterial stiffnesses, The slopes of the oscillometric hill profile Hatten as arterial stiffhess is
ncreased, or arterial comphiance decrgases. As a result threshold markers, which are established
as & percentage of maximum height and that are used to determing diastole and systole, shift. The
effect is, secording to the moded, particularly provounced on the diastolie side. The vertical giay

bars indicate the systolic and diastolic blood pressures npat inte the model, The graph of Figure
3 H ¥ Bray &
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2B displavs the denvatives of the Figure 2A graph plots.

703 One prediction of the above model 18 that, as arterial compliance increases, both systolikc
and diastobic characteristic thresholds change. Specifically, for this specific case examining a

high blood pressure case of 19110, the digstolic threshold decreases from 82% of full

oy
7
¥

maximum for a low-compliance aptery o 73% o 60.53% for, respectively, doubled and doubled
agan comphance, while the corresponding down-shift 1 systole 18 3% 9% and 12.3%. Based
on the model™s predictions the threshiolds also shift with blood pressure levels, an effect that is
pronounced for systole v the pressure approaches and exceedy 200 mmMg, particularty gs pulse
pressure approaches and excecds 100 mmHz. While the Babbs modet of Flgure 2 15 useful for the
examination of some aspects, in Hght of the many previpusly listed physivlogical factors that
play a role in shaping the blood pressure response on the finger, the emphasis has been on

sxanuning trends iy the clinical data itself

71y Tissue and arterial stiffness variations, whether intra or inter-sulyjects, are 8 MmAajor concern
and intervening etfect. The tissue consideration 1§ related to the fact that the digital arteries arg
not palpable, Lo layers of imtervening tissue mask the anerial pulsations and, while different
subjects will feature different tissue thicknesses depending on lifestvle and genelics, the elastivity
of thess lavers will change Tor the same subject depending the state of perfusion, hydration,
femperature ele. Smee the arferies themselves feature a smwoth muscle wall aver, the wall
respomse will change depending on the state of arterial wall stiffaess. This has major implications
for a pressure-dependent approach that seeky to interrogate the artery’s clastic/pressure response.
I suhstantial levers of tissoe have to be “pressed through™ to engage the artery, the onset of the
pulsatile arterial pressure pulse, Lo diastole, as well as the entire oscillometne pressure hill will
be delayed to a higher pressure, 1 this offset 18 not compensated for, the actual blood pressure
readings will be ncreased by ths offset. In addition the slopes of the ostilfomediie pressure nll
will change depending on whether the arterial wall and the intervering tssue réspond more or
fexs elastically to the pressure-dependent interrogation by the prossurized bladder of the finger
cuff

72¥  Awother mtervening effect with similar considerations as anterial stiffness 1s poor
coupling of @ Mood pressure monitoring device, such as is the case with cold fingers. Dug o
decreased perfusion the arterial pulse signal is depressed and the surrounding tissue ix fess
pliable, which dampens the slope response of the oscillometric signal. In addition, examination ef

the artertal pressure pulse shape makes it possible in principle to distinguish coupling-related

i3
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arterial stiffness assues.

731 Another intervening offect is that the flow resistance of the smaller digital arteries lowers

the arterial pressure, pariicularly as it apphes 1o diastole and mean arterial pressure.

743 The intervening effects of pressure pulse amplification and mechanical filiering enhance
the systohic part of the anerial pressure pulse. Pulse amphification is due o the changing
composition of the arterial wall and the aporof the artenal diambier as the pressure pulse
propagates toward the anterial periphery, compressing it temporally which in turm raises its
amplitude. This potentially also increases the vanability of the systolie side of the oscillometng
hill due to the blood pressure modulations associated with respiration, which are likely to be
enhanced by the pulse amplification effecis.

75) Prequency-dependent filtering effects also affect digital blood pressure. In regard o
frequency-dependent filtering effvcts, Gizdulich ¥ examined the relationship between brachial
and digital pulse shapes in detall, finding that, while low freguencies in the pressure pulse profile
are attenyated, frequencies around 7 Hz are amplified. This effect is cleardy different from the
mechanical fillering offect that was mentioned carlior, which would be expected to have low-pass
effiects, Lo, enhancing kww-Trequeney components while attenuating high frequency components,
This again could contnbute to increased varisbibity that bas boen ohserved by several authors
with increasing systolic pressure since higher pressare pulses typically are associated with stiffer

artertal systems, which mechantcally low-pass filter the pressure pulse.

76y Another factor driving the frequency dependence is the differential response of the
reflection components of the pressure pulse envelope o oseillometric pressure sweep. Pat
differently, the reflection component pulses P2 and P3 respond eatlier to the pressure sweep than
P, the divect left vemiticular gjection pulse, because of thelr conparative saiatler amplitudes.
The resulting effect of the progressing osviliometnie pressure s therefore not just the amplitude
decrernent of the arterial pressure pulse, but a significant change i its shape, which in tum

changes #s frequency content.

77y Anocther issue that s unique to blood pressure calibration on the finger s the fact that two
arteries are being interrogated, not one as in the upper avm brachial artery case. This, as well as
the comcal/cynlindrical geometry of the dighs, places additional requirements on the finger cult

ard how it assures equal coupling of the inflating bladder against both arteries. Due (o the finger

4
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shape and the presence of twa arteries, the finger cuff nwst it the finger st that there are no zaps
hetween the 'ﬁnger and the bladder. B there ave gaps, the Madder will expand into those vouds in
unpredictable ways, distorting the oscillometne hill that is analyzed to obtain calibrated starling
hlood pressurss. I the cuff does not provide uniform suppont to the inflating bladder, the bladder
will tend to engage one artery first, and then, eventually, the other {eading toa severely
distorted, typically two-horned, oscillometric hill that will provide very inaccurate readings. On
the signal processing side, care has 1o be taken to wdentify when the loading is unequal and what
the response of the processing algorithm to the identification of this condition will be. The
algorithim is selistanding and assesses whether the coff was placed correctly based on the shape

of the-osoiiomsiniohill

78y A consideration specifie o the disclosed systent is that the detection of the derfvative
artevial prossure pulse signal will amphtfy the frequency-refated effects. As the pulse shapeis
modified and compressed o time daring the osoillometyic sean, s frequency content ap-shifis,
which, because of the nature of derivatives, would transtate into an amplitude ncrease that

“profongs” the systolic side descent of the cscillometnic hill profile.

79y Inwhat follows, the general approach to implementing compensatory means for the
intervesing effecty desoribed above s outlined, concluding with the deseription of & Tormalism

that provides for the quantitative determination of systolic and diastolic blood pressure values,

ROy fooorder tooblate g starting calibration or 8 re-calibration for a continuous blood pressure
monitoring svsten, such as the PDA techoology implementsd on the Caretaker {CT) finger coff
hiood pressure monitor, the first step is 1o perform & blood pressure sweep with the digital cuff
monitoring systent. These pressure sweeps collect data that is processed by the system’s
algorithm that s implemented to compensate Tor the mtervening effects of digital blood pressure.
The clinifcal data collected by the disclosed system during a given blood pressure recording
session are the sensor signal of the disclosed syster, sampled at 300 He, aswell as the cult
pressure values, Figure 1 presents an example of the data obtained during a blood pressure

sweep of the finger cuff s internal prossure as well 38 the results of #8 processing. Panel A of the
figure dispiaiys the anplitede response versas time of the CT7s sensor signal during the sweep.
This provides 8 graphical display of the artery’s rosponse (0 varying pressure-based interrogation,
which is displaved in Panel B, L. the corresponding time evolution of the directly and
stmultaneously measured pressure steps. Panel £ displays the resulting oscilfometric profile, or

hill of signal amplitode versus pressure. This oscillometnic profite is the initial data used by the
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mnitial anabysis algorithm that 15 the basis of the subsequent blood pressure determination, along
with the average vahues for systole and disstole obtained by the chnicians (vertical rod bars)

representing the Gold Standard 1o this case, and the corresponding prossure scan readings.

81y The initial anglysis algorithn, which operates on the regl-time dats and can also process
filed data, wacks the pump events, and performs heart heat peak detection in the ln-hetween
witervaly and assembles the oscillometrie hill profile, an example of which was shown in Figare
1. The positive-going and negative~-going signals of the systern devivative signal are tracked
separately. Upon conclusion of the sean the algorithum performs 3 spline it on the data, resulting

i a combined oscillometnic hill profile.

&2y The above information is used to detect frends 1o the charactenstic thresholde as 2
funetion of pressure and as a function of steepest stopes of the oscillometric il profile. Figure 3
gives ait example presenting the chinically measured brachial systolic cudf pressure versus the

percemage systolic threshold of the oscillometric Tl profile, subiect to the constraint that the

two agree, for a given reading, within af least § mmbg. Qoly fowr threshold percentages ave
being considered in this example, 20%, 40%, 60% and 80%. The trend in the dats indicates that,
with increasing systolic blood pressure, the muost probable detection threshold, as a percentage of
thecfudl hetght of the osciliomebric il moves o lower thresholds, Le. the el op the lgh-

prossure side becomes more and more imp{}r tantas S}“'S@’(J‘i(? TROTERSeS.

B3y Figorve 4 displays the effect that ch{:mges i the il profile slope on the diastolic side have
an the systolic detection threshold, sabject to the same previous constraint, The trend ilustrates
that, as the slope increases, which i indicative of higher arterial compliagee andior batter
couphing to the anerial pulsations, the optimuan systolic deteetion threshold moves o higher

levels,

84y These trend responses set forth in Figures 2-4 are now parameterized and mcomporated
into the blood pressure extraction algotithm that compensates for cutf coupling issues, artenial
stiffhess, tissue compliance, and assesses spectral content of arterial pulse snd slopes of the

ascitlatory profile.

833 The actual extraction of blood pressures frony the oscitfometric hill profile is then
accomplished through an iterative process that entails a preliminary determination of diastolic

and systolic pressures atthe fined percentage threshokds of 209, 40, 60% and 80%. The
resulting set of pressure values allow a preliminary determination of the slopes, the approximate
pulse pressure, and the range of the sysiohic slope. This makes it possible to determine whether

6
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this 1v 8 hypo-, normo- o hyper-tensive case and (o move the systolic threshokd accordingly
{Jower for higher pressures). Determination of the oscilfatory ampliude for positive and
negative-going components of the systemy’s dertvative signal provides information on the degree

of couphing, which forthe same pressure will move the theeshold higher,

86y The next imponest coupling issue conceras the identification of tissue compliance and
tissue thickness, which will defernyine the onset response of the digital areries in the low-
pressure realm of the oscilfometrie Bl Quabitatively put, if the intervening dssue s thick or
tough as the sensing bladder expands toward the digital anteries, the grierial oscillatory response
will by muied and the change i the osaillatory response from one pressure step 1o the next, 1e.
the slope, will be very shallow. Practically speaking, it can take more than to 100 mmHe in
bladder pressare nnitl the dlastelic response pant of the oscillometrie hill is reached, 2ven though
the subject’s diastolic pressure 18 70 g, This clearly indicates that the “extra” pressure was

reguired to push through the intervering tissue 1o engage the digital arteries.

87y Thesuccessiud solption here has been lo oblain chinical data from g cohort of subjects and
to derive empinical relations hased on the onset responses of this subject set, hoth o rosponse

ampitade and response stope, of the oscillometric bill in the 20-30 nmunBg pressure range.

88}  The nextoritical feature that has 1o be ncorporated into the analysis is artenial stiffness
The approach is based on the observational fact that distinguishes the arterial pressure pulses
assogiated with st arteries from those associated with floxible arteries: pressure pulses from
Hexible arterses are featured, while the pressurs pulses from stifY arteries are less featured, or not
at all, The features ave due to the fact that anterial pulse envelope consists of several component
pulses, specifically the left venrivular gjection pulse and two time-delayed reflection pulses. The
presence of relative absence of these component pulse features relates to arterial stitfness as
follows: the higher the arferial stiffhess, the longer the rise timeof any blood pressure vanation.
The arterial wall resisis and delays the distensive effects due to each component pulse.
Consequently the responses due the different component pulses will mekd together, smoothed
owver by the wall’ s micchanical filtering effect. One approach to guantify this Teaturedness 8 o
exaning the spectral content of the arterial pressure pulse, the motivation being that the more
foatared the pulse is, the higher in frequency ity speciral content will be, It is understood,
however, that the strong mechanical filtering of the arteries sets strong boundaries to this
approach. Specifically, physiologieal rosearch has shown that the hurvan arterial pulse has no

spectral content past 1520 Mz, For the approach discussed here i fums out that examining the

e
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frequency range between T and 10 Hz 18 sufficient. Specifically, i is possible to define a speenral
content parameters that is defined by the vatio of the sumned magnitude of a Fourter Transform
between & and 18 Hz and the summed magnitude between 1 and § Hz that 1s aseful i assessing
the effect of artenal stiffaess on shifis 1n the blood pressure thresholds on the osaillometric kil
891 Asa proliminary assessment of the physictogical relevance of the model s speetral
parameter, ifs age dependence was assessed. For example, Figare § displays the age dependence

of the spectral content parameter v a cohort of 140 subjects with a broad distribution in age and

blond pressures. Since the incrcasing stiffness of older avterial walls smoeoths the steuctural
foaturss of the pulse comparsd to those of younger, more slastic arferial walls, a negative trend is

expectad with-age. A statistieally significant negative trend is indeed observed in the deta

90y Figure & displays the results of further categonzing the spectral content pammeter
according to s, While both groups display the same trend, it is approximately twice as a large
i females as in males. This result may be related to the fact that fenales, on sverage, have fower

arterial stulThess than males.

91y Inasimilar manner the slopes of the oscifiometric profile can be gssessed, singe, based on
the constderations above, they should be seasitive o changes i artenal stiffness, and should

therefore trend with age.

92y Figare 7 displays the age dependence of the diastolic stope, normalized dgainst mean
artenial pressure and categorized according w0 sex. The expected negatve age trend 15 evident for
both groups ilustrating that with increasing artertal stiffvess and age, the slope amplitudes
decrease. Furthermore, and in agreoment with the expected group difference in arterial stifthess
between males and females, the disstolic slopes of the males as a group ave lower than those of

the feraaies.

93}y The situation = foss clear with regard to the dopes of the systolic side of the esuiliometric
profife. Figore 8 displays the overall age trond of both sexes {A) as well as the trends categorized
by sex (B & O The trends inthe oversll group and the fomales agree with expectations. Since
the slopes are negative, the expected trend 1s positive, toward less negative slope values, For the

male group (graph 3C), however, the trend is essentially zero

943 Anexaniple of how the sysiohc threshold, for example, depends on the spectral content
pararneter is presested i Figare 9A, which displays the results of determining the optimal
systolic slope threshold, held 1o four values (200, 40%, 60% and 80% of full height), for

matching the clinivians” averaged systolic readings as a function of the spectial content
I8
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pargmeter for a given patient. As ilustrated the systolic threshold moves higher, Le. e dower
systolic pressures as the parmmeter increases. Modelwise these parameters are used (o establish

the thresholds on the oscillometne profile that determing systole and diasiole.

951 Figure 9B displays the results for obtaining the optinsal match o the climicians” averaged
systohe readings, but as a function of the preliminary systofic reading. Put differently, the
threshold for deternuning systole shifts depends o whether systole s lagh or low. The
pronounced trend indicates that, as systole increases, the optivoum threshold for determaining an
accurste value for systole shifts to lower fovels of the oscillometiic profile, Lo to higher systolic
pressures. In practice this i implementad by first oblaing a preliminary systolic reading to
eatabhish whether this s a Tow, medium or higher pressure case.

96y Inwhat follows, an indirect, oscilionweiric anterial blood pressure monitoring systom nsing
& methed of self-calibration is deseribed. The selfcalibration method provides the absolute
starting or re~calibration blond pressure values against which g relatively continuous blood

pressure monitoring mode will rack changes in bood pressure.

U7y The example system 100 tHustrated tn Figore 10 includes a finger digital coff 20, 8

receiving module 3 contatning electrome gircuitry {not shown), and mechanisms——in this
embodiment pressure sensors 34 and S6--for controlling pressurbration of the digital cuft 20,

The electronic cirenitry ncludes means for recetving and anslyzing signals from the digital cuff
20 and ontputting analysis results. Conduit 40 conneets recewing module S0 and digital cuft 20
i preumatic communication. Alternatively, clsctronic communication of signals between
receving module 30 and digital cul¥ 200 can be wirslesy, such as by providing commumnication
means and & sensor, such gs a prezo or relative pressure sensor, i close proximuty © the ariery

being monitored.

Q%) Fromthe récetving module 30, the data can be sent 1o any protessing device used o
gather and analyre data within the faciiity. The franster of data can be through any means known
at the time 1 the computer ants and applicable to the application. Alernatively, the data can be
analvzed and read divectly by a processing device within the receiving module 5¢. Optionally,
receiving module 30 can inchede s display 32 on which data can be displaved and results of

analysis can be displayved as outpuls for reading.

99)  The finger has a bone in the center gnd twao arteries, one on each side. The digital cuff 20
is placed on the finger 2 with a bladder 28 i contact with the skin overlying the two arteries. The
bladder 28 13 floxible and scaled on all sides to the substrate 26 and around the air conduit 40,
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Digital cudt 20 should preferably substantially conform to the shape of the finger on which # is
phaced 50 as to eliminate gaps and equally engage both finger artenes. As previvosly discussed,
gaps will cagse the badder will expand into those vouds 1o unpredictable ways, distorting the

oscilometric hill that 13 snalvzed to obtain calibrated stanting blood pressures,

1) In the continuous Blood pressure monitoring mode, upon pressunization of the bladder 28,
through condwt 40, 10 a pressure less than the diastohic blood pressure of the aser, the
cyhndrically pressurized digital caff 20 squeezes the finger tasee hydraubically and partially
unioads the finger arteries, The pressure reguired to perform the unloading may vary senewhat
from patignt 1o patient, but i3 typically within the range of 20mm Hy o 60mm Ha. Other
effective ranges for some subjects are from 20mm Hag 1o 40mm He or from 30mm Hg o S0mm
Hp. I gach case, the prossure does oot exceed the disstolic blood pressure of the user. This
witoading makes a hydraulic coupling botween the artories and the flexible Bladder 29, This
shiminates the elasticity function of the atlery, substibsting the ehastic restoning force of the
bladder 38, That is, the bladder28 cames out the funchion of the elastic arterial wall. The bladder
28 also now contains the pulse pressure wave, As previously stated, the bladder 28 hats been

pressurized to below the disstolic pressure.

101y Fig, L shows the digitel cuff 20 attached around the nuddle finger 2 at the imtermediate
phalange, bot could alternatively be attached to the proxtiaa phalange of the middie finger 2
The proximal phalange of the thumb 3 is 8 poor site for calibration becaust the tendons merfere
with oblaining a reliable oscillometric signal.  Alleroative posttioning can be the middle or
proximal phalange of the index, ring or haby fingers, though this posittoning provides fess
optimal readings.

102} A standard, commercially available prossurs sensor 34, such as g relative {gaugeyor
abaolute sensor, can be wsed to keep the pressure in the digital caff 20 constant and 18 no different
from a manometer. The pressure sensor 34 i3 ilustraied as being located within recetving
module 50 in Figure 1, but could alternatively be focated in the digital cuff 20, When used 1n the
digital cufl 20, it is used a5 8 SALC PrOSSULS STNRSOL SIS I 18 open 1o the atmosphere on the other
side. However, as the sole sensor, it does a poor job of measaring changes in prossure due to the

pulse becanse of a lack of sensitivity to these very small changes in pressare.

103} Figo 12 shows an cmbodiment of digital cuff 20 having g hook seotion 22 affised to
mterior side A and a toop section 24 atfixed to exterior side B. The heok section 22 and the loop

section 24 are affixed not only at opposite sides but alsoe ai both end of the substrate member 26
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and are used 1o secure the digital caff 20, | should be noted that the placement of the hook and
toop, with respects to sides & and B, can be reversed. An inflatable bladder 28 15 positioned on
the migrior side A of the substrate 26 approximstely oppostie the loop section 24 and contacts the
user's finger 2 {Figure 10}, 1n this embodiment, bladder 28 comprises an inflatable membrane 29
and recatving air conduit 44, The periphery of the mambrane 29 18 fuged to the substrate member
26, ax indicated at odges 32 and 34, The inflatable bladder 28 is configured 1o enable the sealed
werior region 36 formed by the inflatable membrane 29 and the substrate wember 26, o be
pressurized to form, in conjunction with the conduit 4}, 3 pressure sepsor. The condint 40 s.1n
prewmatic commuimeation with the interior region 36 and the elecironic componenta recaiving

modude 30 of Fig. 10

104y Fig 11 and Fig, 12 dlustrate an exmple of a digital cuff 20, unwrapped n Figure 1 and
wrapped info a cirenlar eonfiguration in Figure 12 to show the configuration in which it is used
when wrapped around a finger. The hook and foop fastenors 22, 34 engage to maintain the
digital cuf¥ 20 n this configuration unilil the hook and loop fasteners are forcibly opened by
pulhing on the end of the substiate 26, In ths figure, the interaction between the sealed edges 32
and 34 of the inflatable membrane 29 and condust 44 of the bladder 2R to form a pressure sensor

arve Hustrmed,

105y The design of the digial coff 201 for iltustration purposes and other digital coffs wmesting
the same eriteria cap be used. The digital cull 20 enables the system to be used, i continuous
monitoring mode, without significantly affecting the flow of blood because the inflation of the
digital oufY 20 need ondy be sufficient to produce a light coupling to the arteries of the finger 2.
Below diastolic pressurg, the digital cuff 20 does not change the inner diameter of the artery at all
and therefore does not affect the flow of bload. In continuous monitoring mode the pressure in
the digiial ouff 20 15 preferably less than the diastohic pressure in the artery, and preferably, no
greater than about 30 mmHg (slihough may be somowhat higher, depending upon vanous factors
of the subject, including, but not imited to diastolic blood pressure, fat content and other makeup
of the foger, sic . The lower It of the pressure s sufficiently high to enable Hght coupling
with the artery bul coupling suthiciently tow enough that there is no tsterference with the blood
flow, In this way, the digital cuff 20 can be nsed for extended periods of time, that is, for multiple

hours o davs.

1063 The digital cuft Hiis wrapped around the measurement site and inflated to a {ow pressure

foss than diastehic pressure, but sufficient to increase the contact pressure. The pulse then causes
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a small variaticns in the infernal pressure o the digital coft 20 due to a very smalt volume change
as the blood surges past the site of the digital cuff 200 Tn ovder to avoid occluding blood flow, the
pressure 5 mantained helow the diastolic pressure and 18 preferably o the range rom 30 0 7
punHg and most preferably in the range from about 35 0 55 mmHg, bul may be within any of
the other ranges mentioned heretofore. The pressure is deternmined on the basis of maintaining
good contact with the finger 2, or more specifically, accurate monroning of the pulse wave. The
digital cult 20 swerounds the phalange and applies wniform circwmberential pressure. The presse
apphind must be maniained within g sange baving a mininnan and maximum, with exact values
being dotermined based on the pattent. The maximuny fevel for the pressure must avoid
accluding the blood Aow while a minbmuam pressure 18 critical from the standpoint of maintaining
goad contact with the finger in erder to sense the pulse prossure wave. & good epierating range is

20-60 mmHg,

7Y The schematic of Figure 13 shows-an example of the interior layout of the recatving
module 4. The second pressure sensor 36, suchas a piezoelecinie disk clement or equavalont, s
slectncally comnected o a controller 37 comprising at feast one processor configured 1o contral
operations of the systemy UYL Pamp 62 i in preumatic compunication with digital coff 20 via
tube 40 and one-way valve 4. Punp 62 13 electrically connected to controlier 37, which controls

operations of the pump 63 hased on pressure reading foedback. Absolote pressure sensor 54 18
alse glectrically conngctad o contraller 37 and provides electrical signals to the contratler 537
represeutative of the pressure sensed relative (o atmosphernic pressure;, a8 one side of the sensor
34 15 exposad 1o the atmosphere aid the other side is exposed © the contained prossure space of
the system 100 provided by digital cuff 20, tube 40, and the honsing of the receiving module 50
The relative pressure sensor 56 is move sensitive than the absolute pressure sensor 34 and can be,
for example, a plezo device fopmed of lead-zirconale Hanate (P27 deposited on a ciroudar
substrate, made of brass or stainless steel, or its equivalent. The relaiive pressure sensor 56 is
mounted in g wanner so that the normal room air i3 on ong side and the pressuriead system 8 on
the other, causing the disk to bulge ot The bulging motion causes charge sepavation w the PZT
which has been deposited onto the brass or stainless steel disk. For & constant pressure, this
separation will be distributed by ordinary high resistance conduction. Once the pump 62
pressurizes the system o a constant desired prossure small pressure variations can be measured
by the smplifier 66, Ideally, any leakdge from the pneumatic connection or receiving module 50
housing, will be on the order of one pump ovele per guarter hour. The pressure oscillations
grigmate in the digial cuft 20 which has effectively unloaded the anteries o the finger. The

gy
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artery, by bulging out in proportion o the hlood pressure, causes slight Reeting changes in the
pressure of the trapped vohame orgamzed by the systern 100, This stight change causes the PZT
1o bulge which causes charge separation which 1 converled o voltage by the transimpedance
ainplifier 66, which is inputted to the controller 57 1o convert the voltage o a relative pressurs

~
§

change reading. The pressure readings can then be outputted by the controller 57 to display 52
andfor an external compuiing device according to any of embodiments described hevein, The
bandwidth of the device 18 adjusted stightly 10 remove sensitivily 1o outside hoise sowrces. The
signal bandwidih contains the fundamental frequency at about 1 Hz {the heart best) and the
signad foatures which exiend to-about 20 He. The raw data iz porled duwectly {o one of the
processor’s A puts in the recotving moduale 30, Preferably, the processor then uses PDA to
extract the parameters. Aliernatively, the digitized raw dita stream s telernetered to @ computing

device for extraction of the parametass.

08} The pulse decomposition analysis (PRAY principle s used to anabyre the arferial pragsure
pulse. Fora full disclosure of PDA fechnology see US. Pat. No. 7,087,028, Blood Pressure
Determination Based on Delay Times between Points on 2 Heartbeat Pulse, peading patent
application Ser. No. 137231703, filed 0971372011, US Patent No. § 100,835 issued 017242012,
PCTAISIOMANSES, filed Jul. 30, 2018, all of which are hereby incorporated herein, in their

entiveties, by reference thergto,

109 The basic components of the PDIA alporithim are: 1) a peak finder that identifics
heartbeats in the desivative data sfrean, 2) a differentiator that produces the second derivative of
the detected heart beat whuch s then used to find the inversions corvesponding to the Tocations of
the component pulses, 3) & digital integrator, implemented 1s a Bessel filter, that generates the
integrated pulse wave form from the differentiated raw signal stream, and frony which relative
component pulse amplitudes are determuned, and 4) a lowepass filter that enables wdentification of
the primary systohc peak, Furthermore the freguency content of the dala stream is continadusly
analvred m order 1o calculate signal to noise (SN} fizwres of merit that detenmine whather signat

fidelity 1y sudficiently bogh to pernut peak detection and analysis

I Onee the wmporal locations of the reflection component pulses and the systolic pulse are
wlentified, the T13 intenval, the time delay between systolic {(P1) and e peak (B3), 18
caleulated. The PP atin is calendated vsing the amplitudes of the P2 peak and the systolie

peak, in the itegrated pudse speetrum,
1ty Thesystem ol the present invention operates passivelyat a low constant coupling
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pressure, such as 48 nunbg, or one of the other pressures below diastolie blood pressure,
mentioned above, The system 1 tracks blood pressure by anglvzing the timing and amplitudes
of the primary left ventncular ejection pulse as well as the anterial pulse reflections, at the

phalange of the finger 2 around which the digital cuft 20 15 wnapped.

112y Uslike previous systems, the present system can non-invasively provide absolute, real-
time, beai-to-beat prossure measwrement values 1 1t 1 calibrated mitially and at penodic

wervals.

113y The finger cuff system 100 can be controlled frony and stream data to the software
ranning on any apphicable computing device. Communication can be wirgless using, for
ﬁxamph, the Blaetooth transmission m‘ms}cul Ina _m'efferred emhmiimmm the ﬁnge.r cutt system
clowd-based server on the Internet. Ina prefi::rmd ammdimmt the digital sensor features 2
mimaturized design based on g piczo-clectric sensar, weighs about 100 grams and runs for abowt

20 hours on a single battery charge

iy Since the system 100 tracks pulse reflections that stem from the central arteries, it can be
shown o be capable of wacking central blood pressure. Further the techoology has been shown o

be suttable as 3 hemonhage detector.

115y The systenm’s signul quality 1s sufficiently high ax to enable detailed contour analysiy of
the radial or digital pulse shape, which is mfluenced by tactors such as systolic and diastohe
blood pressure, and arterial stiffoess. Specifically, i makes the resolution of the component pulse

struchire of the radial/digital pulse sovelope possible.

116)  The sequence of algorithmic processing events required for the system to pecform a self=
calibration or a re-calibration is shown schematically in Figure 14, The required oscittometric
profife ix gstablished theough the peak detection of the arterial pulse sulject 1o the different
pressore scan steps. The resalt is the oscillometric profife as » fusction of pressare. As a first

Procossing smp? the oscillometric pmﬁie is tested for irmgu’iarities that can arise if the fmger eufY,

the pressure sean. This will ty ;‘maii sult iy a paalt »pmha ¢ oscifometric mm‘xim Hihis
condition is defected the profile is rejected and an ervor condition is displaved. Ithe profile i3
accepied the next processing step tnvelves determining preliminary threshold values for systele
and digstole, preforably at, respectively, 70% and 30% of the maximum amplitude of the profile.
Based on these preliminary systole and diastole values the oscillomeivio profile i categorived
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gt a likely low, normal, or high blood pressure stan. Speeific values for the ranges are Tess than
23mnBG for low, 26-40mmHG for nornmal, and 404 mmHG for high and an offset for systole 18
added depending on the classification, speetfically 0, 10, ISromHG. No offset is calculated for
diastole, based on analysis of clintcal cohort data. In & nexi processing step the tissue coupling is
estimated by awessing the maximum ampditude of the oscillometric profile and the systolie slope
of the oscillometric profile in the low pressure range in order to caloulnte the offset that bas o be
subtracted from the ultimate blood pressure values due to the excess pressure that was reguired o
peneirate the intervening tissug to engage the arteries. The range of prossures examined mususlly
hetween 20-40 mmHe, with the offset in the range Fom 0 - 30 mmHg. The next processing step
assesses the spectral content of the artenial pulse at the differem pressure steps of the
ascillomaetiie sean, the most important being the specteal content i the low gnd the miermediate
pressure regime around the peakof the oscillometric profile of the onginal scan. In Hexible
arteries the spectral pasameter will he high in the low pressure regime, where the pulse i not yet
distorted by the applied pressare, for reasons discussed. Blastic arteries will also exhibit carlier
cotlapse in the pressure profile, ndicated by a sigoificant decrease iy the spectral parameier, than
fegs Hexible arteries. Specific values for the spectual parameter will be in the 0.6 or higher range
for Hexible artenies and 0.5 or fower for stiffer arteries. For values in between, this processing
step 15 ignored because i this range the effect of the speotral parameter correction is minimal.
Finally the slopes of the diastolic and systolic side of the oscillomatrie profile are assessed for the
determination of the final systolic and diastolic thresholds. This also provides a final quabty
control checkpoint, for if the slopes are pnreasonably low, the scan can sull be rejected.
Acceptable slope ranges, normalized to the height of the oscillomietric profile, are <0.04 - -0.02
for syatole and 0031005 for diastole. Based on the inputs of the deseribed processing stages the
final thresholds for systoleand diastole are caloulated, as well gs offsets that will be applied to
the values obtained, Threshiold ranges are bracketed, respectively with regard fo gystole and

diastole, between 80% ~ 60% and 35-75% of the maximum oscillometric profile height.

7Y With reference to Figure 14 and specifically the caleudation of the finad threshold levels
and offsels to obtam values for systole and diastole, equations 1-10, set forth below, provide s
quantitative framework for the analysis that was desenibed above. The goal, L& cquations 9 and
10, s {0 obtain the threshold levels, in percentages of the full height of the oscilfometric curve
{QC7} for both systole and diastole, v, respectively, threshYessere and thresh%aasae. OC, an
example of which s displayed in Figure 1,18 a curve that is a function of pressure so that
OC{threshYimen, for example, is the pressure corresponding 1o the curve point identificd by
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threshYsysete oft the syatolic side of OC. The corresponding identification applies to
thresh®haaete on the diastolic side of OC. To the resolting pressures obtained from OC ave added
the offsets offsetismspse and offseliswe et , calculated 0 compensate Tor the tissue

compression that is required to reach the artenial wall

18 The threshold levels threshSosesee and thresh¥essete are calculated using equations 1 and
2, te both are equal 1o a defanlt threshold on the respective sides of the OC, as expressed by
sguations 3 and 4. These default thresholds for systole and disstole are now modified by the
contributions due to the spectral parameter, A%seaysole 31d A%se ssnie, dnd the slope parameters,
Alost et a0 AL s, THese threshold modulation parameters iy tar are modeled ona
Hnear dependence with the underlying physiolopical pavameter, ay presented in equations §

through 8.

thrﬁs;‘i%‘:systx)!ﬁ = df"f{“i&{K}s}wmig + AY Eixf’.fs}fseaée + &{}*““},ﬁ'f,,;sysmie {h

thresh%giaciote = def awlt%aiasrore + &q*ilsr».dmsmze + &(5{35‘;‘;&{{(&;&3{8 {2}

de fadltWpupare = 80% {3

de Faidt%giqorate = 70%% {4}

&{?"{JEPS}*StoIe = “L‘?P.systoi'esp {5}

Abspasastote = Repaiastote S {6}

&%'5 L$ystole = as.&..!:a‘}rS‘t.tvé.&S Ls,_\'sz‘(ile {7}

Ay qiantote = Uap,dinstoled bdiastote {8}

Systole = OCthreshMigpsiote} + OF f 8t issue systote {9}
Diastole = O‘C(t&regﬁgﬁdifmmie} +of )fg Eivenediastole {H}}
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113} Receiving module 50 s confipured to operate digital cnff 20 to function as an
oscilloweter and to geperate signals representative of absolute sysiolic and diastolic blood
pressure of the subject when in contact with the finger 2 or another finger. In this mode, digital
ouff 20, conduit 40, and receiving module 30 make up sn oscillometnic sphygmoemanomeler
configured to automatically take absolute systodic and diastolic blood pressure readings when
controlled 1o do so by receiving module S0 Condwt 40 interconnects digital colf 20 and
receiving module 50 both prewmatically and electrically, so that receiving module 50 can
automatically inflste digttal cutf 20 and control inflation levels properly 1o obtain absolute
systolic and diastolic blood pressure readings. To take absolute systolic and diastolic pressure
readings of the subject; the receiving module 30 awomatically pressarizes the digitel cuff 20 at a
tme determined by progranuning i the receiving modale 50, The recetving module 30 controls
a‘compressor to generate aiv pressure o inflate the digital cufi' 20 step-wise as previously
described, geverating an oscillometric hill that is then aualveed subject to the slope and
amplitude conditions previously described. Receiving module 36 includes g processor configored
to receive the signals from the sensor{s) of first digital cuff20. To provide adequate coupling of
the digital cuff 20, the air bladder within digital cotf 20 has to be oniformly supported by a senu~
eviindrical enclosure that is rigid enough to pressure~comtain the air bladder so that increases in
miflation presswee of the cuff from the receiving madule are entively dirscted to the digital arterie
and not elsewhere, and Hkewise arterial pressure modudations induced in the cuff are contained

and entirely divected to conduat 40,

114} Using the absolute systolic and digstolic blood pressure readings proviously obtained, the
processor calibrates a processing slgorithm, such gs the PDA algorithun for the continuous
tracking of dlood pressere, used to process signals from the coff 20 whan the pressure apphied by
the cull'is below diastolic bood pressure of the subject. The systern 100 then proceeds with
hicod pressure wave form monttoring of the subject in real time, with the colt 20 at a pressure
below diastolic blood pressure of the subject, providing real time, beat-by-beat, absolute systolie

and diastolic blood pressure measurements.

15 Fig. 14 vHustrales events that can be performed by the system 100 for self-calibrating the
system 10 make absolute svstolic and diastohic measwrements of & subject via the cuff 20, Ax

gvent 602 the recaiving module 8¢ controly finger cuft 20 {o function as an pscillometric device

i a mannoer 8y deseribed above dnd recenes formation regarding the sabject’'s hood pressure,

Abevent 604, receiving module 30 converts signals recetved from cuff 20 thaf ave representative

of absolute systolic and dmstolic blood pressure readings to absolute systolic and diastolic blonod

e ol
2)"
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pressure values, Using the absolute systolic and diastolic blood pressure readings and signals
recerved from operation of cuff 20, the processor calibrates a processing algorithm used to
progess signals from the Bnger cuft 20 when ooff 20 15 ata pressure below diastolic blood
pressare so that processing of signals from cuff 20 provides absolute systolic and diastolic bloogd
pressure readings. Once the selficalibration process has completed, at event 806 the system 100
can proceed with monitonng blood pressure wave forms of the sabject, including, but vot Hnited
0 monitoring i real fime, using signals recetved from cuft 20 and processed by device 50 using
the self-calibrated provessing algorithm, including the ability to make real time, beat-by-heat,

abaplute systolic and diastolic blood pressure measurements.

116) Vg 1S illasirates a selfecalibrating system 300 for blood pressure wave fonm analysis
accerding to another embediment of the prosent isvention,  System 300 includes a first finger
cuff 320 configured and dimenstoned 0 encircle a finger 2 of & subject.  Like the smbodiment of
EBig. 10, the first finger cuff may wse the cuff 20, a5 described above or any of the other
aembodiments described in LIS Patent Appheation Publication No. 2012/0238887. The milatable
member of cuft 320 is configured 1o be inflated o apply pressure circumferentially 1o the finger
at-a pressure evel below a dimstolic blood pressare of the subject and inchudes at least one
pressure sensor that 1s displacesble by pressare fluctuations transferred from the finger to the
inflatable member to generate signals corresponding to blood pressure wave forms representative
of blood pulses passing tirough the finger. Pressure fluctuation data is sent frony the cuff 320 to

the receiving moduale 350 via the tube 3481

HETY A bvoecompenest syster can be utihized wherein a finger cuft bladder is ased to
pressurize and sense the antery, but a distally located optical sensor, such as an optical
plethysmograph, provides additional information on the state of the pressurization/modulation of
the digital arteries. As shown in Figore 15, a second finger cuff or cap 322 i configured to
contact the finger by fitting over the distal end or tip of the same finger on which cuff 320 18
installed. The second finger cuffor cap 322 mclhudes an oxygenation sensor, sieh as a pulse
aximeter (photoplethysoography as known intheart, The second ot or cap 332 is configured,
when placed on the distad tip of the Inger as shown, to shine light through the fngentip and
measure the spectral attennation of the light. The spectral sttenuation of the hight has a dirsat

refationship to the amount of oxygen in the blood that the light passes through and the amount of

oxygen 1 the blood has a dicect relationship to the subject’s pulse. Signals representative of the
level of spectral attenuation of the blood are transmitted from second euff or cap 322 1o receiving

module 350 vig electnien! connection 342,



WO 2019/010416 PCT/US2018/041093

118} To take absolute systolic and diastelic pressure readings of the subjert, the receiving
modude 350 antomatically pressurizes the cuff 320 ot a time determined by programsming in the
recerving module 350, Figures 10A and 168 shows grapbs of mflabion pressure of cuff 320
{graph 902) and pulse oximeter signal {graph 904) both plotied on the same time scale 1o show
the relationship between the pressure of the cudf 320 and the resultant pulse sxvgepation signal.
The processor within the receiving module 350 controls a compressor 1o generate air pressure o
milate the cufl 320, As the cuft 320 & milated (pumped up), the pressure Tises step-wise with
sach oycle of the npuwt of pressure mto the cuff 320, Some overshoot 906 and relaxation 908 of
the pressure value iy evident with each step-wise norease, likely due to the clastic/plastic

charactenistios of the bladder 28 tubing 340, tissue of the finger, or any combination of these.

119} During the thime that the pressure in the cuff 320 is below the diastolic blood pressure of

the subject, the pulse oximeter signal remains substantially at a steady state value 210 (ignoring
the overshoot and relaxation portion of the signal), which is to be expected, as there has been no

whibition of blood flow past the ithonination site and therefore the blood oxygenation level
remwaing substantially constant. When the pressure of the cuff 320 reaches the subject’s absolute
diastohic blood pressure, the overshoot begins to-occhude the arteries iy the finger 2 subject to the
pressure from cuft 320, thereby lowering the pulse oximeter signal as the blood oxygenation
lovel decreases as a result of the lessened blood flow due to the partially cecluded artenies, and
the relaxation seis the steady state prossure back to g prossure sightly lowsr than digstolic
pressure so that the pulse oximeter signal improves over that pump cyele and stays steady, see
212, The corresponding time of ocourrence of this event on the Device pressure chart indicates

the gbeotute diastolic pressure, soe 914, which, i tus example 1s gbout 63 to Thmm Hg,

1201 As the cuff 320 continues o be pumped up beyond the diastolic pressure and the pressure
of the ol 320 reaches the absolute systolie pressure of the subject, the pulse oximeter signal
reduces substantially, and stays steady there, as indicated at 216, The corresponding time of
acarrencs of this event on the Device Pressure Chart %02 indicates the absolute systolic

pressure; see 816, which, in this example is slightlv less than 1500 He,

var

121} Receiving modale 350 inchudes a processor configured to moeasure the pressure i the
bladder (38 1n Fig. T, as well as receive the signals from the sensor(s) of first finger cuff 330, a8
wel gs the signals from the second finger cufficap 322

122} For self-calitwation, o provessor in receiving module 350 pressurizes the first finger cuff

20 1 2 manner as desenbed above and, at the same time receives signals from the second
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cufficap 320 reparding the oxveenation of the subject’s bloed. The signals received from second
cuftficap 32 are wonltored and analyxed, while at the same thime monitoring the pressure of the
frst oufl 320 s synchronyzed manner. In this way the absolute diastolic and systolic pressures

pan be wentitied by the processor of recgiving module 350 in the manner described above.

123y After obtamning the absolute sysmiic. andd dastolic prossure readimgs, reveiving module

3530 immediately depressurizes cull 330 1o ap operaling pressure below diastolic blood pressure
and recetves signals from the calf 320 that characterize the blood pressure wave forms of the

subject i & manner as diseribed provionsty with regard to system 100, These signals are used in
combination with the absolute systolie and digstolic blood pressure readings by the provessor (o
calibrate a processing alzorithin used 1o process signals from the first finger cuff 320, ata
pressure bilow diastolic blood pressure o that processing of signels from cull 320 glone will
provide absolute systolic and diastolic blood pressure readings. Onge the self-valibration process
has completed, the systemn MK can proceed with blood pressure wave form monttoring of the
subject i real time, Inclading the ability 1o miake read time, beat-hyebeat, absolute systolic and
digstolic blood pressure measurements with the cuft 320 at & pressure below diastolic blood
pressure. Other diagnostic values that can be calculated inclade, but are not bimited o7 beatt rate

variability and regpirgtion rate, as well as any of the other diagnostic values described gbove

124y Fig 17 dlustrates evends that can be performed by the system 300 for self-calibrating the
systern (o make absolute systolic and diastolic measurements of a subject vis the caff 320, At
event M2 receiving module 350 prossurizes onff 320, while monitoring the pressuve of cutt 20
and simultaneously monitoring signals recetved from the second cufffcap 3220 At event 1004,
receiving module 350 identifies absolute diastolic aud systolic pressures from the processing of

event 1002 in the manner as described above.

125)  Atevent 1006, recetving module 330 reduces the pressare of cuft 320 to an operating
pressure helow absolute diastohie pressure of the subject and recetves signals from the calf 320
reprosentative of the subject’s blood pressure wave forms. Using the absolute systolic and
diastolic blood prossure readings and signals received from operation of cuff 320, the processor
calthrates a processing algorithm used o process signals from the first Buger el 320, so that

processing of signals from cuff 320 alone provides absolute systolic and diastolic blood pressore.

126} Once the self-calibration process has completed, at event 1010 the systorns 300 can
proceed with monitoring blood pressure wave forms of the subj@ct, wmetuding, but not fimted to

monHonng n real ime, using signals received from call and processed by recsiving module

3



WO 2019/010416 PCT/US2018/041093

350 using the self-calibeated processing algorithm. This includes the alility to make real time,
heai-by-beat, sbsolute systolic and dissiolic bood pressure measurements. Qther diagnostic
values that can be calonlaied melude, but are not linied to1 heart rate variability and respiration

rate and any of the other disgnostic values noted ahove,

127y Svstem 300 can be re-calibrated, as needed, i the same manner as dexcribed above, |
mast be poted that gs used heren and 1y the appended claims, the singular forms "a", "an”, and
“the" fnchade plural reforents unless the context clearly dictates otherwise, Thus, for example,
reference to “a pulse™ includes a plurslity of such pulses and reference so "the sensor™ includes
reforence 1o ane or wmore seasors and equivalents thersof known to those skitled o the art, and so

forth.

128y Where a range of values s provided, it s understoed that each mietvening valug, to the
tenth of the anit of the fower Himit unless the context clearly dictates otherwise, between the
wpper and fower timits of that range 8 slse specifically disclosed. Each smaller range between
any stated value or intervening value in 2 siated range and any other stated or infervening value
in that stated range is sncompassed within the mvention. The upper snd lower imiss of these
smafler ranges may ndependently be included or excluded 1o the range, and sach range where
either, veither of buth Hmits arstinchudedan the smaller ranges is also encompassed within the
invention, subject to any spoaifically excluded Tt bethe stated range. Where the stated range
includes one or both of the Hmits, ranges excluding sither or both of those included Hmity ate

ahvo mcluded i the fvention.

129y Unless defined otherwise, all technical and scientific terms used hersin have the same
meganing as connnonly wnderstood by one of ordinary skill in the art to which this mvention
belongs. Although any methods and matenials simular or cguivalent $o those deseribed herein can
be used in the practice or testing of the present fivention, the preforred mcthods and matenials are
now described. Al publications mentioned herein are incorporated hevein by reference to
disclose and deseribe the methods andior materials i connection with which the publications are

cited,
13 The following articles are incorporated beretn by reference as though rectted iu full.

131} YNesselroad IM, Flacco VA, Phillips DM, Kruse J, Accuracy of avtomated finger blood

pressure devices, Fany Mad. 1996 Mar28(3 ) 189-92,
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132} 2 Veerman DPI Lenders JW_ Thien T, van Montfrans GAL LAM 100Marshall F-8%:
accuracy and precision of a new device Tor discontinuous fnger blood pressure weasurement,

Hum Hyperiens, 1993 Apn 7231138,

133y Y Lvew MA, Jamicson JW, Blood pressure measurement using oscillometric finger cufly
wy-chiddren and voung adulis. A companison wath drm culls during general anagsthesia,
Ansesthesia, F994 Oep49(101895-9.

134y *LeeJY, Kam JK, Yoo G, Digital envelope detector for blood pressare measurement
using an oscitiometric method, § Med Bog Technol 2002 Mav-fua 263311722,

1353 Babbs UF, Oscillometric weasurament of systolic and diastolic blood pressurss
valdated in a physiologic mmthematical model, Bromed Eog Onbime. 2042 Aag 32:11:56. dot

1. 1186:1473-025X- 1156,

136y 6 Gizdulich P, Prentza A Wesseling KH. Models of bractual to finger pulse wave

distortton and pressure decrement, Cardiovase Res. 1997 Mar33{3):698.705.
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What s claimed is;

i An indirect blood pressure monitoring system enabling self-catibration 1o obtain absolute

hlood pressure values comprising:

a digital cuff comprising an air bladder and a seeuring mechanism, said seouring
moechamisn maintaming engagement between said coff angd a digiton which said cuffis
positionad on & user, said digit having Gssae overlying at least one artery, wheretn, said culfis
posttioned on said digit with sid air bladder in contact with said tissue overlying said at least one

artery;

a recetving module, having electronic components, in conmnunication with said digital
cufY, said recetving module conligured to control operation of said digial catf to take sither

abselute or relative blood pressure readings,

an air conduit in preymatic conununication with said digita! cult and sad receiving

moduly;

a pressure controfling means within said receiving module adapted to pump air through
said abr condwl into said alr bladder and to sense changes i pressure detected by sad air

bladder;

3 provessor comnested 0 said receiving module, said processor configured 1o run an
algorithm analyzing real-tme pressure change data recetved from sald digital cuff when taking
absolute blood pressure readings in relation to filed pressure change chintcal data, saxd algorithm
extracting parameters affocting digital pulse prossure, establishing ap oscillomein profile as a
function of pressure, and considering intervening offecis on digital padse pressure; and

a display mechasm adapted o outpul analyzed pressure data frome said processor;

wherein, said air bladder s pressurived through said air conduit to a pressure less than
saidd user’s diastolic blood prossare, thereby circumferentially squeezing said digit 10 partially
undoad said at least one artery of said digit and creating a hvdraulic coupling between sand at least
one artery and said air bladder;

wherein, said hydraulically coupled air bladder of said cutf detects pulse pressure
ascillations caused by pulse pressure waves passing through said at least one avtery of said digit

Of sand wser; and

Lot
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whergin, said pressure oscillations are sensed by at teast ong pressure sensor of said
pressure controlling means of said receiving modole and travsmuited o said processor for
analysis; and

wherein, said processor uses said oscifometrie profiie o derive a calibrated, absolute
flood pressure value against which g relatively continuous bload prossure monitoring mode will

track changes i blood pressure.

2. The system of el 1 whereln said intervening effects affecting pulse pressure include
coupling of blood pressure monitering device, number of arteries being monitored, aptenal
stiffiess, tissue variations, filtering effects, pressure pulse amplification, and spectral content of

avterial pulse.

3 The systenyof claim 1 whergin said processor analyzes said real-time pressure change

data wang a method of calibration comprising:

i} detecting avterial pulse peak of said antenial pulse from oscillomatric pressurg

SUARS

i) deriving said oscillometric profile as & funchion of pressure from said artenal pulse

peak, said oscillometric profife having g diastolic side, & systolic stde, a slope, and an amphitude;
iy testing said osciltometnie profile fov frregelarities due o caft postitioning or scan
SITOTS,
W rejocting or accepting sakl oscillometric profile based on prescace or absence of

wregularities;

v} determining prebiminary threshold values Tor systole and diastole, satd praferred

vahies being 70% of the waximaom amplitade of the osciltometne profile for systole and 8086 of

the maxinum amplitude of the oscillometric profile for diastole;

vi)  categorizing the profile into low, nortmal, or high blood pressure ranges based on
said preliminary systols and diastole values;

vit}  addimg an offset for systole based on said categorization;

vili}  estimating tissue coupling by assessing said ampliude and systolic stope of saud

ascitlometeic profile in the low pressure range o calewlate an offset 1o be subtracted from
34
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gitimate blood pressure values based on pressure required 1o penctrate infervening tissue o

engage the artenes;

X} assessing the spectral content of the arterial pulse at different pressure steps of an

ascitlometric ooy and

X} assessing sides of the diastolis dope and systolic stope of the oscillometric

profide;
xiy  caleolating the final systolic and diastolic thresholds; and

iy applying offsets'o said final thresholds.

4, The system of claim 1 whevetn said digtt is o finger having a shape and having two
arteries.
hS The system of claimy 4 wheretn said cofllis placed fny a position on said finger that

substantially conforms o the shape of sad finger, sard position eliminating gaps bebween sad

finger and sakd cull, and said cull egually engaging both of smd two arteres.

&, The system of claim 1 wherein said air bladder of satd digital cuft is uniformly supported
by a semi~cvlindrical enclosure sufficiently rigid to pressure~contain said air bladder, wherein

satd wniforns suppost provides for said hydraulic couphing of said air bladder with said af least

ong atiery.
7. The system of claim 6 wherein increases in inflation prossure of the air bladder of said

dightad cafl from the recarving modulde are divected fo satd at least one digital avtery by said
hydraubic coupling.

3 The systeny of claim & wherein pressure oscitiations fnduced in the cuft by srterial
pressure waves are contained within said air bladder and divected 1o saud alr conduit

9. The systeny of claim 1 wherein said pressure less than disstolic pressure is within the

range of 200 Hy to 66mm Hy

o
[oonc]
(o

The system of ¢l 9 wheretn said pressure iy in the tange of 33mmHg o $SmmBg.

t1, Thesystem of claim 1 wherein said processor is connected remotely fron said receiving

menchute.
2. Thesystemoof claim 1 wherein said processor s connecied within said receiving module.
13, Thesystepvol claim 1 wherein said calibrated absolute blood pressare value matches
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within gutdelines set by ANSFAMIFISO S1060-2:2013 standard.

4. A miethod of sel~calibration of an oscillometnic, digital blood pressure monitoring device

o obtain absohute blood pressure value comprising:

i} positioning 4 digital coffon g digit of a user said cuff having an air bladder and o
securing mechunism, said digit having tssue overlying at least one artery, said cuff positioned on
sard digit with sard aiy bladder i contact with said tissue-overlying said of Teast one aricry;

) maintaimng engagement bebween said cwtf and said digat wath said secwning

mechansm:

ti}  controlling operation of said digital cuft with a receiving module having
electronic components v conwmunication with said digital cufY, said receiving medule configured

1o control operation of said digiial call to take absolute blood pressure readings;

1wy pressurizmg said air bladder of said digital cuff with a pressure controlling means
within said receiving module, said pressure controlling means adapted to pump alr into said air
bladder through an air conduit in preumatic commumication with said digited coif and said
recetving modiude; whereny sasd atr bladder e inflated 1o a prossuve less than diastolic blood
pressure of said user, thereby circumferentially squeezing said dight to partially unoad said at
teast one artery of said digit and creating a hydrandic coupling between said at least one arery

amsd said air bladder;

v} detecting pulse pressure oscillations caused by pulse pressare waves passing
through said at least one anery of said digit of said usen;

vy sensing presswre oscillations detected by said hvdrawdically coupled air bladder
with af least one pressurs seasor of said pressure controlling means;

vl transmitling said pressure oscilation data o @ processor Connacted to said
receiving module;

vitt} deriving a calibrated, absolute blood pressure value by performing an analysis of
said pressure change data received from said digital cutf with a processor using pulse
decomposttion analysis o extract parameters atfecting digital polse pressure and fo acqubre ap

pscitlometnie profile as o function of pressure, whercin said gualvsis comprises the steps of!

a3 performing oscillometsic pressure scans to detect arteriad pulse peak to
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derive said oscitlometric profile as o function of pressure, said oscillometnie profile having 8

diastohic side, @ systobie side, a slope, and an amplitade;

b} festing said oscilometric profife for iregularities due fo cuff positioning or
SO ETTOIN;
£} relecting oF secepting said profile based on presence or absence or

wregularitios;

iy when the profile is accepied, deternuning preliminary threshold values for
systole and diastole, said preferred values being 70% of the maximum amplitude of the profike
for systole and 30%: of the maxunum amplitude of the profile for diastolg;

g} cxtegorizing the profie into low, novmal, or hugh blood pressure ranges

based ovr sald prelinginayy systoleand diasiolovalies
3 wl ~ »

H adding an olfset Tor sysiole depending on said categonization;
£} gstimating tissue couphing by gssessing said amplitede and slope of said

profife in the low prossure range w order to cafealate the offset © be subtracted from ultimate
blood pressure values due 1o excess pressure required to pensirate infervening Lissus fo engage

the arteries;

1) assessing the spectral content of the arterm! pulse at different pressure

steps of an oscillometnie scan; amnd

i} ansessing the dopes of the diastobic and systolic side of the osoilometric
profife;

B eatenlating the fingl systolic and diastolic thresholds; and

k3 applving ofisets 1o said final thresholds; and

iy displaying said caltbrated, sbsolute blood pressore value relative o which a

relatively continuons blood pressure monitoring mode will track chasges in blood presswe.

to2
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