
23 SEPTEMBER 2004 -1 METHOD AND APPARATUS FOR ASSESSING HEMODYNAMIC
PARAMETERS  AND BLOOD VESS EL LOCATION WITS THE CIRCULATORY SYSTEM OF A
LIVING SUBJECT 5 [() This application is a continuation-in-part of U.S
patent application No, 09!534.900  entitled ;'Method And Apparatus For
Assessing Hemodynamic Properties within the  Circulatory System of a Living
Subject" filed March 23. 2000, and assigned to the  Assignee hereof, and
incorporate by reference herein in its entirety. Related Al lie bons This
application is related to U.S. patent application No. 09/815,982 entitled
" Method And Apparatus For The Noninvasive Assessment Of Ilemodyntunic
Parameters,  Including Blood Vessel Location" filed March 22, 2001,
assigned to the Assignee hereof, Background of the Invention I. Field of
the Invention 20 This invention Tel ates generally to methods and apparatus
for monitoring parameters  associated with the circulatory system of a
living subject; and specifically to the non invasive monitoring of arterial
blood pressure. 2. Description of Related Technology 2 5 Arterial Blood
Pressure Measurement Several well known techniques have heretofore been
used to non-invasively monitor  a subject's arterial blood pressure
waceform, namely, auscultation, oscillometry, and  tonometry . Both the
auscultation and oscillometry techniques use a standard inflatable arm 30
cuff that occludes the subject's brachial artery. The auscultatory
technique determines the  subject's systolic and diastolic pressures by
monitoring certain Korotkolf' sounds that occur  as the call is slowly
deflated The oseillometric technique, on the other hand, determines 23
SEPTEMBER 2004 -2 these pressures, as well as the subject's mean pressure,
by measuring actual pressure  changes that occur in the cull as the culf is
deflated- Both techniques determine pressure  



values only intermittently, because of the need LO alternately inflate and
deflate. the cuff;  and they cannot replicate the subject's actual blood
pressure waveform. Thus, true 5 continuous, heat-to-beat blood pressure
monitoring Cannot be achieved using these  techniques,, Occlusive cuff
instrument of the kind described briefly above ha e generally been
somewhat elective in sensing long-term trends in a subject's blood
pressure, However.,  such instruments generally have been ineffective in
sensing short-terns blood pressure 10 variations, which are of critical
importance in many medical applications, including  surgery. The technique
of arterial tonometry is also well known in the medical arcs.  According to
the theory of arterial tonometry, the pressure iii a superficial artery
with  sufficient bony support, such as the radial artery, may he accurately
recorded during an 15 applanation ,weep when the transmural pressure equals
zero. The term -'applanation"  refers to the process of varying the
pressure applied to the artery- An applanation sweep  refers to a time
period during which pressure over the artery is varied from
overcompression to undercompression or vice versa, At the onset of a
decreasing  applanation sweep. the artery is overcompressed into a "dog
bone" shape, so that pressure 2() pulses are not recorded. At the end of
the sweep, the artery is undercompressed, so that  minimum amplitude
pressure pulses arc recorded. Within the sweep, it is assumed that an
applanation occurs during which the arterial wall tension is parallel to
the tonometer  surface. Here, the arterial pressure is perpendicular to the
surface and is the only stress  detected b the tonometer sensor. At this
pressure, it is assumed that the maximum peak 25 to-peak amplitude {the
"maximum pulsatile" pressure obtained corresponds to zero  transmural
pressure. This theory is illustrated graphically in Fig. 1. Note that in
Fig, 1,  bone.. or another rigid member is assumed to lie under the artery.
One prior art device for implementing the tonometry technique includes a
rigid  array of miniature pressure transducers that is applied against the
tissue overlying a  30 peripheral artery, e.g.. the radial artery. The
transducers each directly sense the mechanical forces in the underlying
subject tissue, and each is sized to cover only a fraction of the
underlying artery. 'l'he array is urged against the tissue; LO applanate
the underlying artery -3 23 SEPTEMBER 2004 and thereby cause beat-to-beat
pressure variations within the artery to be coupled through.  



the- tissue to at least some of the transducers. An array of different
transducers is used to ensure that at least one transducer is always over
the artery, regardless of array position on  the subject. This type of
tonometer, however, is subject to several drawbacks. First, the 5 array of
discrete transducers generally is not anatomically compatible with the
continuous  contours of the subject's tissue overlying the artery being
sensed. This has historically led to   inaccuracies in the resulting
transducer signals. In addition., in some cases, this  incompatibility can
cause tissue injury and nerve damage and can restrict blood flow to  distal
tissue,. Other prior art techniques have sought W more accurately place a
;single tonometric  sensor laterally above the artery. thereby more
completely coupling the sensor to the  pressure variations within the
artery. However, such systems may place the sensor at a location where it
is geometrically "centered" but not optimally positioned for signal
coupling, and further typically require comparatively frequent
re-calibration or  15 ~repositioning due to movement of the suibject during
measurement. Tonometry systems are also commonly quite sensitive to the
orientation of the  pressure transducer on the subject being monitored.
Specifically , such systems show a degradation in accuracy when the angular
relationship between the transucer and the  artery is varied from an
"optimal" incidence angle.This is an important consideration, 20 since no
two measurements are likely to have the device placed or maintained at
precisely the same angle with respect to the artery. Many of the foregoing
approaches to lateral sensor positioning similarly suffer from  not being
able to maintain a constant angular relationship with the artery regardless
of lateral position, due in many cases to positioning mechanisms which are
adapted to account for the anatomic features of the subject, such  25 a
curvature of the wrist surface. Another significant drawback to arterial
tonometry systems in general is their  inability to continuously monitor
and adjust the level of arterial wall compression to an  optimum level of
zero transmural pressure. Generally, optimization of arterial wall
compression has been achieved only by  periodic realibration. This has
required an  30 interruption of the subject monitoring function, which
sometimes can occur during critical  periods. This disability severely
limits acceptance of tonomers in the clinical  environment. -4 23 SEPTEMBER
2004 



A further limitation of the tonometry approach relates to incomplete
pressure pulse  transfer from the interior of the blood vessel to the point
of measurement on the surface of the skin above the blood vessel.
Specifically, even  when the optimum level of arterial compression is
achieved, there is incomplete and complex coupling of the arterial blood 5
pressure through the vessel wall and through the tissue to the surface of
the skin, such that the magnitude of pressure variations occurring within
the blood vessel is different than that  measured by a tonometric sensor
(pressure transducer) placed on the skin. Hence, any  pressure signal or
waveform measured~ured at the skin necessarily differs from the true
pressure  within the artery. Modeling the physical response of the artcrial
wall, tissue., musculature, 10 tendons, bone, skin of the wrist is no small
feat, and inherently includes uncertainties and  anomalies for each
separate individual. These uncertainties and anomalies introduce
unpredictable error into any  measurement of blood pressure made via
tonometric sensor. One prior art method of calibrating tonometric pressure
measurements utilizes an  oscillometric device (i.e.. a pressure cuff or
similar) to periodically- obtain "actual" pressure  15 information which is
then used to calibrate. the tonometric measurements . This approach
-suffers from the need to perform ongoing calibration events, specifically
inflations/deflations  of the cuff, in order to maintain device
calibration. Such calibration events are. distracting  uncomfortable, and
can practically only be performed ~vtth a comparatively long periodicity-
Furthermore., this technique does not calibrate based on measurement of
actual homodynamic 20 changes occurring within the circulatory system, but
rather based on external measurements which may or may not be
representative of the actual changes. No mechanism for correcting  for
incomplete pulse transfer from the blood vessel to the sensor(s) due to
interposed tissue,  etc. is provided either, Other prior art calibration
techniques have attempted to transmit or induce a  25 pertubation within
the blood flowing in the blood vessel, and subsequently sense the component
of that signal within the measured hemodynamic parameter (e.g., blood
pressure waveform) to generate an offset or correction for the measured
parameter. See, for example , U.S.Patent No 5,590,649 entitled "Apparatus
and Method for Measuring  an Induced  Pertubation to Determine Blood
Pressure" assigned to Vital Insite, Inc. (649 patent). Under 30. the
approach  of the 649 patent, charges in a variety of hemodynamic parameters
resulting  ostensibly from changes in blood pressure are modeled and stored
within the device, and  compared to data obtained from a tonometric sensor.
This approach, however, has a profound 23  SEPTEMBER 2004 



disability in that the calibration offset is determined not by direct
measurement of the  hemodynamic parameters of the subject under evaluation.
but by modeling the relationship  between blood pressure and perturbation
wave velocity; i,e-, velocity and phase are modeled to  have a certain
relationship to changes in blood pressure; therefore, in theory, observed
chap get,  in veIocity/phase o1 the perturbation wave can be used to
generate estimations of actual blood  pressure within the subject being
evaluated. The limits of this system are clearly dictated by  the ability
to accurately mode) many complex, non-linear; interdependent parameters, as
well  us predict the time variance of these many parameters 10 Hemodynamics
and Diseases of the Circulatory System The science hemodynamics, or the
analysis of fluid (blood flow within the body, is  presently used
effectively to detect and/or diagnose diseases of or defects within the
circulatory system. For example, valvular disease, cardiac structural
defects., venous disease,  I-educed cardiac function, and arterial disease
may be assessed by studying how the blood 15 flows through various portions
of die circulatory system, Of particular interest is the analysis  of
arterial diseases such as stenosis (L e, blockage or reduction in effective
cross-sectional area  due Lo arterial plaque, etc,). It is known. that as
the degree of stenosis within the blood vessel of  a living subject varies.
certain changes in the parameters of the circulatory system and in the
overall health of-the subject occur. As illustrated in Fig. 2, varying
degrees stenosis within 20 a hypothetical blood vessel will occlude that
blood vessel to a generally proportional degree;  i.e., no .tennis results
in no occlusion and no attendant symptoms, while complete stenosis  results
in complete occlusion. with no flow. of blood through the -vessel and very
dire  symptoms in the subject. At levels of stenosis falling somewhere them
between, the response  can be somewhat more complex. For example, the
subject may suffer stenosis which very 25 significantly reduces the
effective cross-sectional area of a given blood vessel, yet manifests
itself in very few if any symptoms under normal levels of exercise.
However, the same subject  can exhibit dramatic symptoms with an increase
in exercise. as the patient exerts more effort,  the tissue under exertion
lea a higher metabolic demand requiring an increase in perfusion.
Normally, vasodilation and collateralized blood flow provide the
compensatory niechani sin to v0 increase the volumetric flow to meet the
higher volumetric demand. However. since the  vessel is significantly
stenosed, the compensatory mechanism has already been utilized LO  meet the
normal, non-exercise demand, As a result, the body is unable to increase
the 23 SEPTEMBER 2004 volumetric demand since it has no way of minimizing
the energy loss associated with  



overcoming the resistance of the stenosed (decreased) area o1` the
vessel,If volumetric flow does not increase, the increased metabolic demand
is not met and the distal tissue becomes  ischemic 5 By modelling the
stenotic artery as a fluid system having an internal pressure (P) and
blood mass Row rate (Q) or blood velocity (v), a modified version of the
well known  Bernoulli equation, may be applied to describe the flow of
blood within the artery as follows: AP 4  v 2 Fqn. (1) 10 Hence, the
foregoing relationship ma , be used to assess one hemodynatnic parameter
when  anoher is known. For example, the pressure gradient (AP) across a
stenosis within the artery may be estimated by obtaining data on the
velocity of blood flowing through the stenosis, and  then using this
velocity data within Fqn. (1). The velocity data may be obtained by any
number of" well-known techniques, such as spectral Doppler ultrasound. 15 -
However, despite their utility in assessing the severity. of stenoses
present in the artery  ~and other such diseases, prior art hemodynamic
evaluation techniques are effectively  incapable oI - assessing the
absolute blood pressure within the artery at any given time. In  theory. an
accurate model of the response of the circulatory system could be used to
estimate  the value of parameters within the system (such as true arterial
pressure based on known or 20 measured values of 'other parameters, As can
be appreciated, however, the circulatory system  o l' a living organism,
and especially a human being, is extremely complex, with literally
thousands of interconnected blood vessels. This system includes , miter
alia, scores of  capillaries veins, and arteries, each having their ow -n
unique physical properties- Furthermore,  within each of the aforementioned
categories of` blood vessel, individual constituents may 25 hove markedly
different properties and response within the circulatory system. For
example,  two arteries within the human body may (i) have dilfferent
diameters at different points along  their length; (iii) supply more or
less veins and capillaries than the other; (iii) have more or less
elasticity ; and (iv) have more or less stenosis associated therewith. 23
SFP'IEML3ER ?004 -7 The properties and response of each of the blood
vessels also may be affected  differently by various internal and/or
external stimuli, such as the introduction of an anesthetic  ,,)to the body
Even common autonomic responses within the body such as respiration affect
the pressure in the circulatory system, and therefore may need to he
considered. 



Considering these 'imitations, it becomes exceedingly difficult if not
impossible to  accurately model the circulatory system of the human being
in terms of its fluid dynamic  properties for use in blood pressure
estimation, Even if a hypothetical circulatory system could  he accurately
modeled, the application of such a model would be susceptible to
significant  variability from subject to subject due to each subject's
particular physical properties and 10 responses. Hence; such approaches can
at best only hope to form gross approximations of the  behavior cal- the
circulatory system, and accordingly have heretofore proven ineffective at
accurateely determining the blood pressure within a living subject. Rased
on the foregoing, what is needed is an unproved method and apparatus for
assessing hemodyriamic parameters, including blood pressure, within a
living subject. Such  I method and apparatus would ideally be non-invasive,
would be continuously or near continuously self calibrating, and would be.
both useful and produce reliable results under a  variety of different
subject physiological circumstances, such as when the subject is both
conscious and anesthetized. Lastly; such improved method and apparatu would
be based  primarily on parameters measured from each particular ,subject
being assessed, thereby  20 allowing for calibration unique to each
individual, Sununar-v of the invention 25 The present invention satisfies
the aforementioned needs by an improved method and  apparatus for assessing
hemodynamic .properties, including blood pressure, within a living
subject. In. a first aspect of the invention, a method of assessing
hemodynamic properties  including blood pressure within the circulatory
system is disclosed. The method generally  comprises the steps of:
measuring a first parameter from the blood vessel of a subject;  measuring
a second parameter from the blood vessel; deriving a calibration function
based  on the. second parameter; and correcting the first parameter using
the derived calibration  function. Once calibrated, the second parameter is
monitored continuously or periodically; 2 3 SEPTEMBER 2004 _g_ changes in
that. parameter ~used to indicate changes in the hemodynamic property of
interest. In a first exemplary embodiment, the first parameter comprises a
pressure  waveform, and the second parameter comprises the total flow
kinetic. energy of blood  within the blood vessel. During measurement of
the pressure waveform, the blood vessel is  



applanated (compressed) so as to induce changes in the hemodynamic
properties within the  blood vessel and circulatory system; the kinetic
energy during such applanation is then  measured and used to identify one
or more artifacts within the pre,,-,;tire waveform. A  correction function
is then generated based on these artifacts, and applied to the measured
pressure waveform to generate a corrected or calibrated waveform
representative of the 0 actual pressure within the blood vessel. In a
second exemplary embodiment, the maximal  velocity of the blood flowing
within the blood vessel is determined using an acoustic signal  and used to
derive a calibration function. In a second aspect of the invention, an
improved method of calibrating a pressure  signal obtained from a blood
vessel of a living subject using one or more measured  15 parameters is
disclosed.generally, the method comprises: measuring a pressure waveform
from the blood vessel; measuring a second parameter at least periodical Iv
from the blood  vessel; deriving a calibration function based on the second
parameter; and correcting the  -first parameter using the derived
calibration function. In one exemplary embodiment, the  method comprises
measuring the pressure waveform from a blood vessel of the subject; 20
measuring a second parameter from the sanic blood vessel at least once;
identifying at lea t  one artifact within the pressure waveform based on
the second parameter; deriving a  calibration function based on the
measured second parameter and at least one property  associated with the at
least one artifact; applying the calibration function at least once to the
pressure. waveform to generate a calibrated representation of pressure
within the blood ? vessel; and continuously monitoring the second parameter
to identify variations in blood  pressure wish time. ln a third aspect of
the invention, an improved method of characterizing. the  hemodynamic
response of the circulatory system of a living subject is disclosed- The
method generally comprises the steps OF deriving a first functional
relationship between 30 first and second par meters associated with a blood
vessel under certain conditions;  measuring the first and second parameters
nor-invasively under those certain conditions;  identifying aL least one
artifact within at least one of the measured parameters; and scaling, 23
SEPTEMBER 2004 -9 the measurement of the first parameter based on at least
the first functional relationship and  the at least one artifact. In a
fourth aspect of the invention,  an improved method of calibrating a 



hemodynamic parametric measurement  having an error component is diclosed.
Generally,  5 the method comprises measuring a hemodynamic parameter
asscociated with a blood vessel identifying an error source associated with
the first parameter; generating a calibration function based on the error
source; and correcting the measured hemodynamic parameter using the
calibrating function. In one exemplary embodiment, the method comprises
measuring a pressure waveform from  the blood vessel; identifying a
periodic variation 10 associated with the kinetic energy ( or maximal
velocity) of the blood within the blood  vessel over time due to
respiratory effects; generating a calibration function based on
synchronization with the variation in kinetic energy over time; and
applying th calibration function to the pressure waveform to correct the
waveform for the periodic variation. This respiratory effect is also
detectable from the pressure signal, and potentially other signals as  15
well In a fifith aspect of the invention, an improved apparatus for
measuring  homodynamic properties within the blood vessel of a living
subject is disclosed. The  apparatus generally a first transducer for
measuring a first hemodynamic  parameter associated with the blood vessel;
a second transducer for measuring a second hemodynamic 2 0 paremeter
associated with the blood vessel; and a signal processor operatively
connected to the first and second transducer for generating a calibration
function based on the signal produced by the second transducers , and
applying the correction function to the signal producer by the first
transducer. In one exemplary embodiment the blood vessel comprises the
radial artery os human being, and the apparatus comprises a pressure  25
transducer disposed non-invasively in proximity thereto; an acoustic
transducer also disposed in proximity thereto;  an applanation device used
to applanate the blood vessel; and a processor for processing signals from
the pressure and acoustic transducer during  applanation of the blood
vessel. The acoustic transducer transmits an acoustic emission into the
blood vessel and receives an echo therefrom; information regarding the
blood's velocity 30 and/or kinetic energy during the applanation is derived
from  the echo and used to generate a correction function which is then
applied to the measured pressure waveform to calibrate the latter. 23
SEPTEMBER 2004 -10 In a sixth aspect of the invention, an improved computer
program for implementing  the ;aforementioned methods of hemodynamic
assessment, modeling, and calibration is  



diselosed. In one exemplary embodiment, the computer program comprises an
object code  representation of a ;++ source code listing the object code
representation is disposed on the 5 storage de-ice of a microcomputer
system and is adapted to run on the microprocessor of  the microcomputer
system. The computer program. further comprises a graphical user  interface
(GU l) operatively coupled to the display and input device of the
microcomputer.  One or in ore subroutines or algorithms fir implementing
the hemodynamic assessment,  modeling, and calibration methodology
described herein based on measured parametric 10 data provided to the
microcomputer are included within (he program. In a second  exemplary
embodiment, the computer program comprises an instruction set disposed
within  the storage device (such as the embedded program memory) of a
digital signal processor  (r) SP) associated with the foregoing hemodynamic
measurement apparatus. In an seventh aspect of the invention, an improved
apparatus for analyzing  15 parametric, data obtained according to the
foregoing methods and utilizing the  aforementioned computer program is
disclosed. In one exemplary embodiment, the  apparatus comprises a
microcomputer having a processor., non-volatile storage device,  random
access memory, input device, display device, and serial/parallel data ports
operatively coupled to one or more sensing devices. Data obtained from a
subject under 20 analysis is input to the- microcomputer via the serial or
parallel data port; the object code  representation of the computer pro
grain stored on the storage device is loaded into the  random access memory
of the microcomputer and executed on the ,processor as required to  analyze
the  input data iii conjunction with commands input by the. user via the
input device. TV a cighthi aspect of the invention, an improved method of
providing treatment to a  2 5 subject using the aforementioned method is
disclosed, The method generally comprises the,  steps of: selecting a blood
vessel of the subject useful for measuring pressure. data;  measuring the
pressure data of the subject non-invasively; generating as calibration
function;  applying thee calibration function to the measured pressure data
to produce a calibrated  representation of blood pressure within the blood
vessel; and providing treatment. to the :30 subject based on the calibrated
estimate. In one exemplary embodiment, the blood vessel  comprises the
radial artery of the human being, and the method comprises treasuring a
pressure waveform from the radial artery via a pressure transducer; using
are acoustic wave 23 SEPTEMBER -2004 -11 to measurement at least one
hemodynamic parameter; deriving a calibration function based at 



least in part on the measured hemodynamic parameter; calibrating the
pressure waveform using the calibration function to derive a calibrate
representation of blood pressure useful for diagnosing one or more medical
conditions withing the subject; and providing a course of  5 treatment to
the subject based at least in part on the calibrated representation. In a
ninth aspect of the invention, an improved method for detection of the
human disposed within a blood vessel is disclosed. The method generally
comprises transmitting acoustic energy into the blood vessel; evaluating
the signal level of reflection of the  acoustic energy as a function of
propagation of the energy within the blood vessel, and  10 identifying at
least one region of reduces signal level within the reflections. In one
exemplary embodiment, a power metric is derived from  the A-mode envelope.
The integral of the backscattered power as a function of depth is utilized
to identifty artifacts (e.g., "plateaus") which are used, with appropriate
constraints, to detect the depth of the lumen. In a second embodiment,
backscattered energy (e.g., A-mode signals ) are analyzed using a  15 power
calculation performed over pre-selected depth intervals to identify regions
of reduced signal level therein. In a tenth aspect of the invention,  an
improved method of detecting at least one wall of a blood vessel is
disclosed. The method generally comprises transmitting acoustic energy into
the blood vessel; detecting at least one region associated with the lumen
in the blood vessel; 20 and detecting the location of at least one wall of
the blood vessel relative to the lumen; wherein detecting the location
comprises analyzing A-mode data derived from the transmitted acoustic
energy. In one embodiment, the wall is detected by comparing the integrated
power at a given depth with the average lumen power. In another embodiment,
the level ( amplitude) of the envelope-squared signal is compared to that
of the lumen. 25 In an eleventh aspect of the invention, an improved method
of determining the diameter of a blood vessel is disclosed. The method
generally comprises transmitting  acoustic energy into the blood vessel;
detecting the region associated with the lumen in the  blood vessel;
detecting the location of a first wall  of the blood vessel relative to the
lumen; detecting the location of a second wall of the blood vessel relative
to the lumen; and  30. determining the diameter of at least a portion of
the blood vessel based at least in part on the locations of the first and
second walls. In a twelth aspect of the invention, an improved method of
assessing one or more -]2 2SEPTEMBER 2004 



hemodynamic parameters associated with a living subject using lumen
detection is  disclosed. The method generally comprises transmitting
acoustic energy into a blood vesel detecting the lumenal region associated
with the blood vessel; detecting at least one  wall associated with the
blood vessel based on the detection of the lumen; and analyzing  5 change,,
in the position of the at least one wall as a I'= c cion of an applied
stress to estimate the homodynamic parameter(s) of interest. In one
exemplary embodiment, the method  comprises analyzing A-mode signals to
detect the front and hack arterial walls (via the  lumen), and snapping
variations in arterial diameter as a function of applanation pressure  onto
a pressure waveform to determine arterial diastolic blood pressure, 10 In a
thirteenth aspect of the invention, an improved method for the location of
a blood  vessel Within e tissue of a living subject is disclosed. The
method generally comprises  acne rati rig acoustic energy, transmitting the
acoustic energy into the tissue of the subject in the  vicinity of a blood
vessel; receiving at least a portion of the energy backscattered by the
blood  vessel; detecting at least one artifact associated with the blood
vessel based on the I S backscattered energy: and determining the location
of the. blood vessel based at least in part on  the detected artifact. In
one exemplary embodiment, the blood vessel comprises the radial  artery of
a human being, and the acoustic energy comprises ultrasonic energy
transmitted into  the artery via the interior region of the subject's
wrist/forearm. Energy backscattered from the  airtery walls and lumen is
received by an ultrasonic transducer and analyzed using Dui 20 integrated
power metric to identify the location of and/or optimal position of. the
transducer  with respect Lo the artery. In another embodiment, integrated
power and/or signal Level is analyzed as a  function of depth with in the
tissue to detect the location of the lumen. The location of the  artery
walls is then determined relative to the lumen, thereby allowing mesurment
of the ? diameter of the artery. The position of transducer relative to the
artery is adjusted so as to  maximize the wall separation (diameter),
thereby effectively maintaining the transducer  (and any associated
applanation device) directly atop the artery. The algorithm may also he
adjusted to maintain the transducer in any other desired orientation with
respect to the  blood vessel; e.g., with a fixed offset, with an offset
which varies as a function of' the _30 diameter of the blood vessel, etc.,
or to control the position of the transducer based on other  parameters
such as signal quality, the presence of cystic components or clutter, and
the like. -13 233 SEPTEMBER 2004 



Brief Description of the Drawings Fig.1 is a composite graph illustrating
the cross-sectional shape of an artery as a  functional of applied pressure
and time according to the prior art " maximum pulsatile" theory. 5  Fig. 2
illustrates a blood vessel with varying levels of stenosis formed on the
walls  thereof, -) j () L C  Figs. 3-3c are a logical flow diagrams
illustratuing one exemplary embodiment of the method of assessing
hemodynamics parameters within the circulatory system of a living  subject
according to the invention. Figs.4a and 4b are fraphs illustrating the
relationship between blood velocity and  reduction of the effective
cross-sectional flow area of a blood vessat  5a - 5c are graphs
illustrating the relationship between applanation pressure.  cardiac sinus
rhythm, and arterial wall displacemen according to the invention. , Fig- 5d
Is a graphs illustratuing the relationship between applanation pressure.
cardiac sinus rhythm, and arterial wall displacement according to
theinvention.  Fig. 6 is a cross-section of a portion of a portionof a
typical human wrist illustrating the  reIationship betweenthe artery, skin
and interposed tissue and bodily components. Figs. 7a-7b are graphs
illustrating an exemplary transfer function and transfer  fraction.
respectively, for the cross-section of Fig. 6, for both systolic and
diastoslic  Conditions. Fig. 8 is a graph of  measured, atual, and sealed
(calibrated) arterial preassue versus  time for a typical human subject
utilizing the invention. Fig. 9 is a logical flow diagram illustrating one
exemplary embodiment of the  method of modelling the hemodynamic response
of the circulatory system of a liing subject according tot he invention.
Fig. 10 is a logical flow diagram illustrating one exemplary embodiment of
the method of calibrating a hemodynamic parametric measurement for
respiration or other periodic error sources according to the invention.
Fig.11 is plot of the velocity and kinetic energy (KE) of blood flowing
within a  typical blood vessel, illustrating the effects of respiration
thereon. fig. 12 is a block diagram of one exemplary embodiment of the
apparatus for -14 



23 S EPTLMl3 F. R 2 004 measuring hemodynamic properties within the. blood
vessel of a living subject according to  the invention. Fig. 13 is a
functional block diagram of a second embodiment of the apparatus of Fig. 12
illustrating its use on the radial artery of a human being, 5 Figs. 14a-14b
are perspective views of various machine readable media having  object coda
representations of computer program-as incorporating the methods of the
present  invention. Fig- 15 is a block diagram of a first embodiment of the
apparatus for analyzing  parametric data according to the invention, 11)
Fig- 16 is a logical flow diagram illustrating one exemplary embodiment of
the  method of providing treatment to a subject using the aforementioned
methods, Fig. 17 is a logical block diagram illustrating one exemplary
embodiment of the  general method of lumen and wall detection according to
the present invention. Fig. 17a is a logical block diagram illustrating one
exemplary embodiment of the  15 method of processing A-mode signals per the
method of Fig. 17. Fig. 18 is a graphical representation of a "raw" A-mode
signal as a function of depth  within the tissue of the subject being
monitored. Fig. 19 is graphical representation of the envelope derived from
the raw A-mode data  of Fig- 18 F 1 ig. 20 is a logical flow diagram
illustrating the general methodology of.' quadrature  demodalation and
A-mode signal filtering according to the invention Fig. 21 is a block
diagram illustrating Life method of  quadrature demodulation of the  A-mode
signal according to the present invention. fig. 22 is a graphical
representation of the frequency response of one exemplary  ? embodiment of
the to pass finite impulse response {FT j filter of the present invention.
Fig. 2' is a table listing an exemplary set of (FIR) coellicients used in
the quadrature  demodulation and filtering method o ['the present
invention. Fig. 24 is a graphical representation of the envolope-squared
waveform derived  from the A-mode signal of Fig. 18. 30 Fig. 25 is a
graphical representation of the logarithm (base 10) of Elie envelope-
squared waveform of Fig. 24. Fig. 26 is a graphical representation of the
application of the gains function (T C) to 



-15 23 SEPTEMBER 2004 the envelope-squared of the A-mode signal  of Fig.
24. Fi ?7a is a logical flow diagram illustrating the "plateau" method of
lumen detection according to the invention. Fig. 27b is a plot illustrating
measured hack scattered power as a function of-depth for a 5 single A-mode
laic. Fig- 27c is a graphical representation of the normalized integrated
power function  according to the plateau method of Fig. 2.7a, Fig. 27d is a
graphical representation of the plateau detection metric used in  con
unction with the method of Fig, 27a. 10 Fib.. 27c is a graphical
representation of the normalized plateau detection metric for a  single
A-mode line. Fig. 28a is a graphical representation of the power profile
(Imm interval) along the  T t ?C -corrected mode line of Fig.26, Fig- 28b
is a logical flow chart illustrating the "interval" methodology of lumen
15 detection using A-mode signals according to the invention. Fig. 29a is a
logical flow chart illustrating a first exemplary methodology of front and
hack wall detection based on integrated poker calculation. Fig- 2% is a
logical flow chart illustrating a second exemplary methodology or front  20
and back wall detection based on envelope-squared signal level
determination. Fig. 30 is a graphical representation of the relationship
between Ole average power  calculation and the front and back wall
artifacts present in the typical A-mode envelope  according to the method
of Fig- 29b. Fig. 31 is a graphical representation of the positions of the
front and back walls of an  25 exemplary blood vessel as a function of Lime
(}eased on a sampling of 5000 A-mode slat  ]irks) wing L11 e method of Fig.
29b. H ig. 32 is a graphical representation of the positions of the back
wall of a blood vessel  as a function of time during applanation by an
external applanation device. f'ig. 32a is a graphical. representation of
the linear position of the applanation device  (nnn) as a function of time
during applanation of a typical radial artery, Fig, 32h is a graphical
representation of the pressure profile measured by the -16 



3 SLPTEi i BER 2004 applanating pressure transducer as a function of time
during according to Fig. 32a. 1~ ig. 33 is a graphical representation of
the front and rear arterial wall position (depth in  inrn), and arterial
diameter (m ]n), as a function of app] amt ion. Fig 34 is a graphical
representation of the methodology of determining the rate of  5 change of
blood vessel di meter as a function of applanation according to the
invention Fig. 35 is a logical flow chart ilIustrating one embodiment of`
the methodology of  assessing hemodynamic parameters using lumen rand wall
detection according to the  Fig- 35a is a. graph of measured arterial
pressure versus applanation pressure for and  10 exemplary radial artery,
indicating the "flat spot" in end-diastolic pressure. Fib.. 36 is a logical
flow diagram illustrating one exemplary methodology of  determining optimal
applanation pressure during hemodynamic measurement according to the
invention. Fig. 36a is a histogram plot of an exemplary end-diastolic "flat
spot" detection 15 algorithms according to the invention. 1'i9- 37 is a
logical slow chart illustrating an alternate embodiment of the  methodology
of assessing hemodynamic parameters wing backscattered ultrasonic energy
based on the inflection poi tit within the diastole pressure profile. Fig -
3 is a logical flow diagram illustrating one exemplary embodiment of the
method  20 of scaling the measured pressure to account for tissue lass.
Fig- 39 is a graphical representation of the method of Fig. 38, Fig, 40 is
a logical flow diagram illustrating one exemplary embodiment of the method
of locating a blood vessel using lun detection according to the invention,
Fig- 41 is a logical flow diagram illustrating one exemplary embodiment of
the method  25 of locating Ling a blood vessel acing lumen and 'all
detection according to the invention, Detailed Description of the Invention
Reference is now made to the drawings wherein like numerals refer to like
parts  throughout. 30 it is noted that while the invention is described
herein in terms of a method and  apparatus for assessing the hemodynamic
parameters of the circulatory system via the radial artery (ii-P, wrist) of
a human subject, the invention may a] so be embodied or adapted -17 23
SEPTEMBER 2004 



to monitor such parameters at other locations on the human body, as well as
monitoring  These parameters on other warm-blooded species. All such
adaptations and alternate  embodiments are considered to fall Within the
scope of the claims appended Hereto. Overview In one fundamental aspect,
the present invention comprises a method al' assessing  hemodynamic
pararneters within a living subject by artificially inducing "stresses" on
the  subject's circulatory system. The response P the circulatory system to
these stresses is  known or determinable. and useful in identifying
artifacts or markers with the observed 10 data. These markers are
subsequently used to calibrate measurements of the aforementioned
hemodynamic parameters. For example, as will be described in greater detail
below, the, present invention is  useful at calibrating the blood pressure
waveform obtained from a tonometric or surface  presure senor disposed over
the radial. artery of a human being, the non-calibrated 15 pressure
waveform potentially varying substantially From that actually experienced
within  the radial artery itself. Tn one embodiment, the "stress" placed on
the artery is applanation  {:i.ecompression), and the velocity of blood
flowing through the area of apply nation is  monitored to identify markers
Within the velocity profile- These markers correspond to,  inter alia a
state of near zero transmural pressure across the artery wall. in this
fashion, an 20 accurate measure of true arterial pressure may be obtained
non-invasively. It ail] he  recognized, however, that the invention as
described herein may also be readily used in  assessing other hemodynamic
properties, such as the pressure differential between two  locations within
a blood vessel, venous or arterial wall cornpliance, variations in the
strength of ventricular contraction, and the like., and accordingly is not
limited to the  25 measurement of arterial blood pressure. Method of
assessing Hemodynamic Properties Referring now. to Fig. 3, the method of
assessing hemodynamic properties including  bleed pressure within the
circulatory system according to the invention i described. As  30 shown in
1'i g, 3, the first step 302 of the method 300 comprises measuring a first
parameter from the blood vessel of a subject. In the present context, the
parameter measured will be a  (blood pressure waveform derived from a.
pressure sensor or transducer disposed in 2 3) S EPTE J R f "R 2004
proximity the radial artery of the subject, as described in greater detail
with respect to  Fig" &i herein. It will be recognized, however, that other
hemodynamic parameters may be  



measured u previously noted. Implicit in the measurement of the first
parameter- is the  existence of one or more error sources, i.e., the
measured value of the parameter is not 'holly representative of, or differs
from, the actual value of the parameter existing in the  circulatory system
of the subject. In the instance of arterial Mood pressure, the actual value
is that existing within the ornery itself, as may be measured by the A-line
or "gold standard"  technique of invasive arterial catheterization. Reasons
for such errors or differences are  discussed in more detail below with
reference to Fig. 3a. 10 Next, in. step 304 of Fig. 3. a stress is induced
on the blood vessel which alters its  hemodynamic unit properties (at least
locally), thereby inducing changes in other parameters  associated with the
vessel or circulatory system as a whole. As discussed with respect to  Fig.
3h, this stress comprises in one embodiment applanating or variably
compressing the  blood vessel as a function of time, thereby inducing
changes in, inter alia, the mass flow 15 gate (Q), velocity (v) or velocity
gradient, and kinetic energy (K) of the blood in the  region of the
applanation. It is noted, however, that stressors other than the
applanation  stress previously described may be applied to the subject to
affect similar or other  hemodynamic properties, such as, for example,
circumferential occlusion (as would occur  with a cuff-like device) to
affect arterial cross-sectional area, or the localized introduction 20 of
chemical substances into the subject to affect the compliance of the
artery. Many such  stressor/hemodynamic parameter combinations may be used
consistent with the invention.  Next, in step 306, a second par meter
associated with Lhe blood vessel is measured in order to facilitate
derivation of a calibration function in step 308 below. As discussed in
greater detail with respect to Fig. 3c herein. the second parameter in one
embodiment  25 comprises total blood flow kinetic energy, since this
parameter exhibits certain easily Identified "artifacts" as a function of
the application of the stressor in step 304. As used  herein, the terms
"artifact" and marker are used synonymously, and refer to any identifiable
feature or relationship existing within a data set. Other parameters which
exhibit the same  or other artifacts may be used to derive the calibration
function however. including, for 3{) example, maximum blood velocity, blood
vessel cross-sectional area, and blood mass flow  4t{ e  Iii step 308 of
Fig. 3, a calibration metric or function is next derived based on the 23
SLP'rEMBEl 2004 -19 parametric information derived in step 306.
Specifically, one or more artifacts or markers  



are idea i[ied within the parametric data, these artifacts indicating when
certain  rclaticnslfips between the actual and measured values cal` the
first parameter of step 302  above exist. As will be discussed with
reference to Fig. 3d herein, one embodiment of the 5 proses,, of deriving a
calibration function comprises measuring total blood flow kinetic  energy
within the region of the. applied ,tressor (applaraation), and identifying
changes  within the systolic andlor diastolic velocity profiles as a
function of the applailion  (correlated to percentage reduction of
cross-sectional area of the blood vessel). in step 310 of the method of
Fig. 3, the calibration function derived in step 308 is  10 applied to the
measurement of the first parameter of step 302 to generate a corrected or
ealibratcd me- Note that if the frst parameter is measured continuously (or
periodical ly) as a function of time, the correction function of step 308
may be continuously  or periodically applied as appropriate, thereby
generating a calibrated measurement of the  first pta.raineLer in an
ongoing or ccontinfous fashion. However, due to a -variety of c]if.1eretat
1 5 factors, boll the actual "A-line" arterial pressure and the scale or
magnitude of the required  i alihratiori function may vary as a function of
time; hence, any "calibrated" nne.a.,uremexit  hosed on the previously
calculated calibration function will be in error. In one aIlternative,  the
user may simply periodically re-calibrate by reapplying the stressor (e.g-,
performing  anotlacr appltuiation sweep), generating an updated correction
function, and applying (his to  20 [lie n icasured value of the first
parameter. Hovcver, as is described in greater detail herein below, the
present invention  advantageously provides the ability to generate a
calibration -function at a first time t1, and  then monitor the second
hemodynarnic parameter (e.g., maximum velocity, kinetic energy,  ~.7rea, or
flow) continuously for indications uf' variation of the measured
par-arneter- This i,  accoirnpIished in step 312 of the method 300 by
controlling the external pressure applied to  the artery so as to establish
a predetermined relationship between true arterial and external  pressure,
as described further below. In step 312; the pressure applied to the artery
is controlled to selected value of the  first parameter so as to maintain
the pressure across the artery wall (Le-, "transmural  _10 pressure")
withln the artery at or near a desired value. This process is referred to
herein as "servoing" to a paariicu]ar value- As discussed in detail with
reference to Figs. 5a-5d herein,  this servoirig generates a particular
blood flow kinetic energy in the area of the applanatloll; -20 23 S EPTEM B
ER 2 004 



changc,. 111 this k i "Ietic ellergy 4re then usied to i deri tify charig?
's in the true aftcrW pressure- This "e-olionuous calibfation" is a
dcsit-able, attHbu(~_- of the piresent inventiorl, oii1ce the  continuc.d.,
ac,~curatc measurement of hemodynamic p~,~~ainetm- with the. blood of a
subieQt is of uitical importonce. cspecially. lin the cc t t n ey, of
surgery of, otheT such 11fil- thi-caicning evolutions whote ~~erial blood
premre is iLc~ed as the basis for moincnmo- momcnt de-,;isions, oin
treatment of thf, subject, Referfing ilow to Pis~ 3a., one embodimcnt
ol'the nicthud of Mca~urilig one- Or more- hq~!modvnaiviiQ Parameters
vdthin a fiving su~ie,,~t (step 302 of Fig, 3) is dcscrihed' Jhe fil-,q
swp 322 of the method 320 of Fig, 34 compri.,5e~; selecting one or iniore
hemodynanlic 10 parameters for me-zisurerni~-nt- Selection of the
paramoer(s) to be measured is a ftiix:-tion not  only of the condition to
be assessed, such as the subjeot's blood pressure. or sevcdrv oC  .;
1.~-nosis ~m artery, but also on (he inonitoThig locado elcctcd in skp 324
below  ccrtain lp~iraineten may only be measured e ecrtain locatiom due to
phy~k,-d or otheI7  hinitat i o n ~~ ~i s in the ca,,e of a I ocal !zed
stcnoxis w. ith i n a;q artery vvhl ch i s p 1) y4c;,illy focak'~d  15 at a
discirete point). Next, IT1 step 324, a blood vessei within the body of the
subj~-Qt is sele-cLed for  i1nonitoung. Diw to its acce.."ibility and
relative proxhuity to the surface of flie skin, [he  radl~fl artery of [he
human being is an excellent location for inonitoring hfmodyminlic
paraineLers withili the cir"latory sy~tem, although it ';villl be
apprec41ted that otber 20 locations oii the hamail b~-,ing (or other
species) may be uL~ed for thi~i purpose- As fiowd  abm--c, the location of
monitorilag also may be rellated to or detemiined by the type, of
condition to be. ~ssessed or monitering. to be pcrfoinied. Of Qoursc.,
multiple rnortitohng  JoCaLiuns may be employed., whether sequentially or
hi payallel.. with (he, method."- of the.  prc,;cn1 invention 25 With ra~;
pe(~t to the radial artery of the human heliag, it is fitirthei: noted that
aiiL,,edotal evidcnce suggests that the radial cutery Is only inininially
affected by arterial  dil-~eLL'SeS, inoluding stcaosis and calcification
due to diabete.s_ The roa,;ons for thj~i obs~ii~cd  behavioi- are beyond
the scope of this disQussion: 'however, this behavior is of "onle- s i g ri
1 f 1 c aticc to the discuN Lion of app'l anati on stress p rovided hmi u
with rCLqpeC t to F ig L 3b, 30 ~~incc the prescnee of pre-cxistingy
arteTl~d diseaw such a,; 1-nedial caluffication could impaot  dic, a bi I i
ty to accunaeIy rF) c4sure arti.--n al blood pres sure. B v seh-,etiin g
the radial artery w hon  



performing. blood pTe_ssurc measurernerits. w-fil(Ii utilize controlled
applanation as the -21 3 S HPTEMBIiR 2004 applied ;tress, the user is
effectively insulated from many potcntia] error sources relating to
pic-existing stenosis or calcification. Text, in step 326 of Fig. 3a, one
or more parametric sensors capable of measuring  or sensing the selected
paramcter(s) isiarc disposed in proximity to the selected blood  Set In ON
f e c,asc o rrje -surn9 hload pressure on the radial artery of the hum{ n,
a pressure sensor (lransduccr) is disposed physically in contact with the
skin on the interior  ."urt ice of the wrist, so as to be atop the radial
arter . The transducer may be one of the yell  understood piezoelectric
type, or any other type capable of' prod uci rig a pressure sig,~nal in a
l:aiown relation to the pressure applied to the surri tee thereof. Methods
and apparatus for 10 positioning the transducer(s) such that optimal signal
coupling and sensing are achieved arc  also wel well know-in in the blood
pressure measuring arts, and accordingly will not he described  ['urtlier
herein. Note that while in contact with the skin of the wrist, the
transducer(s) are  initially maintained in a state of low or zero
compression of the underlying tissue.'art ry, !br  reasons to be more rully
explained herein. I 47, In step 328, a signal is measured from the
transducer(s) as a furkction of time- The  signal may be measured
discretely at predetermined interval or continuously,  depending on the
desired frequency of monitoring. In the case. of the exemplary pressure
transducer previously described, die outpLit signal for a continuous
measurcnment will  comprise a time variant waveform. In the case of
arterial blood pressure, the wa 'eliarrK7. 20 generally- track the actual
"gold standard" arterial pressure, yet will include error or  onset hich
varies with the pressure changes according to the various phases of the
cardiac  cycL This time variant, non-linear error, or "aariable error"
between the measured and  actual pressure waveform presents an additional
complexity in the measurement process,  one which the present invention is
particularly well adapted to overcome as will be  25 described i n greater
detai ! be tow. Referring now to Fig. 3b, one cmhodiiment of the method of
inducing one or more  stresses on the circulate v system of the subject
(sty 304 of l'ig. 3) is described in detail.  



In the first step 332 of the method 330. a stress to be applied is
selected- As used herein,  the term "stres,," (or "stresscr") refers to any
physical or physiological change within the 3t circulator  systcni of the
subject which is artificially induced. In the present exnbodimctat;  the
stress to be applied comprises applanation. or physical co]npressioll of
Lhe selected  (r<adlal) artery as a function of tine. An applmmatian
"sweep", as used herein, generally -22 23 SEPTEMBER 2004 refers to the
steady application of increasing or decreasing pressure; to the artery in a
direction generally normal to the surface of the skin overlying the artery.
The concept of  app Ian .Lion is simply illustrated by one placing one
wrist between the thumb and fore f%ger  of the other hand, thumb atop the
interior portion Of the wrist, and slowly increasing 5 pressure on the
radial artery until the artery is occluded. It will he recognized, however,
that as a general proposition, applatiation as used herein may take on. any
variety of  di IlRrent forms, such as (i) a continuous Iinear rate of
increasing or decreasing compression  over Lime; (ii) a continuous
non-linear (c.g., logarithiriic) increasing or decreasing  cornpres ion
over timc; (iii) a Ilan-continuous or piece-wise continuous Iinear or
non-linear 10 colrrpression; (iv) alternating compression and relaxation;
(vi) sinusoidal or triangular  waves functions; or (vi) random motion (such
as a "random walk"). All such forrrrs are  considcreecl to he encoi-n
passed by the term "appIanation-". Referring to Figs- 4a and 4b, the
hemodynamic effect,; o!' applarnation are described  in detail. As will be
readily rccogrliyed, the increasing applanation of an artery 400 such as  l
? the radial a -tery of the human results in a reduction in the effective
cross-section of the ancry- Similar to the arterial stenosi.s previously
described, the applanaliou 402 reduces the  Ilo . area within the artery,
thereby resulting in increased blood velocity (v) through the  restriction
to maintain a constant volumetric flow. This relationship is well
understood in  the fluid dynamic,; art- The profile of velocity across the
reducing flow area is altered as 20 well, as illustrated by the velocity
gradient 404 of Fig. 4a. Hence., a higher maximtin,  fo it}, a higher
velocity gradient, and a greater energy or pressure gradient across the
resLricLed flow area result from applanation. Fig- 4b illustrates the peak
or maximum flow velocity within the artery as a function  of percent
reduction of the now area of the artery. Total blood flow kinetic energy is
2 sirxailttrl related to area due in part to its relationship to velocity,
albeit somewhat more diliTculL to derive as described in greater detail
below. Note that for the purposes of  



simplicity in the present discussion, the percent reduction of flow area is
assumed to he  directly proportional to the applanation pressure applied at
the tissue (skin) surface,  althout i in reality this relationship is
substantially more complex as described further 30 hclow. Further, i'ig. 4b
is generally i]lustrative of "steady state" operation, and does not
examine the effects of variation in pressure due to, for example, the
normal cardiac cycle..  a] o discussed in greater detail below, -23 13 S L
P TEMBER 2 004 As i I I u strated. in Fi g. 4b, in th e regiof I of I ow- a
pp] anati oin pf e ssure. 4 10, the  perceil mgt~ f cdue h on of the fl ow
area is &nial I . an d the, effects on fl ow ve lo 6 ty and -grad ient  aro
ni i ri i ni~i I - Volurn etri c b lood flow (Q) is unaffected. As
applanation pressure i nereases  (region 412), the flow. area i~~ further
redwed. and while the volumetric flow is milltahled. 5 the Mood velocity,
veloQity gradient., pressure gradient.. and kiiietic energy N,-gin to
increas-,t~  QOrrospondingly. Aq applauation pressurt~ further incteases,
the flow area is ~absLantiallv  reduced. and'velority, velocity gradient,
pire,,sure gtadlem. and k-Inetic energy incre ase  su b-, taTi ti al ly,
whi I e sti I I m,,dntaini ng volumetri e f 1 o w. undcr iiomiEi I metabo I
I Q (I emand. In  the st~!notic artery, tkis region 414 corrcsponds to
"sub-crilical" stcnosi~;., Le- the level of 10 when, the ,ubjiect's cxcess
volumetric cap4city is sigilificantly rcduced, gencrally  %~V 11 ['e %v or
no aitei)d imt sympto rns, The appe I I ation of " sub-critical " refers to
the fact that  i hff, p at ient I s asymptornatic with adeq uate tissue
perflusion unde r normal metabo I i c demand,  and o n ly be wmes symptom
ati c. when the den) an d i ii crea ses as occurs %kith exercise. A
Curtht~r red u ctions i n ff ow aTt~a produccs, a tramution through what i
~- known as the  n e -tical" re-gicii 416; in the critical region, the flow
area is so redi-L"d ~;o that thcre i-,~  inadequa(v- eiiergy to overeome
the inrreascd flow resi~ivauce, and volurneIr-lo flow is no  loag-t:,r
niaiVtained. Between these regious 414, 416, a velocity "peak" 420 i'~
fon-ned,  Aiiei~Aotal evidence ,uggeAs that this pcak 420 occurs roughly at
poilit Of 50% reduction in  artei-ial diameter (corresponding roughly to
75% reduction in fi,~iw ayt~~), As a resull.. the 20 blood velocity and the
volumetric and the flow kilietic; energy distal to the "ienosed  arca dirup
pn~!Qipitously with farther reducticia in flo,~N-- area- As the artery
bi-,eornes I'ully  oc cl u ded and t] o w art~a approaches zero (region 41
8)~ the vo I Umetric fl ow Q appro aches  zci:o. as do~~- bk)od velocity
and flow kinetic encrgy. 



L-xaminaioii of Fi,-. 4b yiclds, iinipomlit information in ct,~Tms of
cfLaracterizing one  25 response of the eirculaWry system to one. applied
stress. Speci&ally. the behavior of  velocity as a function of applanation.
Md Mo,;t notably the inercase in maximum velocity  wifliln the vciocity
pi-ofile, allow the Mcntificalioll of the Point WI1CTC the Pressure withill
Elie axtery is ciToctively equal to that applied to the wall ol' the aru-ry
via external  appfanatioFi. Thi,,~ condition is reili--j-red to herein as a
condition of "zero tram3muraf 30 prn ~~ tire ". Duj:i ng th e app) aryition
swecp i I I us I ni ted in Figs, 4a alo d 4b, a point i s reached 4t  vifii
ch t 1) e ~-x Cerna I pressurc appl. ied to the cxtei~i or o f tile artery
wal I P, j w~t offset by the  111 LerIl a I PN SSUrC wl L11 j 11 tLe
artery, Uin ti I this point is re-ach ed, no significant reduc Li on iii
-24_ 23 EPTR IBEH 2004 flow area (and resulting attendant changes in
velocity, velocity gradient. volumetric flo w  ((7}, or kinetic energy as
previously described) occurs. However, as the applied pressure  exceeds the
arterial internal pressure, the diameter and cross-sectional area of the
artery  hcii" to be reduced, and the maximum flow velocity and velocity
gradient begin to 5 increase (region 414 of Fig. 4b). This increase in
rnaxiniumn velocity (ar d kinetic ene;<-gy) is  u, tid in the present
einbodirn ent as a "marker" of the point at which the transniural pressure
is roughly cgui]ibarated. IIovicer. as previouly discussed, the circulatory
system is not a static system, but  rather dynamic and subject to
significant intra-arterial pressure fluctuatioivs, both due to the  10
nori-nal cardiac cycle, as well as other factors such as respiration
(discussed below). Hence, 4LLc1 pressure fluctuations must also be
considered when measuring hemnodynamic  properties. particularly
intra-artcria] pressure. Referring now to Figs. 5a-5d, the response of the
circulatory system under the  aforementioned dynamic pressure. fluctuations
is described, rig. 5a illustrates a normal  ! sinus cardiac rhythm 500 for
a human being. Within this sinus rhythm 500 are both systolic periods 502
and diastolic periods 504 corresponding to various ventricular  functions
within the heart. as is well understood in the medical arts. l hcsc
cffectiyely  represent maxima and minima within the sinus rhythm 500, and
for the intra-arterial  pressure. 20 Fig, 5b illustrates the displacement
of the arterial wall as a function of the  aforementioned sinus rhythm 500
of Fig. 5a, and the external app Ianation pressure applied  i.n die artery
per 1 ig- Sc - Two opposed arterial walls 510, 512. arc illustrated in Fig.
5b for  



sake cif' clarity, although they are effectively mirror images of one
another in tennis of  pressure response. As is well known in the art,
arterial walls are typically (in the healthy 25 11 urn au) substantially
compliant vessels having signilacant elasticity and resiliency. I-Icnce,
as pressure within the vessel is increased. the opposing trills 510, 512 o
fthe artery tend to  dcfl ct outward increasing the diameter of the artery;
much as a balloon under inflation,  Siinilarly. as intra-arteerii pressure
is reduced, the resiliency of the artery walls reduces the  diameter. It is
well known that human arteries cyclically expand and contract to some  } 0
dtegrec during the normal cardiac cycle. As slice m in Fig. 5b. variations
in blood pressure within the artery deflect the walls  of the artery
outward to a maximum diameter 516 corresponding to the systolic pressure
-25 -1  ~3 SEP'll'EMBLA 2004 5 02; aud al lo w- ihe artery wa I 1 .9 to co
I I apse to a mini m um dianleWr 5 18 corrospond ing to the  d41~411lic
pr~-ssui~e 504. M the applanatiol) Pressure applied to the exterior of the
artelay inQrease~i' the pre'~--iouslv describvd condilion of zero
Lransmur~il i.,;  rc-ached succq~!ssively for both the 4iid dia,,tolic
pTessurc--,- Specificaliv. ~,%vith  ijlc-Te~lsing applumfion Pressum zero
transmural pressui~e at the diastolic (lower pre,,~surc)  Condition 520 is
achieved first, followed by z)ero trarismUral pressure a( the sys-tolic
(higher  pi-essure.) condition -522. Considering the diastolic Qondition
520 first, as applanation  pre,,,,ure i,~~ incmi~~ed beyond the zero
trammural pre.,,,wre condition, the, effe-CLive diameter  (and flo,~~--
area) ofthe artery begins to progre~;siveiy dcmase, rcsuiting in the
incl~ea~'e ill 10 flow gni-dient and peak blood ve-IoQity and kinetic
encrgy ~ts previously described. A.,,  app41nation presstire D-11creases we
11 abov. c the diastolic pressure, the arte ry ilaor~-- cornpla e-. I y
during the diastolic portion of the caydlac cycle at point 527. Similarly,
with 1 - ucreasing applanation pressure, the diameter of the artery at the
-'~y"tolic condition 522 41so  begins to decroase, wUh similar re-sult,.,,
iintil the artery P~ c;omplctcly co`114p,-~ed under both  15 diLl,.,tolic;
portiow; 527 and systolic porLions 529 of the C-ardiac cyclc' Ba,,~ed oil
the RIT-,-goin,g bc4iaviol-, two curves may be ,~onstructed (Fig- 5d)
relating the variation in  irlaximum blood vclncity and percent flow area
reduction (applariation pressure), both for  the d41s~olic condition 520
~uid the systolic condition 522. Note thZt the velocity 524 of tho
sy-stolic condition 522 occurs a( a higher Icvel of applanation than the
20 corrcsponding peak 526 for the dla~;(oiic condition 520, drice greatcr
extemal pTt~s,,~ure must  



be appliod to collapsv~ tile artery in the fbmie.Ta,-~ opposed to the
lacter- It is ftirtheir noted  t h at at pirv, ss my,- s falli ng between
the systol ic and diastolic max i ma and minirna of F i g. 5 a, a
I-al-ilily of curves similar to those of N& 5d ri)~q be constructcol ',
such a famify of Curves  N-ing useful in chayack~~zing the behavior of tlie
aftery and a~,soQiated hemody-narnic.  25 payameu-,rs during the eintilre
cardiac cycle A,, with the volocity cuTve of Fig, 4b.~ the c-urves. of Fig~
5d alce useful for inarking  Lhe po-Int during the applanation sweep at
whichzero transmaral pressure is achicved, both  C[UTIIIF Lhe diastolic,
and ~,ystolic portions of the cardiac cycle (or auy portion tht2-,re
betwei~~M. The LftilitV ,ind application of this infon-natiou k, described
M dewil with.  .30 NfOI'CACC Lo Figs. 3d-3c hereiri Wh i I c the foregoing
excniplary ap pl icati on o C compress ivi~, or app kmation strcss is  Li
~~ fki I in the m ea,, urement of, inter a] i a, bloc d prcs,;ure wi tbin
the selected artery, it will be -26 23 FPTEMI3ER 2004 rccognired that other
types of stresses may be applied to induce response within the  circulatory
system. Artifacts or "markers" associated with these stresses may be
utilized in  a. fashion generally analogous to that for the applanation
stress; i.e., by correlating the  presence of the markers or known
relationships with certain hemodvnamic conditions 5 wiLhin the circulatory
system in general or hIood vessel in particular- Hence, the method cf'
Fig. 3b is in no way limited to the use c( compressive sires  Returning
again to Fig. 3b, the second step 334 of'the method 330 of appIying stress
to the selected blood vessel comprises providing a mechanism by which such
stress can be  fipplied. In the con ext of applanation as described above,
there is particular utility in using ] 0 t]ie +loz-einentioned pressure
transducer (used to measure the pressure waveform.) as the  means by which
the artery is applanatcd, since this arrangement permits the pressure
measurement to be made precisely at the point of applanatiota. An
applanation mechanism  o[ this type is described herein with respect to
Fig. 12. However, it will be appreciated that  a separate pressure
transducer and applanatiou mechanism, Or even other configuratio".s,  15
may fic used in conEunction with the present invention, In step 33{ of Fig.
3b, the provided mcchanisni is utilized to apply the stress to the
selected artery, In the specific case of applanation, an apphanation
"sweep" as previously  described is applied, such that the pressure
transducer is asserted at continually increasing  levels of pressure
against the skin of the wrist, thereby compressing the underlying artery. 



20 As witli the method 320 of Fig, 3a. optimal placement and onCnlatiion of
the ap~aIanation  device over the artery may be. determined using any
variety of wel] understood prior art  tLLl1ni[]ues, including those
described in Assignee's co-pending tJ.S, patent applications,  serial No.
09,(342,549, entitled "Method And Apparatus For The Noninvasive  I)
tenuination Of Arterial Blood Pressure" filed June 29, 1999, and Serial No,
09/815, 982 25 entitled "M~lethod and Apparatus for the Noninvasive
Assessment of Hennodynamic  Parameters Including Blood Vessel Location"
filed March 22, 2001, both being  incorporated herein by reference in their
entirety- It is noted, however, that the foregoing  1'ricLl1od 320 maybe
utilized even with ron-optimal transducer placement (e.g., by manual
placement by the individual administering treatment..}, so long as the
signal coupling in ,ucl7  30 doses is adequate. Referring now to Fig. 3c,
one embodiment of the method of measuring a second  hemodynannie parameter
associated with the blood verse] (step 306 of Fig. 3) to facilitate 23
SEPTEMBEl 2004 -27 derivation of a calibration function is described. In
the first step 342 of the method 340, the  second liemodynamic parameter to
be measured is selected. Election of this parameter is in  some respects
coupled to the selection oi' the first hemodynamic parmne ter to be
measured  (Fia. a). as well as the selection and application of stress on
the circulatory system (Fig. S Th). in Ole. context of blood pressure
measurement and the use of compressive stress  (applanation) as previously
described, several "secondary" hemod}gamic. parameters may  conccivahIy he
used to generate a calibration function, including, without lunitation,
blood  vi loccity, total blood flow kinetic energy, and blood volumetric
flow rate. as well us any  variations or combinations thereof, Total blood
flow kinetic energy is one particularly 0 usef-ll parameter to measure, as
it contains one or more readily observable markers of the  zero transmural
pressure condition or oilier useful relationships. The total flow kinetic
energy is also less prone to errors than certain other parameters. since it
utilizes velocity  inftimnimnion cobLairted across the whole blood vessel,
as well as the amplitude information.  AddiLion ulIy, the peaking in the
kinetic energy is more dramatic than the peaking in other  15 parameters
such as maximun7 velocity. Next. in step 344, the selected "secondary"
parameter is nneusured using an  appropriate sensor or measurement
technique. In the case of kinetic energy or blood  velocily a easurements,
several well known techniques exist to generally measure these  



parameters non-invasively. 0f particular note i s the use of acoustic
enne>rgy (c-g., ultrasound) 20 10 Measure blood velocity. Specifically,
acoustic measurement techniques generally  employ the well known Doppler
principle in measuring velocity, wherein the frequency  shift associated
with echoes reflected by the blood flowing within the blood vessel is
analyzed to provide a measurement of blood velocity. 'Numerous different
variants of  (ICoustie blood velocity me{ surernent techniques exist,
including the use ol- a continuous 2S acoustic Wave {CW), and acoustic
pulses {pulsed Doppler). Such techniques are. well  k110%N:n acid
understood; and accordingly will no t he described furtherhere  Similarly,
acoustic measurement techniques may he used to derive a Measurement  cI'the
kinetic energy cat- the Nlood flow ing within the subject blood vessel- Ti
is noted that as  a resu]t Of the comple blood velocity gradient created
with in the blood vessel during 30 applan ition (Fig. 4a), calculation of
the kinetic energy of the blood within the blood vessel  as a whole is not
simply proportional to the square of the maximum blood velocity  described
above; rather, estimation of the kinetic energy requires the application of
-28 2 3 SE PTENJ BFR 2 004 .1;1mimat i on or i rktegmfi oil Wchli i q iies
whi ch capture the Wmp I eNity alf s gi~adicnt . Such  t i 0 Ti "i"tc-91-a
Lion tec hnique,~, for i~-Ocu lat iig bl ood k i ne tic eneTgy are vvel I
known ill r, art~ and accord Lingg ly are not de.,~Qri bed Furtf ier h
erein, In another ernbodinuiat, the ~tpplanacion (external) pressure. at
W-hi',:-h Vic desired  5 llaarkcr i-,~ exhibited may be determined itsing
timc4requency method-ology a,, described in  Assignee's co-pending U-,S.
patent application Serial No. 09/342,549 previously  1 - kicotporal-ed
hi~-rellri, Using Us fime-Criequcney methodology, fht~ applanation
prc.ssure, at  which ilv~ transmur~d pressure equal,; zero ca-n be
determined by constructing time- fi-cquenQy repre-,,entations of" the
acoustic energy reflected with;n the artery, When the 10 (inic-frequency.
di,~vikbufioa i,, maximized, the ?.eru transmural pfcssure condition is
aehicvcd. llenec, ihq~! maximal time-ftcquenQy distribution acts a~, yet
another iTlarker fbi~  the purpo.,~es of the prk-,ent invention. Tia yet
another embodirnerit, the so-called acoustic; "A-mode" rti~ly be us;ed to
1110114M the- second hernodynamic, parametcr. Tn this approach, acoustic
waves arc  1 and transmiRed into the blood ve~sel; reflections or echoes
firom the Ll-~111SMiSS][Otl'3 are rt~Qeived and analyzed to detemilne the
relatiomhip b~-,twccn the, time of  transink,;ion ~md -aie tinic of
receipt. I'hrt)LLgb such analysis, 1he relative djainieter of the  



alu~ry at different points in time, and different points within the
calrdiac cyc1c, cain be  determlne,d. Anal!OgOLN LO the well known lik-ne
domain ireflt!~'-tomctcr (TDR), Che A-mode 20 tochnipe In ~)ne
cinbodimellit utilizes rcfteetiork5 generated by the~ transition of ain
acou~,,-tic  wa,v'c acros,~ varlous boundarics betweeii matcrials ot'd
-erent accustic piroperties (c.g,, the  licar artery walf/tissue boundary,
the. "neair" ~irtery al ds lfblc o tream. boundary, the blood
-drean-L'"far" artery wall boundary, etc.-), Specifi cal ly, the relative
ti rn i ng of these refl ect ions  1 . ~, am~lyzed to determine the
distance betwecii the various bolandal-lt-,. Kilow-ing the  25 propac, atio
n speed of the a cou stic wavt! through the di f fe)cent media, the di
stancc between the rcilectiv~~ boundarles (i-e., tissue thickness, artery
diameter, etc.) can be dctermined.  Rccalling that per Fig. 5b.~ th~-
deflection of the artery walls (under both systolic and  dlas(olic portions
ol'the cardiac cycle.) vaxies as a fuliction of appiaination pressure,
changes,  in Lhe arwrial dianla,-,f (and arezi, related thcrctu) may be
used ,ts "llclarkefs" of the. zero 30 tvansinural pre~,isijfe condition, or
other conditions of significalice, analogaus to the iise of  incrcx~ing
niaximurn velocity to identify such condidons. Specifically, whell the
dialmeter  0 f th ~, ~ITLL17V j u st begi ti,~ to decrease, thc, ex
ternally appl. j ed pre!~surc just si ightl y excecd s the, -29 23)
SEPTEMBFR 2004 n ter na [ arlerial jlire~;surc at that poi It in tiln, e,
OtheT techniques for a,~sessing hi~-modynumic payanictcir,,, Lising A-modo
aQousfic."  FI-I~JV also be- emploved. Such alternate techniques are
discussed in greateir detail wiffi  i-c,~pecl to Figx- 17-39 herehi. _5 11.
Will IUTLN~r be recognizcd tha otfic-T acoustic modalities, may be employed
in  c~lnjunc,tion with the invention de~,Qribcd herein, including for
W-modc" (motion made) oir  "B -niode " (bri Lhtn es s m od e) both o C
whLich are well Im cnvn in the aco ustic s i gnal ~trts' Despite the USC of
acoustic waves in cach of the ibregoing ernbodiments foT  rticasur L n L,
(he seco n dary hemodyn amiQ param ~,,teT- and marken a ssoc iated th
erewith.. i t %vi 1.1  10 bc rccoginizk~d thal otht-r uon-acousfic
LeQlmiques may be applic-d (0 identi6' SUCh m~trkers. For t-ximple., othei~
liaechods of accurately measuring artcrial dianieter/area, such a.,, Using
intc-rrerornetrv. may he. ei-aployed to idcnfif,~ the zero tra-nsmural
prc,;';Lffe condition. All  such icchniques are considered to Wl w-ithin
the scope of tho pi~eNent invff'ntioa. P-c~fi~rring iiow to Fig. 3d.~ the
.w,~-ssor magnitude ~Lt which the desired heniodynarnio  



15 coiidiLion is achieved (e.g., applanatioin pressure at which zero
transmural prt~ssure is  ~tQhiq~ved) is correlated to the actual or true
arterial pressurc- in tN- simple case where OieTk~  1,,; a hi j- i degree o
f co upl ing between the app] i ed stress an d th e stress actually felt by
th e  blood vcssel., the measui-ed stress can be eqt-iated to the actual
stress. Sp~-,cifically, in the  c~.in[ext of arterial blood pressure
measureircnt,; whei-e applanation (compre,,sive) ,;tress is 20 applicd, the
prcssure applied by the applanation device and sensed by the as~ociawd
J)rQ-~',Lffe Lr~m~~Iucer could be cquated to the actual arterial
prv,,,~iure when the artifact or  markor" c ondi tion I ~~ ob ~,erved. For
examp I e; i F i nQreasiag blood kine 1i C en t'rgy cc rr'-laws  to a
c'olidilioji of 7.0'ro or ilt-4r-7t~ro transmural prc~,sure a,, pTeviously
discussed, the pres~~ilrt~  applied au iia the arrery wall when such
increase in kinetic eneirgy wa~- observed would  equate to true
intra-4rWriffl pressure, Hence, ifthe coupling baTyveen the poilit of
pressure  ~ippllcation skin) aind the xTery wall was very high, the
pressurc applied M Cie point  of applicatioTi would approximate. that
applied to the mw-ry wall, ~md tberefore would also  approximale thc
pressure within the artcry. Howevt~ic, ~js prfviously dl.,~cu,~~3ed, the
tissue, teindoris, and skin interposcd between  30 1ht, aMry wall and Lhe-
pressure transducer in many cases cre-aLe a complex relationship  beLween
the prc,~~ure applied by the transducer (or applanation niech~uijsm) and
the  prc ss uTc ac E ual I y ft4t by the aTlery wa [ 1. S im ply stated,
sojni~ of the pressure appl i ed to thff, -30 2 ry SIr l FMJ3ER 2004 skit'
is used to compress this interposed material; hence, only a portion of the
externally  applied pressure is actually left by the artery wall.
Additionally. it is noted that tissue is also  presort below the blood
vessel and above hone; solve loss occclrs in compressing this tJSStie
atsell. 5 'l hereforc. depending on the tissue compliance and degree of
coupling for a giver  subject. a certain amount c f error in the
measurement of arterial pressure will be in troduced  when basing such a
measurement on the externally applied pressure (e.g., that measured by  the
13ressurc #ra~ ducef'). One prior an approach to this problem was to model
the response of interposed  10 material (for example, as a system of
springs having linear force constants), and correct the  pressure measured
by the pressure transducer based on this model. This approach, however,  is
oily as good as the model used; different subjects with different tissue
thickness, density,  and compliance values (as well as the location of the
tendons and bone relative to each  



other and [lie artery) will respond di(Terently, and these differences are
not accounted for in 1 such models, 1=urtherz i re. even for a single
subject, changes in the response of the tissue  and arttiries of that
suh.]cct may occur over time or as a Junction of exte.i-n ally induced
stresses. For example, when an anesthetic is introduced into the
circulatory system o 1 the  Subject, a given artery may become
substantially more. compliant, thereby losing much of  its resilictne y.
This change in compliance alters the relationship between actual and 20
11leasuz-ed arterial pressure, and accordingly reduces the accuracy of any
blood pressure  eslinziaie based thcreon In contrast, the methodology of
the present invention overcomes this significant  iinitation by measuring
the actual response of the interposed tissue and material for each
,ubject. as opposed to generically mode]ing it as in the prior art.
Specifically, the present 25 invention generates a functional
representation of tissue and arterial coittp]iance based on  actual c
mxpression of these components. In the exemplary embodiment of the method
350 illustrated in Fig, 3d, tl  aJ rrenietitioned "A-mode" acoustic
transmission is used to monitor the compression of each  0V L11 components
interposed between the applanation device and the artery interior wall, 30
The compression of these components (step 352) proceeds generally according
to their  individual material properties, which are unknown and
interdependent and therefore  exceedingly complex to model, However, by
making direct observations of the actual -31 23 SEPTEMBER 2004 compression
ol- these components, the transfer function existing between the exten,ally
app[ied Porcc and the farce applied at the interface of the artery wall and
the pressurized  fluid (bloood) within the artery can be approximately
determined for each individual. and for  the specific location being
applanated. As illustrated in Fig. 6. the region between the 5 interior
will of the artery and the surface of the stein above the artery may be
divided into  several discrete regions, such as the skin 602, tissue 604,
and artery wall 605. The  distances d,, d2, d.3 and d4 between the surface
of the skin 608 and the skinItissue boundary  610; the slain.?tissue
boundar} and the tissue/artery boundary 612, the tissue/artery boundary
arid the artcr}rblood hourldary 614., and the artery/blood boundary 614 and
the blood/artery 10 boundary 616, respectively, are measured in step 354
using A-mode acoustic transmissions  which idcntil V reflections firorn
these boundaries, as prcvi0Lrw]y described- Additiona]iy, the  relative
location of bone 620 anal tendon 618 have great influence on the transtirr
loss. In  



cocci, a restoring spring force of sorts exists between the tendon 618 and
tissue 622 and  bone 620 and [issue 622- The loss of pressure transfer is
at !cast partially associated with 15 overcoming these restoring forces, as
well as with the compliance of the tissue, Hence,  dui rig applanation (and
during spccilic portions of the cardiac cycle), a transfer function
between artery diameter (and flow area) and applied external pressure is
developed per step  356 Specifically. for t]ie diastolic and systolic
portions of the cardiac cycle, different  transfer ]unctions vd1l exist s
illustrated in Figs. 7a-7h- At low applied pressure (as 21 0 measured
relative to the actual intra-arterial pressure), relatively little
compression of  i"tcrpo,ed tissue, underlying tissue tendon, artery wail,
etc. has occurred, and hence further  iiicrca e in applied pressure
generally. contribute disproportionately to further compression  of These
components. At higher values of applied pressure, the interposed components
are  substantially ccimpressed. and a relatively small Fraction of any
Further increases in 25 applanation pressure is used to compress the
interposed and underlying components.  Hence. in general, the "transfer
fraction", or the ratio of transferred pressure to applied  pres,.,u e,
increases as a function of applied pressure, as illustrated in Fig. 7b. In
the  theoretic-al case of tree-floating incompressible materials interposed
betwccn the  pressurised blood in the artery and the transducer, the
transfer fraction would be 1:1,  30 i odic{Ming complete coupling. The
forcgoiiig derived transfer function, can then be utilized to correct the
error of  t]ie incomplete pressure trannsler measured by the pressure
sensing introduced by the 23 SEPTEMBER 2004 -32 interposed tissue, etc., by
identifying the regions of interest per step 358. For example, if  the zero
trap, mural pressure condition within the artery during the diastolic
portion of the  cardiac cycle is achieved when a pressure of 60 mm Hg is
measured. the true diastolic  I3ress4n- will he some percentage higher,
here the percentage is determined by the degree 5 of' prtissuu-c transfer
loss, The transfer fraction for that nxionitoring location indicates the
fraction or percentage of the intravascular pressure which is transferred
to the surface. of the  pressure measuring sensor. . Tote that the transfer
function and/or transfer fractions may be represented and  stored in any
variety of different formats after measurement. such as in look-up tables
in a  10 digital random access memory as described lurther below. with
respect to the apparatus of 12. . furthermore, it will be readily
appreciated that while the method 350 described  



above is used to determine the transfer fraction for one or more discrete
pressure conditions  (i-e-; systolic and. ur diastolic pressures), the
transfer fraction may be readily determined fbr  d rtlnLe Of pi- ss~~res,
thereby forming a transfer function as a function of pressure, { 15
described in greater detail helow. 1-Icnee, if the blood pressure of the
subject does vary, the  lpre ent tin enition utili ; this transfer function
to correct the measured value of pressure  Within any pressure range
Similarly, it will be recognized that methods of determining the transfer
finnctionifraction other than the A-mode acoustic technique may be
utilized, either alone or  20 in conj unction with the A-mode technique. In
sum, the method 350 of Fig. 3d involves determining a transfer
Function/fraction  as relaal.ed to applied stress (e.g., pressure) for the
subject and location being monitored. and  calibrating the measured
parameter at the designated "marker" point using the transfer
function/fraction to determine the actual value of the parameter. In the
case of blood 25 pressure monitoring, this process involves applying an
appla tnation pressure at which the  Idii lac energy term begins to
increase (or alternatively, the n is inim blood velocity begins  Lek
increase, the. now area begins to decrease; or some other desired condition
is observed),  and then correcting the measured value of the measured
pressure using the transfer fraction  to delerrnine the actual
irrtra-arterial pressure. When considered over the entire cardiac i0
cantle, this t-rtetliod 3 50 produces a scaling or "stretching" function
which is applied to the  entire measured pressure waveform 800 to calibrate
it to the true in.tra-artenial. pressure 901,  and thereby produce a
"calibrated" 'waveform 806 as shown in Fig- 8- H is noted that S- PTF MBFR
2004 -33 depending on the portion of the measured frCSSUre -avelorm being
considered dia #o]ic portion, systolic portion, or there betweeen), the
ratio of actual or A-line. intrat.- arterial pressure to the measured
pressure will vary. This concept is graphically illustrated  in Fig. 8.
wherein the ratio of amplitudes at the systolic portion of the cardiac
cycle R1 802  i s not equal to the ratio of amplitudes at the diastolic
portion R2 804. It should be noted that while certain circumstances and
individual subjects require  the determination and appiication of a
transfer function as described with respect to Fig. 3d,  Llic general
methodology of the invention may potentially be applied in some cases
without  a transfer function. For example, where a subject has a high
degree of coupling between 10 [11c skin and artery wall, the error
associated with the pressure measured via the transducer  



placed rat the skin surface may only constitute a small fraction of the
total measurement, and  WO uuldl thcref.bre be acceptable in certain
monitoring environnients. Hence, calculation and  application of the
transfer function is not aa. requirement of the present invenlaon under all
clrcunl stances, 1 Referring now to Fig, 3e, the method of continuously
calibrating the heniodynarrlie  parameter being measured is described. As
discussed with reference to Fig. 3d above, [he  transfer function is useful
for correcting the a teasured pressure waveform for compression  of the
interposed tissue, artery wall. etc. This transfer function is obtained
during an  applanation sweep performed at a given monitoring location on
the subject. such as the. {) 1 aadial artery. However, to permit continuous
monitoring of the subject's arterial blood  pressure, a mechanism is needed
whereby changes in the measured parameter can be  a accurately observed and
scaled between calibration events (e.g, e-applanatic on sweeps). As
previously discussed, prior art calibration approaches relied on periodic
calibration events (such as aiculatory cull` measurements) to
"eontinwu?usly" calibrate the  25 rrteastared pressure waveform. The term"
continuously" wed with reference to these sy,oems is son-tewliat of a
misnomer, since what actually occurs is periodic (rather than  conLintloUS)
updates of the scaling function. This approach presents at le{ist one
serious  c]elcct, that bcirig the lack of calibration during the interval
between periodic calibration  updates. Depending on the activities of the
subject being monitored, their true arterial 30 blood pressure may vary
signi:Ccantly in a short period of time. and in some cases in a rapid  or
prompt fashiort. For example, during surgery, actions by the surgeon such
as artery re- section may have profound effects on the circulatory system
of the subject, including their 23 SFPTi'F. IBHR 2004 -34. artenal blood
pressure- Similarly, the difference between pre-induction (i,e,. pre-
anesthe"ia) and post-induction blood pressure vctltjes may be dramatically
dif crept, due in  large part to the change of compliance within many of
the arteries in tll c subject's body  resulting from the anesthetic. 5
Since the prior art approaches in no , -ay monitor the actual henodynatnic
properties  occurring wiL}tin the artery, if such sign i[ cant changes in
true arterial blood pressure occur  het}wen periodic, calibration events,
Lhey in many uses will go undetected. Rather, such  prior art approaches
typically monitor blood pressure tonometrically. these CneasuremenLs  being
potentially very different from true arterial pressure. The prior art
svsterns typically 



10 adiusL the scaling factor or calibrations to account. Cor the measured
change in tonometric  Hood pressure (vhich may or may not be close to true
blood pressure. The result cal`this  method is to produce so-called
"calibrated" Mood pressure values which in fact are not  calibrated, but
comprise a widely varying sealing component. This failure to track actual
or  true arterial blood pressure between calibration events can be
catastrophic in cases where 1 ininl1Le-[0-iYinute xneasLlrements of-blood
pressure may be critical, such as during surgery.  The methodology of the
present invention overcomes the foregoing significant  limitations cC the
prior art by using the measured "secondary" hemodynamic parameter
previously deserihcd to track changes in the first or "primary" measured
hemodynarnic  parameter (c. P--; blood pressure, as descrihcd in detail
be]ow  2(1 In one embodiment, the kinetic entry of the blood is
nio.uittorccd using the  aforementioned acoustic (or other) techniques
while the zero trans mural pressure state (or  some other state determined
to be of significance) is maintained within the artery. as  ilki,.,Lrated
by the method 370 of Fig. 3e, Specifically, the applanation device, which
in the  enibodinment described below with respect to 1'ig. 12 also
comprises the pressure and ? ultrasonic transducers. is "servocd" or
continually modulated against the skin above the  monitored artery in step
372 so as to maintain the desired pressure condition- The measured
(non-calibrated) primary par meter, here pressure, is monitored as a
function of time at the  nnc tulle per step 374. Depending on the
particular application, the modulation of step 372  may be controlled so as
to maintain the transmural pressure at a specific value during the 30
diastolic portion of the cardiac cycle. or alternatively during the
systolic portion of the  c yc[c, As yet another alternative, the
applanation device may he modulated or scrvoed to  maintain (lie mean
transmural pressure (calculated over one or more complete cardiac 23
SEPIT-M-BER 2004 -35 cyclcr,) at a predetemilned value. Servoing may al,.,o
be conducted to maintain a de~J)cvA  a J be s h  iax m ~11 b I ood ve I oc
ity condition, or cm ss--wti on al area cond ition. Many ot r , ac
"tal-get" ;crv-o values may be ,Atitated with cqual succcss, and the chexce
ofwch values,  as; xw4l as the parzmet.Tic relation6ip on which this valkie
is NLSed (e-g.7 the region on the 5 rna-xinium %--elocity v. flow area
plots of Fig, 5d. in which it is desire~d to operate) is solely  dewrinined
by the needs of the user and the parth~ulay ~ippllloatlon in which the
method is  empioye-d. 



N! ex t, i ii ;wp 3 76, the second ary herriu(kyu 41T1 io pairarreter i s
measured a s a function  aftime. using a suitable t~-Qhnique- N the
prese-nt cmbodimc'nt, the total Unttic vnergy (or  10 maximum blood
veloclLy) is tnea,;uri~,d u,;Ing an acoustic Doppler sysk~m of the r~pc
prcviously &scflbvd In ~;tep 378, the value of the secondary parameter
lineasured in step 376 is aaalyzed  I o i dc rl t i N, c h anges in the
primary paranieter. F oi- e~x arlipl e.., whcin the applanati on d evice is
.~-c rvo ed to rn ai irtaiii zero transmural pressure i n th e di asto I i
c po rt [on of t lie card iac cycle, I changes in kiBetie energy, are uscd
to track changes in iiitra-mlerial blood pres~ure. Thc  results of thi~~
~uialysis are cornparcd to predetermined acceplwnce or cui)trol cTitcria
pcr  0 " 80 t o dett-Tm lie j I' fitLrther adj ii stment o f the ap
planation d evice is )cv-ql. T-ed (su'-p 3 82)  FOr e(anIP1 e, I g1l] I I
C,111t i Ficreases ot ratcs of inercase in total bloc d flo w k fin v, ti c
en eT-&v  were o h rc rv. ed I ri steps 3 7 8 -' ) 8 2 (thel e by ind
icating that the app) 4nah on pre."ure fe It by the 210 arte-ry wall wa,,
exceeding the true. intra-arterial pressure), then the applanation
prv-,,~,,ure  could lie reducud so as to maintain the artery at a near-zero
transmwal pTe,,~wn,- colidition.,  az~ rctl octod by. sma Her increases or
rat e~~ of iiicrt~ase ITj I IT1 eil c eriergy. I t wi I I h e rccognizcd
thLLL any typc of contml schcme which controls one parameter based on
meastirernQnIs ol'  one ot- more. other parameters may be used to effect
the desired behavior, iBckidiing logi Q oic P ID comro I I e rs of the typc
we I I know. n i n the control system arts. Notwithstanding tlw-
roj-egolng~ it W-111 be recogni;?-.ed that the continuous calibration  Of
Lhe 11r1;L hernmLynamic. para-metcr using the mothod of Fig, 'Ie may be
ax~complished  usincy additioinal or offier secoridary pararneters
iflChiding, for examp1c. maxiimal blood  vc1ocity and/or arterial
c)coss-secfiorial (Pow) zTea, 3 0 1 t is a I so ap-ain notod that in
contrast to priof art a ppro aches, the tecfuiiq ues of Fi -'s.  discussed
above, adwultageously involve no modeling oi- estiniatioTi of p4rarneLer- 3
3 f, wi i hi li t li.~- c I r~;ulat ory sy'.te-m of the s ubi eQ L bt~iag
moij I tor-v-d'. al 13 irl 16i-)T-m.afi oil i.,; deri V. cd v i a 23
SEPTEMBER 2004 36 direct mesurement of the subject at the selected
monitorixig location, and therefore is  particularly adapted to that
individual and that location. ;MM(#ifio ! ()I'C.'horacterizin, Ilerodynamic
,Re. pon.se of C'irculafriyy.. System 5 



Referring now to Fig. 9 a method of characterizing the hemodynamic response
of  the circulatory system of a living subject is disclosed. As illustrated
in Fig- 9, the first step  902 of the method 900 comprises deriving a first
functional relationship between lrst and  second parameters associated with
a blood vessel in relation to an applied stress. In the 10 contoxi of
arterial blood pressure measurement, the first functional relationship
derived in  step 902 comprises the relationship{s) between arterial
cross-sectional area (applanation  pre,surc) and total blood [tow kinetic
energy as previously described herein, allhou h it  will he recognized that
any. number of different functional relationships may be substituted
therefor. For examp[c, the functional relationship between maximal blood
velocity and 15 flow area. 'Lelucity gradient and flow area, or volumetric
blood flow (Q) and now area, nay  be ascd if desired. Next, in step 904,
one or more artifacts or markers present within the Cunctional
relationship derived in step 902 above are identified, In the case of
arterial blood pressure  measurement as previously descril d, the artifact
cornpriscs the increasing kinetic energy 2(] c,r blood 'elc)ciLy after the
condition of zero transanuaral pressure is achieved for the diastolic
and.`or syswlie conditions. These artifacts coinpri e points for the
calibration function  previously described with respect to Figs. 3c-3c
herein. Alternatively, the points at which  wall diaameLer begins to
decrease at the systolic and diastolic portions of the cardiac cycle,  as
measured by A-mode ultrasound or other similar techniques, may constitute a
marker of  25 zero Li-ansnrural pressure. Next in step 906, one of the
functionally related parameters from step 902 above is  incasired
non-invasively as a function of the stress applied. In the.
above-referenced  example. this measurement would comprise measuring blood
velocity within the artery as a  i'unctic'rn of time (and applanation
pressure), and deriving total flow kinetic energy  30 therefrom. Lastly, in
Step 908, the calibration "function" (which in theory mays be as few as one
d{a la point) i; applied to the measured response of a selected parameter
associated pith the 23 SEPT MBE R 2004 -37 cireulakory system based on the
artifact identi-lied in step 904, thereby producing a  calibTalcd
characterization of the response of that parameter. For blood pressure, the
selected parameter is tonernctrically measured (i.e., non-calibrated)
pressure, and the  calibrated characterization comprises calibrated (or
"true") arterial blood pressure  



determined it, inter alit, the point where the kinetic'energry of the blood
begins to increease. E- LLrthcIYmmore, the effects of potential errors
(Such as that due to incomplete signal  lraiislcr due to tissue compliance)
may be ueco unLcd Corr as part of step 9)08 as well. Method of
Ca/tbratirkg. for Periodic Ermj- Sources. Including Respiration 10
Referring now to Fig. 10, a method of calibrating a hemodynamic parar"elric
,neasurel-rent Cor periodic error sources is disclosed. The first step 1002
of the method  1000 comprises measuring a first hemodynamic parameter
associated with a blood vessel.  As previously descrihed, this parameter
may comprise arterial blood pressure, or another  pararneter such }as
differential pressure, etc. In the cme of arte"al blood pressure, this l
pataincter is the non-caalibrated pressure wavelionn measured using [he
tonornetric pressure  1.ran5ducer. 1ti ext, in step 1004; a second
hemodynamic parameter is measured on the subject. as  prcvlously described.
't'his second hemodyaa nic parameter may comprise kinetic energy,  in~a i
ium blood veIoecity, arterial diameter, flow area, etc. In one embodiment,
the kinetic 20 enerL, is calculated based on measurements of blood velocity
made using Doppler  ultrasound. -Next, in step 1006, periodic error sources
associated with the first parameter are  identified within the second
parameter. In one exemplary case, the periodic error source  r l ates to
the respiz-alion of the subject being monitored; illustrated in Fig. 1 l .
As shown in 25 Fib.. 11. the velocity and kinetic energy of the blood
flowing within the radial artery of a  human being generally includes a
time-variant, periodic component. This periodic  hcl,Lt v ior is due in
substantial part to the respiration cycle of the subject, and occurs at
much  lciwcr Ii-equ .ncy than the LypiCal cardiac cycle- Hence, the normal
cardiac cycle 1102 can  be Lhought to he "amplitude modulated" by the
periodic respiratory variance 1104. 30 The origin of the respiratory
periodic variance relates to the varying pressures which  gar-curs as the
diaphragm ascends and descends. With inspiration, the diaphragm should  d
cend increasing infra-abdominal pressure and decreasing intra-thoracic
pressure. The 23 SEPTEMBER 2004 incr~rs in the pressure differential from
the ahdorncn to the right atrium increases the  volumetric flow back to the
right atrium. With expiration, as the diaphragm ascends, the
intra-abdominal pressure decreases and the intro-thoracic pressure
increases. The result is  inure venous return to the abdomen from the lower
extremities, but less return to the right 5 atL]iLknl - the cyclical
changes in voIume and pressure arc reflected everywhere throughout  



the circulatory system, since it is a closed system. The alorementioncd
cyclical respiratory changes result in variant flow velocities  and kinetic
energies for, inter alia, the measured diastolic and systolic pressures. In
a  normal adult} human being, anecdotal evidence obtained by the Applicant
herein suggests 10 that the magnitude of such variations may be on the
order of 20 nun fig or more in severe  cases. Taken as a fraction or
percentage of the systolic and diastolic pressures. this variation  in
pressure due to respiration may be significant, especially for the lower
diastolic pressures  measured when the subject is not ambulatory ,such as
during surgery. These variations are accounted for in the present
invention, when required, by  15 synchronizing the derivation of the
calibration function from the measurement of the  secondary hemodynamic
parameter (e-g., velocity; kinetic energy, or area). Specifically, in  step
1008 of the method 1000, the periodicity of the respiratory variation is
analyzed an d  determined and this information is used to synchronize the
derivation 0f the calibration  function to a common point on the period
("carrier") respiration waveform. ldentification 20 of the respiratory
component and it periodicity is accomplished using any one of a number  of
alecnthlrts well known in the signal processing arts; accord ngly, such
rlgorithrns will  nut be di eusse.d further herein. It is noted that since
the respiratory rate and/or "depth" of  respiration of the subject may vary
with time, thereby affecting the periodicity and  magnitude of
pressure/flow variations +itllirt the artery, the periodicity of the
respiratory  25 eMeci should he. continually (or at least frequently)
calculated. Next, in step 1010. a calibration function is developed basted
on measurements of  the secondary heniodyiiaric parameter taken at the
periodicity prescribed by the result of  step 1008. For example, a series
of blood velocity measurements may be taken every 7  seconds (each
measurement corresponding to the same relative point on the respiration 30
waveifunii_ but (lispluced in time), and this infi rrrtation Lrsed to
derive kinetic energy values  and a calibration or "stretching" function as
described previously herein With reference to  Figyzq- 3-3e 23 SEPTEMBER
2004 Lastly, in step 1012, the stretching function oCstep 1010 is applied
to the measured  (i,e_. non-calibrated) ravefomi of step 1002. Note that by
virtue of measuring the second  lieiri dynatnic parameter at a similar
point relative to the respiration wavefonri, the effects  Of respiration
across the entire respiration cycle are acccoutit d for. Hence, the derived
5 stretching ["notion may be applied to the entire non-calibrated pressure
w-aveforn,), as  



opposed to only those portions of the waveform corresponding to the points
in time when  d i,2 c-cond parameter was actually measured- Assuming the
pressure transfer to be  rclaoivcly linear around the systolic pressure
variations with respiration, and the diastolic  pressure variations with
respiration, no other correction would be necessary. An additional 0
correction can be applied if the non-linearities are significant enough, by
calculating the  correction factors at a different phase of the respiration
cycle. This represents a significant  advantage in providing a continuously
(as opposed to periodically) calibrated representation  of true arterial
blood pressure. IL , ill be appreciated that while the foregoing discussion
is cast in terms of periodic  15 error due to respiratory system effects,
other types of errors, periodic or aperiodic, may be  accounted for icing
the methodology of the present invention as ill Lis Lrated in l'ig 10_ For
exan ple, the elfec[s of an arrhythmia within the heart c I' the slib.ject
may be identified and OLLrltcd for during derivation of the calibration
function ..An arrhythmia within the heart  of the subject may be identified
using signal processing alzorithtrns specifically adapted for  20 the
purposee of identiiying aperiodic components within waveforms, such
algorithms heitig well known to those of ordinary skill in the signal
processing arts. Numerous oLh.er types on  none-periodic error components
may also be identified in conjunction with the method of  fig, 10 ~ ru~a t
s o e rc, fv c~rr is lssessrneni  25 Referring now to fig. 1. an apparatus
for measuring hemodynamic properties  within the blood vessel of a living
subject is described. In the illustrated embodiment. the  apparatus is
adapted for the measurement of blood pressure ,within the radial anery of a
htt nan being, although it will be rccogni;red that other licniodyriamic
parameters, 0 JYi 7nitorin; site , and even types of living organism may be
utilized in conjunction with the  irivci Lion in its broadest sense. The
apparatus 1200 of Fig. 12 fundamentally comprises a  pressure transducer
1202 for measuring blood pressure from the radial artery. -40 23 S EP TE M
B ER 2 004 to no n i el.Tj Q~j Ily, an applanati on dev. ice 1204 coup ted
to the lr~msduce r T 2 02 for var. if ig th I - V e  degrcc of applanation
(compression) on the artery; an ac()ustic muisducer 1206 foir  gerierating
acoustic crnis~~ions and reffcetion!3 tlic'reof, thesc arxiistic
enlissions, buing used  



to dc-Tive blood velocity (and kinctic enerU); a ,Ignal proQes.sor 1208
olac-ratively connected 5 to the prtssurc and acoustic transducers 1201
1206 for amdyzing the signA; generated by  lhc~sc- transduem ~uid
geTierating a calihi-ation filincLion based thereola; a ~ignal
g.,~nerator/re,ceivcr 1210 used to generate acou,;tic signals 1br
tran,,iniission into the artery,  and rect~ive signals froini tN~
aceustic,~ transduQer 1206; and a controller 1211 op~,,rafively  coupicd to
the applanation devic~e 1204 ~uid tfic ,ignal proQessor 12109 for
coutrolling the  10 dc grt~i~! of app] anatio n pres sure app] iied to the
artery. Thc pres surc trartsd ucer 12 02 i s, in the p res fnt ernbod i rn
ein t, a p i ezoelectric.  lransduc~~r elonieut which generates an
electrical signaI in functional relationship (e.g.,  [)roportional) to the
pressure applied to its serising surface 1212. Similarly'. lh~-, acoi-utic
tr,,3jisdUccr 1206 col-riprises a piezoelectric (cez-xudc) device ~rvlllch
is c4pable, of buth 15 gciieratinp and rce-eiving acoustic v,--aves andibr
pulses depeliding on Tiiodc~ in the  illustrated ernbodimcnt, the acou5tic
tr~tnsduccr 1206 is luued to generate ultrasonic  frequcnCies centered at 8
M11z, although other center liequerwies, w1th vaqing bandwidths,  ini~iy bC
LL~;ed. The signai generator/Teceiver 1210 geiaeratos electrical ,~ignals
or pulses are provided to the acoustic ticansducer 1206 and converted into
acoustic. tmergy  20 rad 'a wd j n to the b I oo d ve9sc I - Thi s aco u
stic c n ergy i s re Jlt~cted by vaf i ou~ ,~uuctur(;,, I ., within  Lhe
artcry, irzc;luding blood flowing thm-in, as wtffl as fissue and odief
bodily componelits in  pFoximity to tht~ artery- These acoustjQ reffections
(~-,cfiots) are receivod by the acoustir,  I-Tansducc~~- 12. 06 and
converced i n to electri cal signal s whief i are then colivertcd by che A
gim I  C F r..-' - T -A onc ra(oi ir- Gci vt~r 12 10 1 o a d i gi i ai fo m
(u s ing; t- L,, an ADC) ai sent LO the si_~mal  proct~s~-or 11-08 for
aruflysis, D~-,pcndijag on tht~ rypc of.' ac~Gu.,,fi analyt,4; technique
and  mode emploved, the ;ignai processor 1208 utiiize~; its program (cither
embedded of: stoTed  in an extermd ~,torzgc device) to anal)-ze the
received signals. For example, if the system. IS  uscd to mcamre the
maxinium blood v~-locjty, then the received echoe-s aTe analyzed for..  1 .
nte-r alira, Doppler frfqucricy shift- Alternatively, ifthe artc-rial
diamett'r (arca) i~; measured,  3 0 then an anatysis appropfiaw, to the
afoTe-rnentiorted A-mode is employed D u ri n g a cal i bn tion "sweep",
the- control ler 1211 QontroT s the app ianation devi cc to  applanal.i~
ffii~- ailery ~arid interposed ti~sue) according to a predetermined
profile. During. 23 SFP"1 EMBER 2004 



_41 Ihis s cep, acoustic signals are transmitted into and received from the
artery preferably an a  region directly proximate the ongoing applanatioai
of the tissue, Velocity, kinetic energy,  and/or arterial diameter data is
extracted and/or derived from the received echoes and  recorrcted as to
function of the applanation pressure for the selected portion(s) of the
cardiac 5 e eIc, The si fna] processor 1208 and associated algorithms then
identify one or more  rmt kers, and detenninc the desired applied pressure
at which continuous monitoring is to  occur based on the measured markers.
For example, if the peals in maximum velocity  shown in Fig. 4b were
selected as the marker, the algorithms would identify this peak and
identify the pressure data corresponding to this peak. During subsequent.
blond pressure ] 0 monitoring, the controller 1211 would servo the position
of the applanation device 1204 (in  the present embodiment, the pressure
transducer 1202) so as to maintain the target pressure,  or any other value
selected by the progratnmer'user. Subsequent changes in the measured
parameter (e.g... total blood flow kinetic energy) are used to identify
changes in the actual  blo d pressure within the artery, thereby obviating
the aced for a continuing series of  15 calibration sweeps. Optionally. the
apparatus 1200 is also configured to measure the transfer function of  the
tissue and other bodily components inteerposed between the signal source
and the sensor.  As described with respect to Fig. 7 above, there is an
nlcomp]ete Or fractional transfer of  energy between the blood within the
artery and the pressure sensor. To address this issue, 2f] the apparalus
1200 of 1- ig. 12 -includes a transfer function algorithm (not shown) which
utilizes data obtafncd from A-mode auialysis or other techniques relating
to the relative  compre lion cal the arterial diameter and the proximate
body components when app]wiated.  Hence. during a calibration sweep, the
apparatus 1200 stores A-mode or other comparable  dataa which i, used by
the transfer function algorithm to determine the relative compression 25 of
the artery and components as a function cif varying app lanation pressure-
The transfer  function (e.g., change in arterial diameter as a function of
applanation pressure) is  encratcd by the algorithm and stored in any
number of different ways, such as a look-up table oI: a niarliernatical
liunetion. Subsequent to .,e calihration sweep, as the apparatus  L200
servoes to the desired applied pressure derived from the identi lied
marker, a  1) cc}lTeCtiOn is imposed on the measured pressure based on the
transfer function. For example, if the system is servoing to a diastolic
pressure of 60 nun Jig as measured by the  pressure transducer 1202, the
true value of the pressure in the artery will he corrected 



-42 23 S1}PTFMBFrR 2004 {according to the transfer function to a value
somewhat higher than 60mrrt Ti,-. Referring now to Fig, 13, One specific
embodiment of the apparatus for assessing  licirrodynamic parameters o Fig
12 is described. In the einbodintent of Fig, 13; the  ti.pparatus 13(30
comprises a self-contained unit having, inter alia. a combined pressure
transducer 13()2 and applanation device 1304; acoustic transducer 1306,
microcontrolier  1308 \ itli control micro-code (such as a fuzzy logic
algorithm), digital signal processor  (1)SP) 1310 with cinbedded memory
1312 and instruction set (including calibration ]tookup  tables), signal
generator and receiver unit 1314; storage device 1316, display device 1318,
and power supply 1320. in this embodiment, the inicrocoatrollcr 1308 is
used to control 1(1 the opera Lion of the comb mtred pressure transducer
13021applanation device 13 04 so that an  initial applanation "sweep" is
performed. Sprecificall'v. the pressure transducer 1302 is  placed in
communication with the skin of the interior of the wrist of the subject,
over the  radial artery, and fastened in place as illustrated in Fig. 13.
Measurement of the non- calibrated blood pressure from the radial artery is
commenced, and shortly. thereut'ter the 15 tnierocontroLler 1308 directs
the applanation mechanism 1304 to press the transducer 1304  against the
wrist of the suhject with increasing pressure, thereby applanating the
underlying  artct' - ,A,, the artery is aapplanated, die acoustic
transducer 1306 is also pressed in  comniunicaLion with the skin over the
artery, and the signal generator 1314 generates a  series of acoustic
pulses which are transmitted throLngh the skin into the artery. As 20 app
Ianation of the artery continues, the signal generator~`receiver urns 1 314
receives echoes  from the blood and other components within the artery via
the acoustic transducer 1 )06,  and generates an output signal relating to
the received echoes. This outpL(L signal is  processed and then digi ized
for subsequent analysis by the DSP or similar processing  engine-
Similarly, the output signal of the pressure transducer 1302 is digitized
and input to 25 the DSP. The digitized signals are then analyzed using the
embedded program within the  D') P, } Which is a machine code
representation of the computer program described  subsequently herein,
'1'hc output of the digital signal processor is a corrected pressure
wavel'Orm which is then supplied to the display device 1318 (whether in
digital or analog  torn- depending on the type of device used) for display
to the user, Optionally, the output 3 30 oI- L1ie D S P may he stored in
one or more storage locations withia the storage device 1316;  aiid,'()r
output to an external device. 



Tt is noted that the apparatus 1200, 1300 described herein =y Esc
constructed in a -43 23 :SI PTL iB1iR 2004 'gri t of different
configurations, using a variety of dilerent components. alid measuring  a
-variety of different hcmodynannic parameters. Exemplary control. signal
gencratioli' ,roccssing, and app]anation mechanisms and circuits" are
described iu  _Ixsigrre 's co-pending U .S, patent appiication, Serial No,
09.!342.549. entitled Method 5 And Apparatus For The ]oninvasivc
Determination Of Arterial Blood Pressure-"  previous]. incorporated herein,
(.'rrnpure7r Progrdfan and Re /aiea~ t pu a rr-~ A cortipuatetr program for
imp]emcntirtg the aforementioned methods of  10 hctrtodynamic assessment.
modeling, and calibration is now described. In one. exemplary
enmbodiinneini, the computer program comprises an object ("machlnne") code
representation of  a C+- ,ourcc code listing in1plemcnting the methodoloLr
cif' Figs. }-;e, 9, and 10, either  individually or in cortnbination
thereof. While C' language is used for the present  embodiment, it will he
appreciated that other programming languages may he used, 15 including for
example VisualHa icTM. Fortran, and C. The object code representation of
the source code listing is compiled and disposed on a media storage device
of the type well  known in the computer arts. as illustrated in Figs.
14n-b. Such media storage devices can  include, without limitation, optical
discs, CT) ROMs. m gnnctic floppy disk, or "hard"  drives, tape drives, or
even magnetic bubble memory. The commputef program further 20 cotrtpri,c a
graphical user interlace (GUI) of the type well known in the progriamming
arts; which is operatively coupled to the display and input device of the
host computer or  apparatus on which the program is run (described belo
with respect to Fig. 15). In terms of general structure. the program is in
one embodiment comprised of a  series of subroutines or algorithms for
implementing the hcrrtodynamic assessment,  25 modeling, and calibration
methodology described herein based on measured parametric slaw. provided to
the host computer. In a second embodiment, the computer program  eimmprises
an assembly la_ucuagelmicro-c tided instruction set disposed within the
embedded  stunig do ice; i.e. program memory. of a digital signal processor
(L)SP) or  microprocessor associated with the foregoing henmodynainic
measurement apparatus of Fig.  it) 1 or 13. Referring now to Pig, 15, one
ennboditncnt of an apparatus capable of analyzing  



parametric data and generating calibrated values of hcmodynamic parameters
as disclosed -44 23 SLPTLMB1_ R 2004 I']erciri is described- The computing
device 1500 cc~xnprises a motherboard 1501 having to  central processing
unit (CPU) 1502, random access memory (RAM) 1504, and memory  cottlroIler
(such as a direct memory access controller) L505. A storage device 1506
(such as  a hard disk drive or CD-ROM), input device 1507 (suuch as a
keyboard or mouse), and  displays device 1509 (such as a CRT. plasma, or I
FT display), as well as buses necessary to  support the operation of the
host and peripheral components. are also provided. A serial or  patralI l
i1() port 1511 is also included for the transfer oF data and/or control
SigtiaTs to and  from the apparatus 1500. The Safi reinentioned computer
program useful for assessing hemodynatnic  [0 par~atiacteas is stored in
the fonn of 'a machine-readable object code rcprescnta tic,ri in the  Z ~1'
S 1504 and/or storage device 1506 for use by the CTIJ 1502 during
parametric  asses tncnt- The user (not shown) assesses the hen-iodynarnic
parameters of interest by  seIccting one or more functional modes for the
computer prognun and associated measuring  ccluipnr}ent via the program
displays and the input device 1507 during system operation. l5
Spcciftcaliy. in the case of arterial blood pressure measurement, the user
places the  necessary- parametric sensor's on the selected blood vessel of
the subJcct, and configures the  eorrtputcr program to accept data output
by the sensors either continuously or at a  prcdeternined interval. The
computer program performs the previously described analysis  if the signals
provided to the apparatus 1500, and generates a calibrated signal to he 20
displayed on a display device, or on the systems own display de-ice. A
look-up table or  similar mechanism is stored within the con-iputer memory-
or storage device Lo facilitate  calibration, as previously described with
respect to Fig. 12, Such calibrated measurements  genera Led by the program
are also optionally stored in the storage device 1506 for later  rclrieval,
or output to an external device such as a printer, data storage unit, other
peripheral 25 component via a serial or parallel port 1512 if desired-
Furthermore, the apparatus 1500  may he networked to another computing
device or database via network interface card  ( IC) or sirnilar interface
(not shown) whereby the data generated by V IC, apparatus 1600  may be
remotely- analyzed or stored, Transmission to such remote devices may be
accomplished using a variety of well understood methods, SLICII as by local
area network  30 AN )- intranet, Interne[. fiber-optic systems, or radio
frequency (wix)eless) devices. 



In yet another embodiment, the apparatus comprises a persona] computing
device  (such as a personal digital assistant, or PD A), which is adapted
to receive input data from -45 23 SEPTEMBER 2004 Olt prez~sure and
acow',tic. ',erisor~; wid analyzee the data to produce a corrected
measur(mient  of blood prossure. It will also bc recogniycd that other
poluble devices, such as laptop  corn])HIA~T~,_ Qalckdators, and personal
of-E!anizers, may bc configured tO T41U t1lV, COM])Ult"r  program of the
prc~sent invention. Furthemiore, a variety of different methods of 5
tiansn-Litting the input sensor data to thc,,e &vice may be used. including
nemorked  COMPLI[CrN; or eveli wlreles~, links. -I'Lihod ql'Pruviding
Thalment 10 Ref`eTTing now to Fig. 16.. a mc~ffiod of providing. treatment
to a su~ject using the  a~o)ceme,ntioned method of ass4-,ssing
heniodynarnic. par~uneters is disclosed. As illustrated  111 Fl g- 10, Lhe
first step 1602 of the metho d 1600 compri,.,,v~ ~, mojaitorhi LT an
non-calibi-ated  liciliodynaliliQ parameter non-invasively. In the ca,',v_
uf' blood pressure, an exemphu-y  pressure- uaiisducer applicd to the.
radial aTtery is used as describcd with mspe-et to Fig- 3a  15 hereill
Next, in step 1604 a f Fig, 16; a stress j s induced on the bloc d vessel
Wh i c h a] te rs i ts  beniodymimic propertics (at k,,,~st locally),
1hereby inducing changes in other pararneLer,.  a~;-~oclalr,d with the
vesscl or circulatoi~y systelm a~; a whole. As previously discas;.,~~-d
with  respect to Fig- 3b hercin, this Arm, comprises in one einhodiment
applatlafing or Vaniably 10 compressing the blood vesqel a~ a fLuction of
tirne, therchy inducing changes in, -later alia..  the vc)[111-netric. flow
~Q)' velocity ~v), and kinctic cne:rg 4- .y (KE) oftbt- blood in the,
region of  the ap pl anat ion. It i s agai in ii oted, b o %yever, that
other stresso rs rin ay con cel vabl y b e applied  w1l 1 ch iii ay affect
similar or oth(-,r hern odyin am i Q properties. ex t, i in ~,tep 16 06, a
second paramete-T as ~;oc lal ed ~~dth the bloo d ve s;sel I s tneLsured
in ordcr to facilitzte derivation of a calibration functiola in step 1608
below~ As discivc;sed  ~v[th rc,,pc-ct to Fig. R herein.. the second
parameter in orte embodiment comprises total  blood flow kilietic energy or
ma%imum blood veloci~y since thcsc parameter exhlblt~"'  certalin ewsily
identified "artifact,;" as a I-Loiction of the application of the III step
1604. Othc~r paramc-ters; which exbibit the sani~, or other artifacts may
be used to dcrive tho  c al j h rat i o n fuln c tion hovvever. 



I ri ,w-p 1608 of Fig. 16, a calibTation nietric or function is next
derived based on the  parametri c I liformation derived in ~,4v_p 16 06, S
pecifi cally, one oT more aili facts or marker s -46 2 FPTF,MRFR 2004 trri
ldcnntilied within thee parametric data, these artifacts indicating when
certain  relationships bet -een the actual and measured values of the first
parameter of step 1602  a ovrc exist. As discussed with reference to Figs-
3-3e herein, one embodiment of the  process of deriving a calibration
function comprises (i) measuring kinetic energy or  maximum blood velocity
profiles proximate to the area of the applied stressor  (appl anation), and
identifying regions of increasing velocity or kinetic timer y within these
profiles as a function of the applanation (correlated to percentage
reduction of cross- c-ctional area of dhe blood vessel); and (ii) measuring
a transfer function for the tissue and  other bodily components in the
region of pressure nncasuracrnent. 10 In step 1610 of the method of Fig.
16, the calibration function derived in step 1605  is applied to the
measurement of the first parameter of step 1602 to generate a corrected or
eaI[bratcd measurcernent. Note that ii` the first. parameter is measured
continuously (or  periodically) as a function of time, the correction
Function of step 1608 rra av be  colatinuouls]y or periodically applied as
appropriate, or alternatively the second 1 hemodynarnic pam meter may be
monitored (such as during pressure serve ling a previously  dksc.rihcd) to
indical.e clx an> ses in the calibration function. ] .astly, in seep 1612,
the calibrated measurement of the first parameter is used as the  basis for
providing treatment to the subject. For exatnp]c, in the case of blood
pressure  measturen)ents, the calibrated systolic and diastolic blood
pressure values are generated and 20 displayed or otherwise provided to the
health care provider in real time, such as during  surgery. Alternatively,
such calibrated measurements may be collec-teed over an extended  period of
bone and analyzed for long term trends in the condition or response of the
circulatory system of the subject. 25 _ lteraate "13c cks cc~r~ea " .F oc
invent As previously discussed, backscattered acoustic energy (such as
"A-mode"  ultrasonic. energy) may be used to determine hemodynamic
parameters including, for  ex~nnpke arterial diameter and end diastolic
blood pressure. As used herein; the tcrrn "A- mode" encompasses both
traditional A-mode (i.e., display of w nplinude versus depth (time) 30 via
repeatedly scanned lines) and other related modalities such as I-made (i.c"
gray-scale  



iina.ce distributed over temporal dimension) and B-mode (Le., "steered"'
graysQale image  representative of" del) 01 (time) versus width), such
alternate modalities being well known to -47 23 SF..PTE1 iii ;R 2004 tliosc
cal ordinary skill in the uitrasout]d arts. Hence, it will be recognized
that while the  following discussion is cast in terms oFtradition 0 A-mode,
the other associated modal 1 Lies  may he employed well. Figs. 17-37
illustrate yet another embodiment of the method and apparatus for  5
measuring hemodynarnic parameters according to the present invention, 'I is
embodiment  L" es A-mode ultrasonic energy to determine arterial wall
positions hased on analysis o the  resulting waveform of the rcilected
energy, the wall positions being used to aid in the  idcntilication of
"rttarkcrs" or artifacts within the sensed pressure Waveftmiri(s) which are
correlated to blood pressure measurements, The A-mode ultrasonic energy of
the present [ 0 enibodh-nent ad\ <aant agcousiv complements the Doppler
spectral modalities previously  described herein, but maalso be used alone
it'd I esired, therchy providing both the system  designer {tnd ultimate
end users of the apparatus with greatly enhanced flexibility in both
design and operation. Specifically, at least three different operating
schemes are contemplated  by the present invention, including; (i) A-mode
detection alone; (ii) Doppler-based detection 15 alone; and (iii) a
combination of the A-mode and Doppler modalities together- ,'hile not
required, such use of complementary modalities as iat (iii) advantageously
enhances the  reliability and robustness ofresults obtained with the
instrument. It has been oh-carved by Elie Assignee hereof that as the blood
vessel is increasingly  comprc, sed (applamated), various of such
hemodynamic markers occur within the sensed  20 pressure waveform. in one
aspect, certain "flat spots" within the end diastolic portion of the
wave1'ortn occur, wherein the chance in sensed pressure as a function of
time is low (or  at least lower than surrounding portions of the waveform),
These flat spots correlate to  VW-ic us phenomena within the tissue
surrounding the blood vessel, and the blood vessel  itsel (, including
overcoming the hoop stress associated with the walls of the blood Vessel,
25 As previously referenced herein, the hoop stress associated with a
substantially cylindrical  hoilovr body such as the human radial artery
acts as a retarding force to further  compression. Stated differently, a
finite force (or pressure. over a given area) must be  applied to the outer
surfice of the blood vessel before the cross section of the blood else]  



betiins to significantly deforn,; beyond this point of deformation, a
proportionately small 30 .additional force is required to further deform
the blood vessel. Hence, once overconme, the  hoop stress component is
effectively eliminated, thereby creating a slate where pressure  applied to
the blood vessel wall externally can equilibrate With that applied by the
-48 23 8 EPTEM HER 2004 PI-C~i'.Lirizcd lumcn (c-g., blood) flowing Aithin
flie blood vt~s~~el to m4iintaiii the cro~~s- scc,tion of the vesscl
essmtially constant (zero transmural pres.,,,ure), Thi,., Qouditior is  si
1 1 1 1 111  ., L-71i i cant n di~a onc~- the hoop stress has N-,en
overcome.. tho intra-vc--sscl pressurc s  ff,ffect direaly transmitted
acrogs, the artery wall, Tlhe point Wong the applanation profile at 5 such
flattening (i.c., zerc) transmuiral pressure) condition exists.. however,
will vary  froni individual to individual, and from ;pecieq to species,
zild ftom location to location for  a ~dnglc- individual- There-roire,
additionai teclu-iiques are fequifcd to accurately isolate the  [I o i n t.
o Ll th C PTe "Sure Wavt~ lOTm vvht~i-e the d esired transmural prc ssure
co nd i ti on ex ists  One ,ucl) teehniqit-, (de~~rib-ed in greater detail
below.) is to detect the (iont and rear  10 ~N~alls of thc, hlood ve~vwl
under evaltiatii-,)n, thLis information being used to dircaly  & Wi[mlile
the redu ction in diameter o f t h c blood ve,;wl - A s has been previou
sly shown, the  rc d Lict i o n c) I - N ood ve.c;~,el di 4rn ete r c an be
directly rel ated to certain sy-~i to I i e ain d di astol. i c  prel',';
Ure c-onditiom, and Qorrelau-d to thr, orcurrmce of certain ol' the
albrerneintiolned  hemodynamic niarkei-s.. 14, Lurnen and ~V'all Detection
The mv-thodoloin, of the pres~-,nt invention advartageou5ly employs A-modf,
UIL1111.3011iQ tne-rgy to detect the position of the, lumeri and Lhe Cront
and back ~valls of the  blood ve~~sel. As used hereiri, the terms 66fironf~
and "back" infer no specific spatial 20 orientaw.)n, but simply refer to
the order in which the walls of the blood vessel are  CIICOLIF)tt~re-d
during direct propagation by a moving ultrasonic wave-Crant emanated From
~11-1  ullr~L~onlc ,~ourQe. Ilence.. what may be the "front" wall when
measuring hemodynamic  propcrtle,~, in oirit- Lr~mWuct~r orientation may
comprisc the. "rear" wall In ainocht!T mwsductr  oirLentatiori- U'nique to
the present invention. is also the use. of Itunen detection as a means 25
()1- 11roni. ~md back, wall detection, i.e., due to div- comparatively
low-cr backscatter of  ul trason i f,~ eii~-rgy by the lumen as compared
it) othe r bl ood ve ss el c omponents, the posit i on  



offfe lumen may. bc~ readily identlified From tht! b~iQkF~cattered energy,
and the front arid rear  vc,,Nel vi-alls idciitifl~-d reIative thereto.
Pig, 17 illustrates the general methodology of using backscattcrt~,d
Ultrasonic energy  0 [-or lumcn and wall detection act:ording to the
invention. The ultrasonic. ~-Ilvrgy is generated  by tht~ appvatu,; (c.g-,
the ulwasonic transducer 1206 of the systtmi 1200 of Fig, 12) and
Lrx)smitte,d directly through the ~;ubject's &kin into the underlying
timsue, and ulfirnate.ly 23 SEPTEM HER 2004 -49 through the blood vessel of
interest (stop 1702). In the present context, the term "tissue" is  rtcatit
to include all components present in the vicinity OF the blood vessel being
exarnuied,  including any interposed skin, musculature, tendons, veins, as
well as the blood vessel (e.g-,  artcr'Y) ,--all and lumen itself. Signal
processing is next peiformed on the received  5 hack scattered energy (step
1704) in order to aid in subsequent lumen and wall deteclion The processed.
signals are then an.aly ,eel per step 1706 to detect the location of the-
ltmi ri therein, Specifically, the processed hackscattercd energy signals
are analyzed to  ideiitify the occurrence of a bacl;scattered energy
"niffltnurn" within a range of depths  cousislent with the depth of the
blood vessel under consideration in the ,peciesfage range 10 being
evaluated- The position of this minimum is assumed to coincide with lumen
existing  within the blood vessel being evaluated. One or both blood vessel
walls are then detected in step 1708 using the lumen detected  in i. p 1 70
l as a st<rtin point for the analysis. 'lhc signals associated with the
1.ironl and  back blood vessel walls are detected by searching fbir and and
backward from the 15 identified location of the lumen within the artery.
When the backscattcrcd energy  zL soci cted with the search in the backward
direction (towards the transducer) satisfies one  or more criteria, such as
exceeding the mean lumen power or estimated level of the blood  signal by a
prescribed amount or factor (described below in greater detail), the front
wall is  detected and the location of the signal along the line is
interpreted as the location of the 2(1 front w gall. Shari laxly. when the
reflected energy associated with the search in the forward  direction
satisfies the relevant back wall criteria, the hack wall is detected and
the location  of the signal along the line is interpreted as the location
of the back wall, Various  methodologies for wall detection are described
in detail below with respect to Figs. 29a and  29f). 25 As shown in Fib..
17a, one embodiment of the signal processing (stop 1704)  



associated with the basic +A-mode lumen and wall detection approach of Pig.
comprises  basebandlug (quadraturc demodulation) the "raw backscattered
A-mode signal (step  1720), squaring the basebanded A-mode signal (step
1722), thereby producing the  -envelope-s luared" data. and decimation to a
predetermined sampting rate (e-g- 2M Hz.) per 31 step 17?4- The
depth-dependent fain (e.g" TGC) is next applied to the envelope-squared
data per step 1726 to adjust for propagation ]cuss- These si piaf
processing steps are  described in greater detail in the following
paragraphs, 23 SEPTP. L.R 2004 1'ig. 18 is a plot of the A-mode signal
amplitude associated with the radial arte'r of  a living suhjcct, referred
to as `raw, A-mode data herein, versus lame. It will be noted that  the
lime axis of Fig. 18 has been converted to depth based on the propagation
speed of the  ultrasonic energy through the tissue- This conversion is
performed since depth is 5 considered a more readily interpreted quantity
than tine for the purposes oI' the invention.  although it will. be
appreciated that time (or e en other representations such as time-scale)
may be used with equal success. One important feature demonstrated in Fig.
18 is the level or amplitude of the A- 11`1 odc signal as a function of
depth. As illustrated in 1g. 1S, there is an obvious range, from  10 about
1.5mm to 3.35mm in this example, irr which the signal level is quite log,
This low signal amplitude is attributable to the low backscattering of
energy associated with the  blood (1uMcn) flowing the in blood vessel under
ex niinnation. In addition, the 16M1-iz center Frequency used for this
example is clearly depicted in  Fig. 1 _ Since the center frequency conveys
no information relevant to the Iocation of the  15 arterial 4Als, the lust
step of signal processing is to remove the center frequency. This process
is denoted as quadrature demodulation (or envelope detection), identified
as step  1720 in Fig_ 17a. The envelope detected signal associated with the
exemplary A-mode  si final ufFig. 18 is shown in Fig- 19_ Quadrature
demodulation as used in the present einbodinlent generally- comprises  20
multiplicatioil of the A-mode signal by the sine and cosine litnctions, and
lowpass filtering,  1lie purpose of quadrature. demodulation is to baseband
the A-mode signal, through the  removal of the transmit carrier frequency.
This method is generally illustrate-d in Fig. 20.  As shown in lig, 20,
quadrattme demodulation consists of multiplication cal' the received
hackscartercd "raw" A-mode signal by the complex exponential, exp(-2 rft)
where r, 25 denotes the transmit center frequency of the signal (step
2004), This produces a series of  



values representing sure and difference frequencies of the complex
exponential ['unction  and raw A-mode signal. Next, the resulting signal is
low-pass filtered (step 2006) to retain  only the difference (baseband}
frequency components. Since t ho exponential function is  complex, both an
in-phase and quadraturc channel are produced, designated i and Q.  30
respecti e[y. This process is graphically depicted in Fig. 21. Irr the
illustrated embodiment, the frequency of the sinusoids is 16 MHz, 23 S F,
p- fFTvII3 FR 2 004 -51- corr~~. Pc)n(I i in S to Lhc ctntcr frequency, f,
~ of the, A- mode si91341 ~ Tht, ,ampl i ng interv~, I Of  L11 C sill Llso
id S is cqu ~11 to th~it of the d igitized A-ined e ~;i gnal th at is atn p
lt~d at effec;t- raw oi'64N1-Hz, Multiplication bY the sine and cosine
VirodiaQec; the flollowing' (-Eqn- 2)  ~j (n T) si n(2#'6 0') a~nT)
cos(2)#'f.,nT) (Fqn. 3) Whcre a~ 11T) denote, flic 'raw' A-m odc signal
ivith sqmp I i ng int~-rval T = 1 /F, . and T,  jeiloleS L110. SaPI]PIC
r~~te. (e.g,, 64MB7.). This muldplication is performed fOr tile- entire s;,
) wd  ~Iuratjoii of the A-mode ljj)e- The in-pliase and quadmituxe
component, XT( X,, (Ti'l'r~)i-ec;pcctively, axv, pfoduced by lowpass
filtering and Herc.~  T.) d eno tes tht-, dee i niaLed samp) I ng
inter,,--al . i:owpas,, filtel-Ing (step 2006 of Fig, 20) i~i accomplished
in the illustraed  embodinient with a firilie impulse responsc (FIR) filter
wnsisting of 37 cA)cfficients. The  FiNcr i!~ designed with a passbmid
cutoff of 6MHx, corresponding to an A-mode tTansduceT  ~vilh 80% bandwidth,
This provides for a decimation in sampling by a factur of fouT. That  i
thi~ 111 te r o u tp at is produced at a rav~ o f I 6MHz (--TT)). Th c freq
acncy- re spo nst,- is s ii) Flg~ 22, Thc coefficients a,,sociated with
this exemplary low-pa,;s design are shown in  Fig- 23, Notc that Jbr the
illustrawd case, Lhe filtfr Output advantagyeoi,Lsly need only be
.~,anipled at a rate, of approximately 16MI-Iz i)n cotnpari~;on with Lhc
oriblial "ra~,,.` A-mod~,- sl gnal thLa is sanip lk~d at an eiTective ra te
of 64MH z, h-i ihe present embodiment ofthe invention, the magnitude of the
complex eiivclope  pi-c-vioi,isly de-sefibe-d is the only component
reqaircd for subsequent processing,. althouoi  2? 5 othe3- compoiitint.,,
of the pmcessed oi~ utipmccssed A-modc signtal may li~-, use-d Cor other 



purposes i[desired. Nlote, that obtaining the magnitude ol'the complox
envclope requires  taki rig the ,Ll Li an-, rot) L of the s LiM of The
,quares ol-Ah c lowpa,,,i filtered -resu Its - That i,~, si 11 GC  the
re~4t is complex, the rnagnitude equals the. square root of the sum of the
In-phase  C L)m po 11 en t sclu ared and the q tiadrature comporieaL i
quared, us Ls how. ii I ii Eqn. 4 -1 30 23 SEP"r'EMBf:l 2004 -52 F (nT.F )
- til t nT J) Frl rfi } (Eqn. 4) T-Tuwcver- rather than calculate the
magnitude of the envelope, the subsequent sign 11  processing may be
applied to the non-square-rooted signal, referred to herein as the
``envelope-sc}uarcd." This latter approach a1 eviates the need to perform
the square root  operation, thereby sisnp]ifr'ittg the resulting
algorithmic implementation somewhat. The  envelope-squared wavelbrtn is
depicted in Fig. 24. The envelope-sgLiarcd. F,I{nT,-,), is derived from [he
in-phase and quadrature  components. This is computed as set forth in Eqn.
5, 10 EE (nTL)) = XT (nTu) + ( n ' [ ' , , la ('.Ctn. 5) In order to better
assess the level of the signal associated with the luixzen with in the
confines  5 of the arterial walls, the logarithm (base 10) of the
envelope-squared signal is obtained as shown in Fig- 2.5- Note that the
level of the signal 2502 associated with the lumen is very  roughly 30dB
below the signal 2504 associated with backscatter from the arterial ral]s.
It will be recognized, however, that in certain applications. "false" lumen
detection  might occur- If the lumen detection methodology were based
solely on the absolute value of  20 the A-mode signal level. For example,
lumen detection criterion based on the absolute signal level alone might
erroneously detect lumen where there is none, or conversely miss  factors
lumen where it is actually present. Such false detections can arise from a
variety of  inc.luding., for example, backscatter and reflections from
tissue (veins, rnuScu]atLIrc, etc)  interposed between the transducer
clement and the blood vessel, movement of the subject 25 during 1
teasurement, and the like, lIence, as described in greater detail below,
the  ineRiodology of the present invention further examines signal
artifacts proximate to thos(-- prod uQed by the lumen in order to confirm
the veracity of any given lumen detection, and  pusiti vet, ]ovate both the
lumen and :onliguous vessel walls. 



A non-linear depth-dependent gaiii (step 1726 of Fig. I7a) is also applied
to Mlle  3(} co elope. to account for the attenuation to the acoustic
A-trmodee signal as it propagates  thin ugh the skin, tissue and blood
vessels. This depth-dependent gain is often referred to as  line Cain
Compensation, or TGC; time and dept], being implicitly related in this 23
SEP'1,L MBF.R 2004 -53- application as previously descrihcd. The expression
for the gain is given by Eqn. 6 hclow. gain = depth (Eqn. 6) 5 llere the
depth i i assumed to he in millimeters, and the gain is applied to the
envelope- c1uart d. It will be recognized, however, that other gain
functions may readily i applied  ciLIler in place or in concert with that
of Eqn- 6 above. Sucb gain functions may he  einpmcally dcterinined; such
as through clinical testing, or determined via other means  such as
matheinaticcal derivation or {rrecdotal or historical sampling of the
A-modee signal or  10 other parameters related thereto. The application of
the gain function to the envelope-squared of the A-mode signal is  depieLed
in Fig. 2.6. Note that in Fig. 26, the solid curve 2602 corresponds to the
A-mode  signal with TGC applied, while the dashed curve 2604 corresponds to
the A-mode signal 1 It will further be recognized that while the foregoing
discussion is cast in terms of  signal processing including quadrature
demodulation, envelope-squared calculation, and  filtering, other types of
signal processing and conditioning techniques may be employed  ConsisLent W
iLb the invention. After completion of the signal processing; the next step
1706 of the method 1700 of  20 Fi 17 detects the lumen within the selected
blood vessel (e.g.. radial artery'} for each A- ntode line. In one
exemplary embodiment. the lumen is detected in step 1706 according to  the
general methodology of Fig. 27a (hereinailer the "-plateau" method). As
illustrated in  Fig 27a, Ohe plateau method 2700 of lumen detection
generally comprises first determining  as power metric as a function of
depth (step 2702), the power metric being based on the 2.5 aforcnmcntioncd
envelope-squared function. Fig. 27b illustrates backscattered power f a
f'ur c:l.ion of depth for a single A-mode line Ne t, th}e power metric is
integrated accord ing to Lqn. 7 below, l'i_,, k) = Pam (k -1) + P(k Eqn, 7)
here P. (k) denotes the power integrated up to the V' sample of the
envelope-squared  sequence, and P(k denotes the kth sample of the
envelope-squared sequence. 



't'he second step 2704 of the plateau method 2700 consists of identifying
the best -54 23 SF.:PTEMBER2004 estimate of the plateau associated with the
weak hackscatter from the blood within the  1umen, As part o1this step
2704, the integrated power furieiion is first normalized to unity  (step
2706), as is depicted in Fig. 27c.- Next, in step 2708, the range from zero
to unity is  clik:ided into a given number of intervals (e.g.. eighty equal
intervals in the present 5 ernbodinlent, that is, intervals of 0.0125 such
that the first interval is 0 to 0,0125, the  second from 0.0125 to 0,02505
and so forth). It will be recognized that otller numbers of  intervals and
in fact, non-equal intervals (such as those determined by a function such
as a  logari dim) may be used as well if desired, Next, the. plateau is
detected per step 2.710. first- the number of samples occurring  10 within
cacla interval of normalized power is computed (step 27]2). The rationale
behind  this computation is that when the power is low, corresponding to
the hackscarter From  blood i br example, many values must be integrated to
cross from one integral to the next.  ltcnc-c, an interval containing many
samples is indicative oI - a plateau (and the Iun,ei1). In  the illusu-ated
eembodiment of Fig. 27a. a test consisting of the number c)fpoints
contained 1.5 in three consecutive intervals is applied (step 27]4), such
that the metric is as shown in  Fqn- 8 below: k M Uu{(15) = ,m(n) (Eqn 8)
here IvI . , (Ic) denotes the sum coFthe counts in three consecutive
intervals ending with the  20 0' interval; and m(n) denotes the number of
samples in the. n]' interval. ilti, metric is shown in Fig- 27r.1 for
A-mode line number 50 for a lateral sweep of the radial artery. Now  Ilse
relatively large peaks 27730 in the intervals above interval number 6 0.
l'hese generally  Cu]Tespond to the low power occurring at deeper depths.
which can often times result in  false detection of the lumen. An
additional term was added to the foregoing metric to ensure that the
plateau  owing to low power towards the deeper depths does not trigger a
false lumen detection.  Specificafly, the metric includes the requirement
that the three consecutive intervals must  he followed by an iriterval with
a to count corresponding to the back arterial wall. Hence,  the inodi11ed
metric is given by Eqn. 9: 



23 SEPTEMBER 2004 -55 k k r. I I MO) 141. {.k _ Efl (]Z} r rn(n 3 :-k-2
(Lqn- 9)  171 )<C + n-k 2 3 11-k-2 tote that the count; m(k-!.-2 , two
intervals ahead of the group of three consecutive intervals,  is
incorporated into Eqn- 9. A plot of this metric for a single A-mode line is
shown in Pig,  ?7c for Lhc normalized integrated power of the pre scat
example. Detection of the peak results in the identification of the three
consecutive intervals  niost likely to correspond to the lumen. The total
count of samples in alI intervals prior to  the three intervals
corresponding to the peak identifies the depth of the lumen. However, in
one exemplary embodiment, the sample point within the A.-mode line
associated with the  lumen for the purpose of the subsequent arterial wall
search is derived from the total 10 rnuinher of samples in all intervals
from the first interval up to (and including) the Burst  interim-j.l in the
three successive intervals. Hence, the sample associated with the. lumen
for  the given A-mode line is estimated per Eqn. 10, T. _ m(k (Equ. 10)
x=~ where 1. denotes the number of samples prior to the ]umen area, and K
denotes the  ] 5 `-painter" to the Lhird of the three consecutive intervals
fJor which the peak was detected. hi addition, an estimate of the mean of
the lumen power may be derived from the  power contained in one or more of
the three consecutive intervals (step 2716). For  example, iii one
exemplary approach, mean lumen power is determined from the second of  Lilt
three consecutive intervals by simply averaging the sample values of the
enivelope 20 squared that correspond to this interval. This estimate of the
lumen hack scattered power is  subsequeriiy used in conjunction with the
estimated position cal' the detected lumen to  detect the arterial walls,
as described in greate-r detail below. It Is noted that plateaus in the
integrated po%vt-,r profile may result from other sources.  Specifically,
in the case of the human radial artery, such plateaus may also be induced
by  25 the presence of one or inore veins located between the applanation
device and the 'blood vessel of interest, or by the pre encc of cysts or
other growths. While more common,  plateaus due to veins are generally
quite small in comparison to the "true" plateau of  



interest ti.,,,o6atcd with compression of the radial artery, due largely to
the comparatively 23 SEPTEMBER 2004 _5 smaller vein diameter (and wall
thickness). Furthermore, the methodology of the present  invention
effectiveely overcomes this issue by conducting measurerricnts of blood
vessel  dinmetcr (and integrated hackscattered power) at applanation
pressures above the level  necessary to collapse the comparfively
thin-walled veins- Such collapse of the veins cttcacal]} oeccns at
pressures well below that necessary to significarttl y affect the diameter
of the lager blood vessel (e.g, e_radial artery), thereby allowing for
aa.nn elegant solution to the  problem of potentially :`false" plateaus due
to veins. In contrast to veins, cyst or growth-related artifacts generally
occur only in a very  small fraction of the population, and are frequently
spatially focali.ed to I.hc extent that  10 relocation. cif' the transducer
at another location over the artery will eliminate any effects resulting
i.herc from. Additionally, the cystic areas do noC have corresponding pulse
pressLarc or motion components related to pulse pressure, and hence can be
readily  identi f led and screened using any number of signal processing
techniques well known to  those of ordinar yy skill. 15 In a second
embodiment, detection of the lumen in step 1706 of Fig. 17 is  accomplished
by computing the average power within a predetermined distance (e.g.. 1mm)
interval along the A-mode luxe, hereinafter referred to as the "interval"
method. The 1 mm  interval corresponds to a time interval along the A-mode
line of 1.33usce, assuming the  speed of propagation is 1500niet/sec. and
is derived from RLln. ! 1: 20 D = ct.-'2 (Lqn. 11) wherc: 25 D - depth, c =
speed of propagAicott,  t = Lire of propagation The factor of 2 in Eqn_ I I
accounts for hi-directional acoustic wave propagation. For a  30 sampling
rate of 16MHz as previously described, 1.33usec corresponds to
approximately  22 samples along the dc-sampled A-mode Brie. 23 SEPT 2004
-57_ 



Clio I mm interval for power calculation was selected in the illustrated
embodiment  based on the observation by the Assignee hereof that the
diameter of the blood vessel under  c am nation (c.g-. radical artery) will
exceed lnim in essentially al) of the aduh human  pollul{ition'. hence, the
power calculation is reasonably assured to constitute signal 5 attributable
only to the lumen- However. it will be recognized that this interval may be
ad.jusled based on factors such as ineasureinent of non -adult populations,
use. of other blood  vessels. and/or use of the technique on other species,
It is also noted that the l mm iritcr gal  relcrcnced above also
advantageously provides a 'reasoiyahle' number of samples to  average for
an estimate o[the A-mode signal power. 10 for a sampling rate of I6MI, the
aforementioned lnxm interval corresponds to a time  interval of 1.-3-3usec,
or approximately 2 2 samples. The estimate cal` power at time nT1,,  P, .,
) . is computed according to Fgln- 12. .a (Eqn- 12) 15 An exemplary plot of
the acoustic power in a lmm interval along the line of TTGC  ccnecLcd
A-mode data is depicted in Fig- 2Sa. 'I'hc location of the lumen (e. g,
blood) within the confines of the radial artery is  detected as the first i
rinimum in the lmm average power calculation. The search for this  minimum
he ms at a predetermined point along the A-mode line, (e-g. lmm), and 20
con tiiiucs to a second predetermined depth, chosen in the present
illustration as 7mm., This  ran cc of 1mm to 7mm was selected based on the
observation that the front wa]1 of the  radial artery (i.e.. that wall
first encountered by the acoustic energy radiated from the  lras"dueer)
Will occur within this interval in essentia]ly all of the adult human
population, It  will a],4 be noted thin the aforementioned rniraimurn is
clearly distinguishable in the plot of 2 rig. 2a. thereby advantageously
allowing for ready detection in an A-mode signal of good  Lluality (i.c..
log noise level and other artifacts). The detection of minima within
electronic  signals may be accomplished by any number of techniques well
known in the electronic  LL1 L5- and accordingly i not described further
herein, Fig. 28b graphically illustrates lumen detection using the
aforementioned " interval"  30 method. As illustrated in Fig. 28b, lumen
detection comprises beginning the search for the -j8 23 S E PT]!-: LR 2004
{artery wall at the pre-,selected depth, 1wnx the present case (step 2802),
The ininiruiii  



~3o~ er is hiiria1izec1 Eat tilt power for depth = I m m . Next, the
relationship to the rnaxinium  specified depth (c-,.g, 7jrxxan in the
foregoing exanmple determined per step 2804. If th  anaxif11till' depth has
been exceeded; the n1inimum has not been detected and the e  tern, itautcd
(and op restarted carc]~ is per step 2805. if the 1naxirauni specified
depth has not  beery c cccedcd in step 2804, the next power sample is
anaJyzed per step 280. If less th  th't attirniinuin value, the minimum is
reset to the power level l' associated with the yarn Je  0J'the currerlf
depth. and the count reset to zero (step 2808). Conversely, if the next
Power  ;ample, is riot less than the current rninimutn, then the count is
incremented f one (stc 10 2810)! and the integer number of the count
analyzed p  (stem 2812) to de#exttYi17c its  relationship to a prod rniined
count limit parameter (c-g., 5 in the illustrated  xltf odirnent)- If the
current count exceeds the count Limit parameter, the first minixnujl is
txssunied to have been detected at the cuirrent depth, and the search is
terminated (step  2814). If not, steps 2804 through 28 14 are repeated
again as applicable, l 1)urin{m the l tre oi~tg procedure, the level o F
the 1-mode signal associated I ith  bu eksca#ter from lumen, F, (blood),
can be easily cslim{a.red once the region of lumen has  been identified.
The estimate is computed as a simple average over samples of the
enve-Pope-s]LLix-ed over a range centered at the depth for which lumen has
been detected.  Hie average is compLiLed according to the exemplary
relationship of Fyn. ] 3 2N H,q (blood) = 1 i 11-1 [( x, i - 7 + k)Ti1I
(Eqn. l i) } -laere a 1,i,tm I deno Ws the index or' the envelope squared
corresporxding to the depth of blood  25 dcrection, !Vote that in Eqn. 13,
the average is c mputed over fifteen samples of the enveiopc squared,
although ii will be recognised that other values tna}F he substituted
depcnding on the particular application. After the ]urncrt has been
detected using. c either the plateau or interval rimethods,  the front and
back arterial walls are detected. and the spatial positions thereof depths
30 reldi e to the sensor unit) are estimated. Specifically, the Front
arterial wall is assumed to OCUtLt' between the sensor unit and the depth
of the detected lumen and in parlh.ular.  ever rl 1. io t~} -icinity where
the A-mode signal is decreasing to the integrated power or -59 23
SBP'I'FMBBR 2004 



signal level associated with the lumen, This assumption is founded on the
knowledge that  the lumen of the blood vessel is immediately adjacent the
wail (i.e., on its far side with  respect to the transducer). Similarly,
the back arterial wall is assumed to occur at a depth  greater than that of
the lumen siiaf; and generally in the vicinity where the integrated 5 po er
or signal level rises sharply above the level associated with the lumen.,
These  changes in the A-mode integrated power or signal level corresponding
to the front and back  wall of the artery are readily observable, for
exarple, in the TGC A-mode data, l'n a first exemplary embodiment (Fig.
29a), the method of wall detection utilizes (i)  Llle detected position
within the lumen from which to begin the search for tlhe arterial walls.
10 and (ii) the estimate of the mean lumen power from which to derive
detection thresholds as described with respect to l'ig. 27a above, The
detected position of the lumen along the  .A-mode line serves as the start
for the search for the hack wall. Starting from this position  (slop
2902.)t the integrated power is computed by summing consecutive samples of
the  C] care of the envelope o I' the A-mode signal (s(ep 29U4). The
formulation is given by Eqn.  15 14: Pnk (m) ~ P(k) (Eqn_ 14) whcrc ]'bk
(in) denotes the integrated power in the direction of the back wall
starting at  sample I ;; up to sample in, and P(k) denotes the k`h sample
of the square of the envelope  of the A-mode signal, When PLk(m) exceeds
the prescribed threshold, the back wall is 20 assumed detected and the
corresponding sample value. m, denotes the depth of the back  wall (,(ep
2906). Note that the sample number along the A-mode line and depth are,
related;  the actual depth is derived from the sample n umber as shown in
Eqn 15 ; 25 D = c V.9:ufl9 2 F (Eqn, 15) w licrc c denotes the peed of
propagation, ;,",p denotes the sample number, and F, denotes  the
sanipli119 rate associated with the envelope-squared sequence. The front
wall k detected in much the same manner as the back wall. Starting from
the same position ' sed for llie bask wall, the integrated power is
computed by summing  30 Consecutive rtztnl le"" of the square of the.
envelope of t]ie A-mode sigmil in the direction of -60 23 SEPTEMBL-R 2004 



the front w all. IIencc, the samples are taken in descending order front
sample K,(, wihen the  ai (e r tcd power excecrl the prescribed threshold,
the front wall is assumed detected and  tile corresponding sample value
deteriniTies the depth cif the front wall. In the embodiment of Fig. 29a. a
front waa[1 threshold equal to 500 times the  5 uloreancntaotled lumen mean
power, and a back {ill threshold equal to 50 times the lumen  mean power,
as-e utilized. 'these values were determined empirically by the Assignee
hercot  with {a specific depth-dependent gain (e,g-, `I'U) Function. It
will be recognized, ]however,  that other threshold values and types of
criteria may be used- For ex;.ample, variable  rhres1io]ds whose value
varies as a function of other parameters (e.g., clutter in the lumen. 10 or
attcrauation in interposed tissue) may he substituted, Furthermore, it will
be recognized  that the relationship between the front and back wall
threshold criteria may or may ncrt  respect a prcdetcnuined relationship.
For example, the front wall threshold may be  dcacl-inm ed as a function of
the back wall threshold, or alternatively be conlpletely  independent (here
from. Other variations are possible; see for example the discussion of  ] 5
s c on n g an d weighting bell w. Furthermore. to facilitate the
processing, inter-lime averaging of the A-mode [ines as  is well l:r o n in
the signal processing arts may be performed prior to lumen and wall
detection. This technique can be used to improve perfomiance and robustness
of the  system, ho(h i n terms of Iw nct>< detection and arterial wall
depth estimation, 20 In an alternative embodiment of the method for
detecting the arterial walls (Fig- 29b). the amplitude iof'the enveIOpe.
squared. F,,(nT0 , is compared to the estimated signal  ]ev~eI associated
with backscatter from blood; E*~ (blood) , This is distinguished from the
integral pa ~er calculation approach previously described. As before, the
search for the  t'roaai wal[ is in the direction towards the transducer
element, that is, in the direction of 25 c]crtirasin depth, When the
amplitude of the envelope-squared satisfies u designate(]  criterion (c,t
.. exceeds four times the. estimated signal le eI), this amplitude is
attributed to  backscattcr f tom the front wall. The depth of this
occurrence is designated to be.. the  location of the front wall. subject
to optional subsequent confirmatory processing, if  cfcsired. Note.. that
alLernaLivel} (or sinultat,cously), criterion other than that relating to
the  3() amplitude oFthe envelope-squared variable may he employed. he
scarcl-i for the back wall is perforated in a similar marulcr to that
described for 23 SF.PIEMBER2004 -61 



the front wall. Specifleally, the search begins at the depth of the
detected lumen. but  proceeds in the direction of increasing depth (i.e.,
away from the ultrasonic transducer). As  with the Crant wall, when the
amplitude of the envelope-squared exceeds .,aLislies a  designated ciilel;
on, this aarlplitude is attributed to backscatter frottr the hack wall. The
5 depth of this occurrence is assumed to he the location c f the hack
wail!. Accordiugly. U simple search algorithm may be used in conjunction
with the signal  h2vc] (envelope-squared) methodology to identify the
locations associated with the front  and back arterial walls when the
A-mode. data is of "nwonable" quality- Specifically, as  shoal in Fig. 29b,
the method 2950 comprises first comparing the A-mode signal level to 10 the
signal level of the lumen in both (i) the direction toward the tr nsducer,
and (ii) in the  direction away from the transducer. starting at the depth
where the lumen signal was  detected (step 2952). The signal level is
niea.,ured in the selected direction (step 2954);  , Ahern the signal level
is found to meet one or more predetermined criteria (e.g., 1.he signal
level of (i) or (ii) above being "n" times as great as the signal level
associated with the 15 lurnen); the signal is assruT.ed to correspond to
the arterial wall (step 2956). The point along  the A-mode line towards the
transducer at which this criterion is meet is denoted as the  location of
the front arterial wall, and similarly, the point along the A-triode line
away from  the transducer at which this criterion is met is demoted as the
location of the hack arterial  vall- This is graphically depicted in Fig.
30. which illustrates the relationship between the 1-0 La} ei agc power
calculation 3002 and the front and back wall artiticts 3 004, 3006 present
in  the A-mode envelope 300#1. Note that the processes of computing the
envelope-squared, detenxlinitrg the  eo1Te,Pon ding average power in the
designated interval (e-g-; I in in) and the lumen si aJ,  arld detection of
the front and back arterial walls, is performed in the present embodiment
25 on an A-mode `-tine-by-]ine" basis. The arterial wall positions
determined in this manner  for an ex elrlplary .A-mode data set consisting
of 5000 lines is shown in Fig- 3 1 - However,  such line-by--line analysis
may he substituted with other analytical approaches or  increments, such
aaas for example portions o f a tine, or groupings of multiple lines
{whether  contiguous or otlrerwie), or line averaging. 30 Once the,
relative wall positions are determined, the diameter of the blood vessel
may he 5iniply determined by taking the difference in depth between the
rear and tiic nt  walls- For example, it' the rcar wall occurs at a depth
of 3.51nm, and the front wall at a 23 S F PTEMBER 2 004 



-62 dcpth o f 1, 5 Di ni, ilie. d i ameter of the, bl ood ve c;,;cl can be
estimated at (3-5 m m - 5mrd)  This daermiiiation is made- in onc
embodi-Ment using sTroothed. I'vall position estimates those w-hich are
mathcrnatically avcraged of smoothed using other signal  pTv c e,,,, iij,
techin Ll ues) w-h i ch are dcrived as prcviou sly dcscribed 11crein. 5 It
will lie appi~eciated that while, the fore-going exeiniplary
melhodolog.ie.,; of wall  dewtion (e.g.. integrated power and en-v. elope-
squared signal level) arc. de-scribed in teini-is  ol- both fj-()nL and
buQk walls of the blood -vessel, either the front or back wall deLeclion
approachcs. may be applied st~pamtt-,ly ancUor in isolatlon. For example,
if it is determined  Lha~ for a certain su~jcet heling vvaluated (or group
of ~ubjjv_cts havillE SOM111 COMMOTI 10 choraQwri~;tic) that the front wall
art-111act is par-ticularly vvcak oir othenvise unreliable, back  wW I
dew~tion may be w-c I ghted more sub stanti al ly i n compensation. S
ii-nilmly, i f th e Cl LitLer  in 1he blood vcssel under examin4tion is
significant, the more affi~cted wall may be  ~,electively- dc-cmpha~,Jzed
in terms of w-eighting. Other ~;Lic;h modifications may ako bt~  cnipklyed
depending on the paT-ficular application. 15 Add i t i on al I y, I L wil I
be recogn i 7cd t hat the Integrated powc-T (hre sho Id and envelopc -
,-qUarcd level approaches may be used either alone or iTi f.;ombiriation.
or other  me-t h o&, (e -g-, .,o -c~i I le d "boxcar" averagi n g o I' the,
type wel I known 1 n Llie- Siplal prO CC SSillg  ~117L,5) raiy bc cmpluycd~
For ex~irnple, parallel computation of ~-,iivelopc-squarcd signal levq~~l
and ntegrated pcn~.-cr m4y be perfornied, and [lie c.~alculated value.,;
coi-rip~lred to the 2 0 applic~ible threshold c-ritcria (e,g-, 4 times
lumen signal Ivvel, ~md 500 finies r1lean lumt~n  powei:, respcetively)-
The results of these compaTtsolls May thcn be. u,;ed to determine the
relatlvc rcliability or confidenec in the wall detection., ,-Lieh as by
calculation of a 4,-vt,1- metric which can he ,tibsequently used b,..-
svskmi and/ior user. If the  w-all doiccilon .,corts for both the
integr4led powrr and envelope-squared approaches are  25 b i-h, the f -esu
I tj ng coin fi &nQe metric i s h igh, - C tht~ wall detecti o n scor~~-
Cur one techni que i,;~ hich and the. other low.. then the value of the
confidence moric U, rv-dixed, and  ';LLh,;cquent. corifiri-witory.
proccss~ng 1--, indicated FUTLlievniore-, it will bc appreciated that in
the context of %vzll drtcction as a Whole.,  vwi ou " forms o I' wo'ni ng
or wei -ghting known in the signal proccss i n g arts may be uscd in  30
;uMul-Lition for., or conjuuc&n with, the afoTtmientioned crite-ria- Su~:h
te-clu-iiques ad w-i ii taLTeously increac;e,, (he robustness of the,
system under actual chluical usc. lior  c.\arjiplc._ in one alternative
embodiment, A-made having an CnV010P~',-'iLjUared of 



23 SEPTEMBER 2004 -63 integra~cd po~vcr valut, njecti)ng or cxcevAing a
discrde value (C-9., 4 times estimated signal  1~~vcj in the casc of
slignal level, or 500 times the inican Wi-rien powv-lr in the c.xe. of the
,ration ~.Lpproach) ~irc assigried a score of "I.0". Signals having a value
Icss that this  integ disci:cte value are ~issigned scon~s based on their
i-elationsl-Lip to a windovv Curiction w(x),  5 such 1.bat values IallinIT
below a predetermined gireshold (e.g-; 2 times es-timated ~;ignal  level.-
or 250 times mean lumen.) are given a score of 0,0, and v~dueq betw-eer the
pn~dctcrmiiied throshold and the designated criterion arc assigned scores
between 0.0 and  I ~ 0 ac f,~ordl n g to the lun ction w(.x)  A,; yet
auother alternaLivc, the, envelopc-squar~!d or integrawd powcr valut~"  10
~j,,sociated wiflo givcn. A-modt- inicasurement may bc weighWd based on
wriae cxtrin,-~ic, or  J n ( r i n 9 i c ua Iity factor" ~,vhich i q
related to the qual ity of da (a samp I ed. d uring that inten.-al.  As a
sim p] e ex am pie, i ~ the su b-i ect under eva tuation move ~ during a
givtm ';C ries 0 f A- ni o i I e I i n cs.. the q ual i ~y of data may be
irduccd, and acco rd i ngly any I arneniwall detvcti o n  computations
performed based on this data may be arlificially rcduced in ~Aeighting with
rc s pect to o l.h L-F samples. As yet another altemative, "locational"
weighting and/or scoring may be applied,  sudi that cnvclope-squared or
integnued power values gtmerated by A-mode lincs,  CO lTe~~PO rl d i T1,Q
to certai n depth s may be adj L~s Led- For exam pie, a S pre v i o Lis ly
described, th e  likell h no d o f fi nding, the firont wall of the radi a]
arte ry in an ad ult b uilqaln I ess than I m i1ri  from the surC4cL of the
skin is exceedingly lo-w; ac.(;ordiTig1y, an env. elcppq~-6q uaTed or  j
Lite 6, rzqt~,, d powt~r v al Lie derived 'from th e fi rst '; N" A-mo d e
Ifti t- ~, (corrcspond ing to the dc-pt h  of I nim) uld bc hcav. i ly d
f,-vEdued or even c li minated (i. e., zero-~vei ghtcd). Similai-ly.
interval -to -interval proQes,.,,ing may b-c conducted such that wall
artifa~;t  dettamined in non-contiguous A-mode line intervah~ is noarked as
an ambivuity requiring  25 rc~solulion. If a CTorit wall artifact is
detected in the first 1mm depth intervat, and again iu the iihird, it Qan
be as,;uincd xith some 1(,-ve.] of confidence that either (1) the wall
aftffil~;L  detee Led in i lic first i nterval i s the froat wa 11, and th
e arti fact detected in the th i rd i n terval I S  the back wall. or ~ii)
the, first aTtifaet was noise, ,md the LhiTd-intcrval artifact i'~; the
Lruc  fro tit wall sigm I - 9 uch ambiguity can be re,5o] ved through any
number o f techn ique S, su r~h 30 Lm t h c ap p 1 i cation of the
~d-_oj-t-m enti oricd " locati onal" wei ghti n g to el i mi nate the E
ic~3 t arti fact  



kL-~~d on low. likelillood of oQcuin-ence in the adult popuhtflo)n, or the.
use of sampling of  su bseq uent A-mode M g nals for those interv als, 23
SEPTEMBER 2004 -64 The pfesent iniethodology also includes sigriificanL
sinoothingifiltei~ng of the, signal  ~vhcl-c needt~d- Such
smoothing/fittfring furthermore elimillatel, the tim~-, vaTialic)"', that
C)C,CLIT frorn systole to diastole, as w0l as beat-to-bew variations caused
by respiratioii.  Such ~np-Lial smoothing."filtei:ing is gt-nerally well
under,.,,tood in the signal processing arLs,  5 and acc~ordirxgly jq not
described further he.rein. It M11 ~flso be rccagniz,~!d that the acciaraQy
of the wall de~-Qtion methodology  de,~oiibed herein is in some ways wuplcd
to the ability to produce luvow ultrasonk  iransmit ~uid raeivc beams.
Specifically, two-way beam response should hC qufficiently  narj:ow Lo fit
w-ithin the lumen (Le- the Qros~-,;ecfional area ol'blood flow) of (be
blood 10 VCSSel LI)OdV-T- evaluation the ultrasonic transducer is in the
vicirity of its uptimal  po~~iuori with respect to the blood vessel.
Othtnrwise, bai~kscarte-r frorn the sidew-alls of tht.,  h I oo d vosscl
may i nipede d etcction of die I union, and d fgni de 01 v, accuracy o f
the e,~ti lin aies,  o C the spatial po sl 11 on of I h c ff ont and back-
vval I s. Ainodier corisideivion. in the evaluation of frow aind back w-all
position 1~i the  rclativt~ (~orripliancc and couipre,,,;ibility of the
tissue during applanatioll, Undt'--r  pn-,d orninwit iv stat i c. ~vall po
si tion eval uat i o n such as d v- scribed abo vc w ith f e speQ [ to Fi
gs- - 17 -3 1. the absolute aTi d red at i v. e positions of tht-, blood
vossc I wal I s within the tiss~ie do not  vary significantly. However.
whein a,,wssing hemodynm-nic par4meten, of a blood vessel  based on sudi
wall position detenninaLio-as (discussed with respect to Fig,.,'-, '34-37
How), 20 ~vherein Llic blood and at least ~i portion of the surroundhig
tis~;uv are cotnpressed  (IL11-ing 4pplariation of the tissue as previously
desci~ibcd with respect to Fig. 6 here-in, the  rc4 ati'v e and ab!;olute
po,, -1 tions A the ftont and f car wa lls change, Z~ 23 SF-PTEMBER 2004
-65 32, ba,~ed on actual da(a obtaincd by the M~ignee- hcreof, 114181rateq
the  forcgoing problem graphically. As shown in Hg 32, the po~~itioli of
the back ~,vall 3202 of  the blood ve~~sel varies from about 41nim in depth
at zA-,ro A-mode line.,; ~Lc~, initiation of the,  ~~can), to a dcpth of
about 3nirn after 600 A-mode Enes- The variation in d~-pth of the back  



wall i,, induced primarily by the jinovellrient of the applanation device
1204, whose linear  tran_,;lation (JUM van e~i a~ a function o f time (Fi
g- 3 2Li)- Th e pre-ssurc ill InIll I Ig regi 1, Lered  oil thc prcssut'e
tnuisduc-er (the actual applanati-tig surfke in wn(ac.t Aith the tissue of
the  sub.joct) is shown iin Fig, 32b. Hence, as the applanmioin device and
pircssurc transducer  ,ipply piressure to the. surface of flif, skin atop
the ve,,se-], ,,everal effcots occur: (i) the 10 intti-posed fts ~ue, 1 in
cludi ng ski n., musculature, and veins, compre ~seq' (.j i) the t i ssue
behdnd  the vessel (i.e... on the far side of the back wall) comprfsses;
and (iii.) the veswl itseff  CO Fll]pres.ws, and overcornes its inheTent
hoop stre,,~., as previously described. These ftee  I'WLor,., re~~ult In a
changc in the depth of the front and re4r walls a,, 2~hown in Fig, 32., as
~,vcll az, the changc In diameter of the vessel. Fig. 33 graphically
illmtrates this change ai 15 po si t-1 oin COT the JTOTIt. wal 13 3 02 and
rear 3 3 04 of the vt~s,~el. as wtd I a,,- th e vUni ati on i n  v. c ssol
(lumen) diameter 3 3 06 as a fiunc (I on of app I an atio n. IN ote t hat
the d ata il lu strated in  Ng. 33 represeii(s .,jiloothed data which more
clearly illustrates the pri-ticiples of flie  invention.. actual or
urt-,moothed data i,; irihmnflv more noisy, F-1g, '14 illlwdratet, one
methodology for dac-rinining the rate of change of vessel  20 (lumen)
diameer tising the front and back wall detection methods described above.
The  ratc of changc Is simply calculated by taking the chm-ige in vessel
diametei- over a given  1)4--Ttod- aFIcl dividing by the numbor of A-made
lines during that sane interval. This laUer  mnliber rn~Ly be coTTelated to
linear change in the position of the applanation device (Fila.  ?.ia)-.
thcr-cbv gcnerating a transfer function of sorts (i.e., ratf, of cliange of
ve,~~sel diaireLer -2 5 a~i a funclion of linear applanation), which
describes the behavior of the ti,'~sue and blood  vL~s~l duiring
conlpirv,~,sion_ Mr,-thod of Assessing, Hemodymunic Properties Using
Bagkwattered Ujqa,.,oni'~, Fnergy  Referring:,, now to Fig, 35, one
exemplary embodiment of the niethod of i3oln 30 inva,,lvely w.,sesong
heiniodynamic properties using the aCorementioned back9cattered  iflr,~L~;
oj)ic encrgy (e.g. A-mode signals) is described. It will be recognized that
wbile tht~  rollowing. and exeilriplary e-mbodirile-m are. c4st in te-nTis
oC tllv- noli-iinvasivt~ 23 SEPTEMBER 2004 measurement of arterial blood
pressure using the radial artery of a human being, the  inetliods of the
invention as set forth herein may he more generally applied to other
Ilerljodynamic parameters, blood vessels, and species, : s shown in Fig_
35, the method 3500 generally comprises first positioning the  5
appropriate apparatus (such as that shown in l'ig. 12 herein) generally in
the region of the  



blood vessel to be assessed (step 3502)_ 'l he site where to place the
transducer(s) of the  apparatus, such a the radial artery on the wrist, is
generally known to the caregiver. Next;  in sI.ep _3504, the apparatus is
activated to laterally position the transducer(s) with respect to  the
blood vessel, such that optimal coupling of the apparatus to the blood
vessel and 0 interposed tissue is achieved. It will be recognized that any
number of methods for lateral  positioning; may be used. For example, the
method of lateral positioning based on observed  reflection minima.
described in Assignee's co-pending U.S. patent application Serial No.
09342,549, previously incorporaled herein, or that described subsequently
herein with  respect to Figs. 40-4 1, may be employed either alone or in
conjunction with other methods. 1; 'Note lso that the act of "lateral"
positioning -may also include some component of  longitudinal P0. 'Wonning
(i.e., along the longitudinal axis of the blood vessel), since  placeinenl.
of the apparanis on the wristll'oreainn of the subject is governed more by
the  pl}ysic,11 aLtrihutes of the Wrist. as opposed to the orientation of
the blood vessel within the 20 w",trli~rcarm. Specifically-, in the cases
where the point of me{asurenient for the transducer(s) occurs at a location
where the radial artery runs in a direction not perfectly  parallel to the
axis of the wrist hone, such "lateral" positioning inherently includes a
lungiLudinaI component as well. Furthermore, certain points along the blood
vessel may he  bel.ter suited to hemodyn+arnic analysis (due, for example,
to the existence of veins, cysts, or  other components which potentially
may interfere With the tr rnsirdssionlreflcction of  ultrasonic energy). 23
SEPTEMBER 2004 -67 Next, {rn initial calibrating applariation sweep (i.e.,
sweeping applied pressure froml  no ctoitlpression though fill compression
or occlusion of the blood vessel) is performed ill  ,Leda 3506 to identify
"flattening" ofthe slope of the end-diastolic pressure profile, therefore.
aiding in localizing the point{s} of interest in the pressure wave-form. As
shown in Fig. 35a. 5 the 11attened region 3552 of the end-diastolic
waveform 3554 wiII generally occur between  LWO rev-ions 3558, 3560 of
greater slope, although this may not always be readily  dceteectable.
Furtherm ore, it is noted that multiple flat regions may occur within a
single  app ltn al on ,weep. In step 3508. t1 e lower and upper compression
liinii(s (in the present embodiment  10 expressed as a percentage of the
diameter reduction of the blood vessel under examination)  



~n-e ,et based on information obtained during the prior applanation sweep
(step 3506). The  reduction in diameter is deterniiined by applying the
teclmiques of front. and rear blood  vessel wall detection previously
described with respect to Figs. 17-314, For example, a lower  limit of 25%
diameter reduction and an upper limit of 50% diameter reduction (44% and 15
75% reduction in cross-sectional area, respectively) are used in the
illustrated embodiment  as lower and upper compression limits, although
other values and/or indicia may he used.  The ]over value of 25% reduction
in diameter has been experimentally determined by the  ASsignce hereof to
equate roughly Co the puuianl where compression of the interposed and
surrounding tissLie has substantially occurred, and hoop stress of the
blood vessel is 20 beginnirn. to be overcome. The upper limit of 50%
reduction in diameter has been  experinnci tally determined to correlate to
the point where end-diastolic blood pressure in  the blood vessel is
overcome by the applied compressive force. dditaomilly, it is noted that
maximum pulsatile pressure will occur to the right (i,e_.  ar later
tilYme'greater amount of blood vessel compression) of the rforementioned
region of  25 pressure wavetbim flattening during the applanation sweep,
thereby further helping to localize the points of interest in the waveform,
Specifically, other artifacts in the waveform  occurring under conditions
of greater compression than the maximum pulsatile pressure  (Ihe latter
being read] ly determined by any number of means well known in the art} may
be  discounted, lherehy naMwing the regi an of interest within the
pressure. 30 wa. efcornl_ Accordingly, niaxianum pulsatile pressure may
optionally be monitored a, well  (step 3510) to further aid in setting the
upper window limit on arterial cimlipression. After the initial applanation
sweep of step 3506 is completed, and the blood vessel 23 SEPTEMBER 2004 -68
relaxed (35I2), the vessei is again appl Sated to the level of compression
corresponding  roughly to equilibration between the applied pressure and
the hoop stress of the blood  vessel wall (step 3514). This level of
compression is significant, in that the end diastolic  pressure hecoines a
measure of the compressive force applied to the blood vessel, since the 5
hoop stress component is eliminated. As previously ciescrihcd, this level
of compression is  hounded by Llie lower bound (e.g., 25-percent reduction
in blood vessel diameter, or aboul  a 44-percent reduction in
cross-sectional {urea), and the upper bound (e, -; 50-percent  diameter
reduction, or 75-percent reduction in cr)ss-sectional area). Hence, the
optimal  level of applanation, wherein the Lransnlural pressure is
equilibrated, will occur within a 



10 Window 4 pressure formed between that associated with the lower diameter
reduction  hounding criterion and the upper diameler reduction bounding
criterion, the window having  at least a portion. o[' the "flattened"
region of the pressure profile contained Lherein- The  pressure measured by
the pressure transducer at this optimal level of applanation is used as
the- basis for correction via the Iransier function (step 3518). One
exemplary method of 1 deLct-mining and applyirxg the transfer function
according to step 3518 is described below  with respect to Figs- 3 and 39.
It will he recognized that Ilse pressure: " indow" created by the lower and
upper bounding criteria may he fairly broad; accordingly, additional
methods may optionally be  applied toy more accurately determine the
optimal aipplanation pressure within the window. 20 lU the present
ernhodiment, these additional me Lhods cool pri se algorithmic
determination of  the optitnal applanation level (step 3516) as described
below with respect to Fig. 36.  Referring now to Fig. 36, one exemplary
embodiment of the methodology of the deteiminalion of'optima] applanation
level (step 3516) is described. As shown in Fig. 36,  the ineLlhud 3600
generally comprises first identifying the -` Jaltened" spot in the end  25
dia5tolic pressure profle (step 3602). In one exemplary embodiment, a
histogram derived h-nni thc end of the pressure profile over an
applanta.tion sweep is generated (step 3606).  F1 g. 36 a is an exemplary
histogram generated according Lo step 3606. Note that the largest  bin
values in the histogram advantageously occur at the region of the pressure
profile.  corresponding to the slat spot in end diastolic pressure, thereby
allowing for ready detection  30 of the flat spot (step 3608). Next; in
step 3604, the end-diastolic pressure is determined aL Lhe maximum
pulsati]c pressure. The maximum pulse pressure is determined in the
illustrated 23 SEPTEMBER 2004 -69 emhodiniicnt using a high order
polynomial Fit (step 3610) to the pulse pressure data, then  determining
the peak there from (step 3612}. This approach helps niiniinize noise in
the  pulse pressure readings, including respiratory effects. The card
diastolic pressure which  0ccLU-s at the maxirriu n pu]satilc pressure is
then recorded (step 3614). 5 Note that these two indicators of end
diastolic pressure (i.e., the -`flat spot" and the  maxin1Lim pLuLsatile
pressure) can be used separately or in conjunction with one another as
desired. Furthermore, other tecimiqucs may be subsLicuLed I rr, or used in
combination  with- one or both of these two indicators for more precise
determination of the opornal  



applanation pressure to he maintained during hemodynarnic measurement. ! 0
In an a]ternatc embodiment of the method of assessing hemodyn.anlic
parameters  (sFiown in Fig. 37), the method 3700 comprises positioning the
transducer(s) over llie blood  vc scl (step 3702), and Then subsequently
applanating the blood vessel (step 3704) while  mol]il.oring the pressure
waveform (step 3706)- The point of inflection (e.g-, change in  lo]) o[`
the end diastolic pressure wavetornt is then identified per step :3708-
Such 1 in.f]ecLIoil 1-0ay be identified automatic,alIy lig an algorithm
adapted to identify the change  in lope rclatcd to the end diastolic
pressure values in the waveform, or alternatively by  manual means, e.g.,
by visual inspection of the waveform by a trained technician. The
aforementioned limiting criteria (e.g., 25% blood vessel diameter reduction
nominal lower limit, and 50% diameter reduction upper limit) are applied in
step 3710 to  210 frurtlier Intalire the point of interest within the wa
vef 6rna TrausCer Function Referring now to Figs- 38 and 39, one exemplary
embodiment of the method of  determining and applying the scaling
(transfer) function to the measured value of the  25 hctnodyn aznic
parameter (step 3518 of fig. 35) is described. it w ill lie recognized that
while the following discussion is cast iii terms of a scaling  or transfer
function for use with measured aneria] blood pressure values, the
methodology  i-naty he more generally applied to other hemodynani c I
ararnet rti or waveforms measured  using the approach of Fig. 35 or
otherwise. For example, if it is determined that the 30 application of a
stress Lo the circulatory system of a subject results in a condition of
interest  (e-&T., pressure measured tonometrically during applanation to a
certain peru ntagc  reduction in arterial diameter correlates to
end-diastolic pressure), the methodology ? 3 SEPTEMBER 2004 -70 described
herein may be used to determine the scal nL necessary to correct the
measured  valuc Co r tissue compliance and other effects, Furthermore,
while the methodology of Fig- 38 generally comprises an errapirically-
hascd technique dependent on a population of data, the present invention
contemplates the  5 use of other non-empirical approaches in place of or in
conjunction with the method of Pig, 39- all such variations and
combinations filling within [he scope of the claims appended  liercto-
Accordin ly. the method of Fig- 3 9 is merely exemplary in nature. The
method 3800 of hemodynamic parametric scaling according to Fig- 3  



gtirieraIk-, comprises using empirical reference data in order to derive
corrections which are  0 subsequently applied to in .situ ,measureawnts of
blood pressure obtained from the subject under examination. Stress is
applied to the blood vessel being measured so as to match car  i"anchor"
one. variable of interest (e.g., end-diastolic pressure) between the
empirical  reference data amd the in silu measurement. The derived
corrections for other non-anchored  variables (e.g., systolic and mean
blood pressure) are then applied to the corresponding ]S portions of the in
. itu wvaveloini of the subject under evaluation in order to obtain a
corrected waveform inch is effectively equivalent to the actual
intra-arterial pressure. As shown in Fig. 3 , the method 3800 comprises
first providing a determining a  reference value or wavetonn of the desired
parameter (e-g-- arterial blood pressure) apart  from the methods
previously described herein (step 3802)- in one embodiment; refereencee ?0
blood pressure data is obtained from a plurality of living ,uhjea,, v'ia an
" A-line" invasive.  catheter device of the type well known in the medical
arts- The A-dine device is generally  accepted as an accurate means
o(determining true arterial blood pressure (warcforms). but
disadvantageously requires insertion of its catheter probe into the
circulatory system of the  subject- l onorr .tric. pressure data for the
same patient is simultaneously obtained (step i 3804); Llhi Lcnnc~nmetric
measurement comprises applanating the blood vessel of the subject  such
that the tonomotricatly measured value of the "anchor"' variable (here
end-diastolic  pros urC} is as closely matched as possible to the actual
end-diastolic pressure as  dcLcririincd by the.. A-linc in one iinple
embodiment, the applanation level is progressively iracreascd uFit iI the
30 anclbor variable of the waveform measured by the tononietric pressure
transducer (and  graphically displayed on a display device such as a
cathode ray tube (C'R1) or similar) 23 S1i.YIBMBFR 2004 -71 matchex; as
closc[y as praclica], the value of the same variable oCthe A-line. latching
is  acc.otnplished by the operator primarily by visual means, such as
contemporaneous  overlapping display of the waveforms, or minimization of
the difference in two numerical  slues displayed on the display device. The
operator then adjusts applanation level for the  5 best level uf'ittatching
possible, In another embodiment, the applanation is controlled by an
algorithm v hich  automatically computes, on a periodic or continuous
basis, the anchor variable of interest  from ho~tli the A-line and
tonometric waveforms, and attempts to match them as closely as  



posihlc using scoring metrics. For example, a scoring metric which is
related to the 10 dill- i-eriec in end-diastolic pressure during discrete
time intervals may be used to evaluate  the quality of "fit" between the
waveforms. the metric being tLscd as an input to the  ipplanation motor
control circuitry previously described so as to modulate pressure to
n-iinirnir,e the value of the metric dtuing the selected time into `al(l).
Such curve fitting  metrics are well known to those of ordinary skill in
the signal processing arts, and  15 accordingly are not described further
herein. Ai1cr inatching of the anchor variable and collection of d at<, the
i vo sets of data are  Linttlyzed to provide a characterization of the
relationship between the true arterial pressure  (i.e -- the A-Iine value)
and the tonometrically obtained pressure Coy that individuaI per step
3806- Difference,; between the reference values and those derived from a
tomrnetricc 20 devicc result from transfer loss due to, inter alien,
compression o1' interposed tissue during  tonametric measurement.
Specifically, in the illustrated embodiment. corrections for  systolic and
mean arterial blood pressure arc calculated haled the fact that the
end-diastolic  pressures within the to wavefou-ns were matched- These
corrections or differences are  then statistically analyzed in night
olsimilar data from all other subjects for which empirical 25 data has been
collected to determine "mean" systolic and "mean" )mean correction Cac.tors
(step 3808). ]t has been empirically determined by the Assignee hereof,
based on a  s-a npIi ng cal' the radial arteries o1` several hundred
patients, that the in can error between A.- line and to nometric
measurement over all patients studied for systolic pressure was -] 3.6 o,
and the mean error for the niearx pressure was -5.6%. In essence, these
rigures indicate that 30 the reference device. (i,e-- A-line) was
noininally higher by, about 1411,'o for systolic readings  acid about 6%
higher for mean readings, when the tonontetric transducer was applanatel 23
SEPTEMBER 2004 sucli that the crud-diatc]ic value was matched to the
reference value as previously  described. ,A1ler the correction factors for
the parameters of interest have been obtained per  step 3 8 08, the.
non-invasive hemodynarnic. assessment apparatus of the prescnt invention is
5 applied to the blood vessel of i ltertest of the subject under
evaluation, e-g-, on the radial artery, per stop 3810. Stress is next
applied to the blood vessel in step 3812. Specifically,  the stress is
applied in order to induce changes in the ilennodvnamic properties within
the  blood verse] to a point generally inhere the "anchor" variable of
intcreest (end-dias-tolic  piressur-e in the present embodiment) most
achieves a desired value he-wring some known 



10 relationship to the actual value of the anchor variable. In the present
context, this  appliccatiori of stress comprises applanating the blood
vessel using the non-invasive  (tonometric) applanation device previously
described lierein while non-invasively  measuring the pressure waveform of
the blood vessel; the degree of applanation being  dc.terinhicd by the
relationship of the anchor variable within the measured pressure  15 wave
orrn to the actual value. Next; in step }li 14, a scaling or transfer
function is determined from the foregoing  data for the subject being
evaluated. In one embodiment; the transfer function is obtained  by salving
this follo%vitig three sirnultaricous equations for a curve fit polynomial,
based on  the input values olun c.orrcctod presstirc and "corrected"
pressure: 20 P;c k ] Ps" 2 + kz P,l1 - k3 P 111C = l r 4 r w l 2 + k7' P
rn{ I+ k a I'de = kI Pd 2 -I. ke Pd I G R.3 Where: (Eqn. 16)  (Eqn. 17)
(Eqn. 18) l",; P11, P. = systolic, diastolic and mean "corrected" (scaled)
pressures  respectively; and P. Pd], P11113 systolic. diastolic and mean
uncorrected (original) pi-essul-es  respecLi ely 23 SEPTEMBER 2004 -73 By
solving for constants kn, k:. and k~, a polynomial curve is generated which
can  advarltagcous1v scale the tonomelricafly obtained waveform for the
present subject for all  values of pressure, and therelbre provide a scaled
output given that the input. wave Form is  maLchlcd (by the methods
previous]y described herein, or other techniques) to the erid 5 diastolic
value, or to any end-diastolic point with known relationship to the actual
vu]rle. Fig, 39 is a graphical representation of the foregoing process.
Wood Vessel Location and Positioning As previously discussed, proper
transverse positioning of the ultrasonic and  10 pressure transducers of
the apparatus is beneficial in tends of enhanced accuracy of  



measurement of heinodynarn is parameEers including arterial blood
pressure.- SLL 11  transverse positioning is generally predicated upon
initial placement of the apparatus in the  locale of the blood vessel of
interest, and subsequently -'nine tuning" the position of the
transducer(s) such that optimal coupling is achieved. In the case of the
human radial lrEery. 15 .he approxilxlale location of the artery is known
by the caregiver; 1-e-; 1-umning  longitudinally do 'n the inside surface
cif the % rist'] rearni 0l the subject, within a narrow  hand corresponding
to something less tliin the Width of the wrist. Ilowever, for other blood
ves el" and/or species, the location and orientation o [' the. blood vesse]
ol - interest may not  he as iasl]v identllcd- Even in the context of the
Yunnan r dia] anerv, where the 20 approximate location} and orientation of
which is wcI1 known, improper placement of the  apparatus H) the caregiver
can affe-ct the consistency and '~obustness' cal' blood pressure  measurer
lent,, obtained from that ]ocation. Movement by the patient (and other
factors)  nm~iy {11s 1 ailed the accuracy of the reading, and require
periodic relocation,-'repositioning of  the 1nne st.lreinenE appara0is,
Furthermore, there are other types of procedures, including for example
carotid  artery surgery {rnapfing of the vessel along the human neck),
femoral artery  catheterization. and temporal artery localization, wherein
it is highly desirable to he able to  either (i) rcadi]y and rcliahlv
locate a blood vessel within the tissue of the subject in a non- invasive
n]anner, or (ii) maintain 4 monitoring or treatment device in a
predetermined  30 position and orientation with respect to the blood vessel
once located. Accordingly, the present invention advantageously provides
such a nor-invasive -74 23 SLPTFMBBR 004 technique (and apparatus) for both
locating the blood vessel of interest, and rnii.ntaining  one car more
Selected apparatus in a predetermined relationship thereto. Specifically;
in one  exctop]arv application, backscattered acoustic energy is analyzed
to initially ]ocatc the  blood vessel which is embedded within the
surrounding tissue of the subject, In another 5 application, the
backscattered energy is used to maintain a sensing or treatment apparatus
(e.g-, t]ie press-tire and;'ultrasonic transducers assembly of the NIBP
device previously  dec oribed herein) in optimal position with respect to
the blood vessel. In one embodiment, the method of detecting and locating
the blood vessel of  interest is accomplished by directly detecting the
lumen associated with the blood vcsse]  ] 0 based on reduced levels of
buckseattered ultrasonic energy present in A-node line scam; 



u11.rasonic energy is more readily absorbed within the lumen (such as by
the red blood cells  and plasma present within the blood) thau by the
surrounding vessel walls and tissue.  Ilence. the vessel is located, and/or
the monitoring device positioned, by identifying  region,, of reduced b tc.
scattered energy. Such regions may be found in one dimension 15 (e.g_ only
in terms of depth within the tissue), or multiple di]-nensions, such as
where it i5  desired to precisely locate the vessel both in terms of
lateral or transverse position and  deplh Another embodiment of the
invention detects the relative locations of both the frcnlt  and rc;ar
walls ofthe blood vessel based on analysis of.'backscattcred A-mode energy.
This 20 oval] iiiftiririation is used to indirectly determine the effective
diameter of the blood vessel:  the variation in blood vessel diameter as a
"unction of lateral or transverse position is then  used fo identifi- the
optimal Iateral position of the measurement or treatment dcvice Referring
now to Jig. 40, a first embodiment of the method of detecting a blood
vessel within the tissue of a subject is described in detail. As shown in
Fig. 40, the method  ? 4000 comprises first generating and transmitting
acoustic (e.g., ultrasonic) energy in the desired beam width into the
tissue of the subject generally in the region of interest wicre  the blood
vessel is located (step 4002)- For example, in the case of the radial
artery, the  ultrasonic transducer transmitting the waves can be physically
or electronically "steered"  laterally across the region cf'imerest in a
scan pattern sn as Io cut across at least a portion nf' } 0 the blood
vessel with the ultrasonic beam. For example, an assembly Which moves the
ultrt"onic transducer over the surface of the skin (such as the transverse
positioning  apparatus previously described herein) may he used-
Alternatively, a larger dispersion -75 23 SEP'FFMBER 2004 heani may. be
Used to obviate at least a portion of the scan ('unction; the beam
dispersion  may be subsequently adjusted upon identification of the blood
vessel or region of interest  fir better signal quality if desired. As yet
another alternative, a phased-aarray or other  electronically steearah]e
device may be used to genet-ate transmit,receive beams of S co nparatively
tla]Tow dispersion which scan the tissue without physical movement of the
transducer element, The tissue under examination may also be applanated as
previously described to  "pri-load'- the tissue. Such pre-loading na ay be
beneficial in the case where veins or other  smaller blood vessc]s fire
interposed between the ultrasonic transducer and the blood vessel 



10 of interest, or generally in the vicinity thereof, such as in the case
of the halniaan radial  artery. Specifically, controlled pre-loading
preferentially collapses the smaller vein due to  its sinaIIer hoop stress
and lower lumen (blood) pressure as compared to the artery, t]iercby
et'fectivelV. removing it born view or the lumen detection techniques
described below, The  Assignee hereof has determined that a pre-load
appian.tiott on the order or s0 rmIlg is 15 suitable in most cases to
suf'Iiciently collapse any veins interposed between the transducer  and the
radial hone, although it gill be recognized that other values may be used
depending  on (he specific application. It i]l be recognized, however, that
it may also be desirable to detect and locate  other blood vessels such as
the veins referred to above contemporaneously with the  20
dctcetiorvloeation of the primary blood vessel of interest. I-knee, the
foregoing applanation may be used selectively as desired in order to
"filter" what is viewed by the lumen  detection apparatus. For example, if
there is a high degree of clutter and other noise present  in the A-mode
signal Ibr a given individual, it may be desirable to applanate the region
under evaluation to remove the effects of energy baclcscatter from the..
vein(s) around the 2S artery. Altcrnativc]y, if the noise level is
sufficiently low, it may be desirable to detect the  presence of the
vein(s), such detection being potentially useful for deterlniuation of the
tissue scaling or trap fer funetion used in conjunction with don-invasive
blood pressure  nica Lffennieents- Specifically, the presence of a :an
interposed vein may affect the va] ue of the  trans1ir [unction somewhat,
so it may be desirable to detect its presence and compensate. -30 for its
elects, Returning {again to Fig. 40, back scattered cncr y reflected from
the tissue,  Hood vessel and lumen contained in the region being scanned is
next received by the same  (or another) lransducer element per step 4004,
and converted by the processing within the -7 23 S> sIPTEM3E.R 2004 apl~{nr
t4as to an A mode or other desired modality in step 4006. Additional signal
Processing (described in greto previously herein), including derivation of
an envelope- scltaarrcd" value, is rapp11ed to the A-mode lines in step
400$ in order to enhance subsequ Zn#  blood vessel detection. Lastly. in
step 4010, the processed A-mode signals are further 5 analyzed in terms of
a prcdeterranined metric or other cr4terionn to identify the location
within  the region of interest where the blood vessel resides. In one
vrtxriarll. the. nmetric, is adapted  to ick nwif - plateaus within the
nonnali,,ed integrated power profile resulting lrurn the  presence of the
lumen within the. blood vessel of interest- Hence, when a signiricant  



4 ]areau in the integrated bach-scattered power is identified during the
transverse ::swcep", ] 0 tit lateral position of the transducer when the
plateau is detected corresponds to the Iatea'ai  position of the blood
vessel, In mother variant of the method 4(300, the signal level of the
cnveiopo-squared parameter is analyzed to identify local nminima, also
resu]tiiig from the  presence of#he lumen, In a second embodiment.
detection of the lumen in step 4010 of Fig. 40 is  15 aceonipIished by
computing the average power within a predetermined distance (e.g.. lrnrn)
interval along the A-mode line. previously referred to herein as the
"interval" method. Note also that the procedure of Fig. 40 may he repeated
as necessary for any  ntmnber of spatially distributed scans; in this
manner, "slices" of tissue may he examined in  ffic depth (time) dimension
sequentially (or even contcrnt err neous] ) in order to generate 0 inl
ormation regarding the lateral position of the blood vessel ot` interest as
Wcll the depth  thereof. Such "slices" may also he electronically fused or
combined to provide a mulli- dimensioual representation of the measured
envelope-squared value (or integrated po, per,  as dc-ibed with respect to
the prevloarxs embodiment) as is well known in the tomographic  {arty The
pr.-,vin invention further contemplates the use of multiple of such
leclnrnigoes for ? incre;ring the accuracy of the determination. For
example, the techniques of "plateau- detcction and "ItiLerval" detection
may. be combined to increase the robustness of the  ir] Lri.irrncn#.
Fturrhermore, it will be recognized that lumen (blood vessel) locatiort
information may.  be used to maintain the ultrasonic transducer or other
measurement/treatment apparatus in any  30 desired orientLation With
respect to the blood vessel. e.g., with a fixed lateral offset; with a
lateral of et which is fiincctioiially related to the diameter of the blood
vessel (as described -77 23 SENT-MBLR 2004 blow). etc, Similarly, the lumen
detection iiifbrmation may be used to control the posit-()ix of  the
transducer based on other parameters such as signal quality, the presence
of cystic  con,pcnents or clutter, degree of applanation ifany). and the
like. Referring now to Fig- 41. an alternate embodiniLent of the method of
detecting and  locating ; blood vessel within the tissue of a subject is
disclosed. In this alternate  ctnbodintent, the foregoing teciniqucs
of'luinen deleetion are used as a starting pint for the  analysis of.' the
location of the walls of the blood vessel of interest. f'he'ovation of the
walls  provides an indirect determination of the diameter of the blood
vessel, which is then aced to  



aid in maintaining optimal coupling between the transducer and the blood
vessel. 10 As shown in Fig. 41, one exemplary embodiment of the method of
utilizing wall  diameter information to position me{ urement or other
treatment devices with respect to a  blood c sel is described- It is noted
that while the following discussion is cast in ternis of  a lateral
positioning assembly such as that Previously described herein) used to
reposition  tin ultrasonic transducer with respect to the radial artery of
a humane being. the general  15 methodology may be readily adapted to other
applications, The method 4100 generally comprises deriving "rave" wall
diameter information  } hich 'arics as a function of time (step 4102), as
previously discussed lie-rein. Next, in step  4104- the gall diameter
intbrmftion of step 4102 is integrated over a pre-selected finite  linie.
inter4.ral to "smooth" the raw data and eliminate most or all artifact
relating to 20 rcespiration and cardiac cycle. This produces a wail
diameter metric (step 4106) which  varies as a function of time. The wall
diameter metric is then used to generate an error  signal (step 4108) which
is functio trall}+ related to the value of the absolute metric. This  error
siglial is teen fed to the aforementioned controller device which varies
the lateral  Position of the transducer clement (step 4110) so as to
effectively maintain he magnitude 2> of the error signal as small as
possible (or alternatively, the value of the wall diameter  nietiic as
large as possible). it will be recognized that the .wall diameter
inforn-ration referenced ahovc may be  used as the basis for any number of
different control schemes, inclLtding for example a  Fuzzy logic control
approach such as that described in Assignee's co-pending U.S. patent 30
application Serial! 'No. 09/342,549, previously incorporated herein. Such
variations and  applic loons are well known to those of ordiii skill in the
controller arts, and accordingly -78 23 SLPTFM13EE:.R 2004 are not
desca-bed further herein. Tt is lastly noted that many variations of the
methods described above may be  LLLiliZcd ccrosistcnL with the present
invention. SpecificaI2y, certain steps axe optional and  nta be ieriormed
or deleted as desired. Similarly, other steps (such as additional data 5
sanmpling, processing, (iltration, calibration, or mathematical analysis
for example) may he  added u) the foregoing cnibodimenis, Additionally, the
order of pcrfi rinance of certain  NLeps nia' be permuted, or pertormcd iii
parallel (or series) if desired. Hence, the foregoing  enabodhnen.ts are
merely illustrative of the broader rnetllods of the invention disclosed  



herein. 10 Wile the above detailed description has shown, described, and
pointed out novel  tealires of the invention as applied to various
embodiments, it will be understood that various  onhissions. Substitutions,
and changes in the fonn and details of the device or pr cess  illustrated
may be made by those skilled in the art without departing from the spirit
of the  invention. The foregoing description is cal' the best mode
presently contemplated of carrying 15 oul the invention- "leis description
is in no y meant to be limiting, but rather should be  taken as
i!]tistr-]live of the general principles of the invention. The scope of the
invention  should he determined with reference to the claims, -79 WIIAT I
CLAIM ED IS: 23 SEPTEMBER 2004 1. A method of assessing hemodynainic
properties within the circulatory  sySLcrn oI' a Ii gyring subject,
comprising: measuring a first parameter from a blood vessel of said
subject:  measuring a second parameter from said blood vessel; deriving a
calibration function based at lea,Nt in part on said second pairameter: and
calibrating the first parameter using said calibration function. ] 0 2.
"Ilse method of Claim 31. further comprising compressing said blood vessel
during measurement of said second parameter. 3. the mall od of Claim 32,
wherein the act of dcriviing a calibration function  c.c~rnpnses: idc.ntify
ing at least one artifact within said second parameter; and 15 generating a
calibration function based at least in part on said at least one artifact.
4. The method oof Claim 33, wherein the act of measuring a second parameter
comprises: transmitting an acoustic wave into said blood vessel;  receiving
at least one echo of said acoustic. wave; and 20 analyzing said at least
one echo to derive an estimate of said second parameter. 5. The method of
Claim 34, wherein said second parameter is Mood velocity,  and the act of
identifying at least one artifact comprises identifying a predetemiined
variation ir> inxinruin blood velocity, 6. The method of Claim 32, wherein
the act of mcasnrin.g a second parameter  



25 conipiises measuring the kinetic energy associated with the blood ]owing
in said vessel. 7. The method of Claim 3, wherein the act or measuring the
kinetic energy  cennpri se.s: rneasuri]ig the Doppler shift associated with
the hood flowing within the  blood vessel; and 30 calculating the mean
kinetic energy of'said blood based on said Doppler shift _ The method
ol'Claim 34, wherein said acoustic wave comprises an A-mode  {ice}uastic
trap sin i.ssion, 9. The method of Claim 34, wherein s{ ici acoustic wave
comprises an NI-mode 23 SFP'I'E.MHLR 2004 (It] Liou-mode) acoustic
transmission. 10- method of' Claim 34. wherein said acoustic wavc comprises
a B-node  (brightness mode) acoustic transnmission 1 f - l lie method o f.'
Claim 3, wherein the act of measuring a second parameter cwnpprises
measuring the volumetric flow rate  vessel associated witb the blood
flowing in said 12. The method ot`Claim 32, further comprising: measuring
the actual compression of said blood during said act "f compressing; and
generating a transfer function indicative ofaid actual Compression; 10
herein said calibration function is derived based at least in part on said
transfer  f unction, 13, 'll]e method of Claim 32, wherein the act of
measuring said second  parajrreter comprises: measuring the velocity of
blood flowing within said artery; and 15 ttrrtrtit}g a Lime-frequency
representation from the.. echoes of said acoustic wwwavc. 14- A method of
calibrating a pressure signal obtained from a blood vessel of a  i\ing
subject comprising: iri casuririg a pressure waveform from said blood
vessel; applying a stress on said blood vessel to induce a predetermined
condition in a  20 hcniod;rramic puramctcr; measuring said hemodynamic
parameter at least periodically from said hood vessel  whi]e said stress is
app]ied; 



idonti f vin.g at least one artifact within said data obtained by the act
or measuring  said hemodynamic pasrameter; deriving a calibration Function
based at least in part on said at least one artifact; and  correcting, at
least periodically, said pressure waveform using said derived  callbratinn
Junction, 15. 1 ]i method of (;fain 44, wherein said hetnodynamic parameter
is measured  confly Uously, and the act of correcting comprises
continuously correcting said pressure  30 waveform, 16. A method of
evaluating the hemodynamic response of the circulatory system  ofa ]iving
subject, cuniprising: -81 2 } EPTEMBER 20(14 deriving a first functional
teladiol liip between first and second parameters  associated with a blood
vessel; rneasLuine said fint and second parameters non-invasively;
identifying aL least one artifact within at least one of said first and
second measured  parameters; and scaling said measurement of said first
parameter based on at least said first  functional relationship and said at
least one xifact. IT The method of Claim 46, wherein the act of deriving
comprises= applying a stress to said blood vessel, said stress inducing a
known response therein,  10 nooriloring said second parameter and a third
parameter while said stress is applied;  and deriving a relationship
between said first and second parameters based on data  okitaitied from
said nionitorina. 18- the method ol'Claim 47, wherein said stress comprises
compressive stress;  1 5 said third parameter cowoprises applanation
pressure applied to said blood vessel, and said  first functional
relationship compddses a relationship between arterial blood pressure and
h]ocd velocity within said blood verse]. 19. A method of calibrating a
hemodynamic parametric measurement,  comprising; 20 in measuring a first
henzodynamic parameter associated with a blood vessel: iden6 Vying an error
component associated with said me ast.u-ernent of said first  



liemodynamic paratnctcr by monitoring a second hernodynrunic parameter;
ir`nerafinfl a calibration function based on said second licmodvnamic
parameter and  staid error component; and 25 c" rrectinkg data obtained
during said measuring sari first hemodyn uric parameter  usirf ;aid
catlibration function. 20- The method of Claim 49. wherein the act of
measuring said first  heniodynairnic parameter comprises measuring a
non-calibrated pressure Waveform. 21- The method of Claim 50, wherein the
act of ideritif-ving an error component  30 within said non-calibrated
pressure waveform compri se-s' identifying a variation in the magnitude of
said second hernodyn,miic parameter; and 23 SEPTENIB Ij.R 2004 sr nchroni
7.ing the measurement of said second paranicter with said variation so as
to mitigate the effects crf said error component, 22. The method of Cairn
51, wherein said variation is substantially periodic. 23 The- method of
Claim 51, wherein the act of monitoring said second  henmodynarnic
parameter comprises nmornitoring the kinetic energy of blood flowing within
said f Iood vcsse] 2.4 A method oI` adaptively measuring the blood pressure
of a liviiig subject  wi]llg tit least one blood vessel. comprising:
measuring non-calibrated pressure data from said blood vessel; 1+) deriving
a calibration function for calibrating said non-calibrated pressure data;
calibrating said pressure data using said derived calibration function at a
first  interval: storing said non-calibrated pressure data and said
calibration function; collecting non-calibrated pressure data froth said
subject during at least one other 15 time; analyzing the stored pressure
data and calibration function, as well as that ohtaitied  during said at
least one other time, to identify at least one response within said
subject; and adi usdrig the value Am least saki first interv t1 based on
said at least one response.  25. the method of Claim 54, wherein the act of
measuring said non-calibrated  20 pi-ensure data comps ises measuring an
arterial pressure waveform tonoinetrically, and the  act of deriving
comprises. 



Umeasuring a heniodynamic parameter uori-invasively; applying a stress to
said blood vessel while measuring said hemnodynamnic  parammeter, said
stress inducing a response within second hemodynamic parameter; 23 -1deenti
Ring at least one marker within said response; and deriving said
calibration function based at least in part on said marker. 26. An
apparatus for measuring hemnod~ynamnic properties within the blood vessel
oI'a living subject co]nprisin ' a first transducer adapted to measure at
lead a First heinodymmic parameter  3 0 a so ei -s led wi t h. said blood
vesse 1; a second transducer adapted to measure at least a second
heniodynamic parameter  associated with said blood vessel; and 23 SEPTEMBER
2004 -83 a ,ignal processor operatively cormccted to said first and second
transducers and  con] i gured to generate a calibration function based at
least in part on a signal produced by  said ,eeond transducer, and apply
said calibration function to a signal produced by said first  transducer.
?7. The apparatus of Claim 56, further comprising an afplanation device
adapted to compress said blood vessel while measuring said second hetnodyn
nic  paraniekr_ 28, The apparatus of Claim 57, wherein said blood vessel
comprises the radial  artery of a huraun being. TO 29, The apparatus of
Claim 58, wherein said first transducer comprises a  pressure tram ducer
disposed in proximity to said radial artep,, and said second transducer
comprises an acoustic transducer al so disposed in proximity to said radial
artery. 30. The apparatus of Clam 59, wherein said acoustic transducer
transmits at  le~lsi. one acoustic emission into said blood vessel and
receives at least one echo therefrom,  15 said aI. I least cane echo he.i
ng used by said signal processor to generate a relationship between s<aici
second hci todynamic parameter and the pressure applied by said applat
ation device 3 I - The apparatus of Claim 60, wherein said applat>ation
device comprises said  pressure tratnsduc.er. 32. The apparatus of Claim
60, wherein said -t least one acoustic emission  20 comprises an acoustic
pulse. 



3 t_ The apparatus of Claim 60, wherein said at least one acoustic emission
comprises a substantially continuous acoustic wave. 34, The apparatus of
Claim 60, wherein said second helrlodynarnic parameter  counpl-3ses the ni
axirnurn velocity of blood Mowing within said blood vessel. 2 3 5 _ The
apparatus of Claim 60, wherein said second hemodynarnic parameter
curnprises the amplitude-weighted mean velocity of blood flowing within
said blood vessel,  36_ The apparatus of Claim 60, wherein said second
hcmodynarnic parameter is  melated to tl}e kinetic energy olblood bowing
within said blood vessel. }7_ An information storage device, comprising;
30 a cLiLi storage medium: as plurality of data stored on said medium, said
plurality of data comprising a  computer program adapted to run on a data
processor; said computer program being 23 S E P'1'tMB ER 2 004 -84
colniigured for determining a calibrated value of a lust hcrnodynamic
paralileter of a living  subject based on first input data and second input
data, said first input data being  representative A' a non-calibrated value
of said first 1tcmodynamic parameter, said second  input data being
representative of a second hemodyn inic parameter, the acL c 1' determining
said calibrated value of said first hcmodynamic parameter comprising;
analyzing said. second input data to identify at lead one functional
relationship therelii utilizing said at least one functional relationship
to derive a calibration function, and  applying said calibration l'uncLion
to said first input data to determine said calibrated 1{1 value. }8. The
storage device of Maim 67, wherein said act of deriving a calibration
tunetion comprises: icieniifjying at least one marker within said second
input data, and deterniininlg said calibration luncticm based at least in
part on said at least one 1 niai-ker.. The storage device of. Claim 68,
wherein said act of determining further  comprises analyzing third Input
data relating to e>-ror associated with. said lira input daLa. 40_ The
storage device of Clain 67. wherein said compuxer program is further  con
[ittured Lo ideud[y saki at least one arlifac1. by fom-ii rtg a
time-f:irequency representation  



20 of at least a portion of said second input data. 41. The Loraige device
of Claim 67, wherein said data storage medium  comprises magnetic media.
42. The storage device of Claim 67. wherein said plurality of data
comprises a  plurality 0CdaLa bits forming machine readable object code,
43. An apparatus for assessinng hcmodynamic paralneLers, ccornprising:  a
central processing unit; a data storage device operatively coupled to said
central processing unit, said data  storage device being adapted to store
and retrieve a computer program; an input device adapted to receive data
inputs from one or more external sources; 30 r1 computer program, stored on
said data storage device, said program being  c.nnl igored Lo derive a
calibrated value of a first hemodynamie based on first input data and
second Enpkit data received via said input device, said first input data
being representative 0 1' 23 SEPTEMBER 2004 -85 a non-calibrated 'aide of
said tirst hemodynaniic parameter, said second input data being
rcprescntati\c of a second hemodvnamic parameter, the act of deriving said
calibrated  value of said first hemodynamic parameler comprising: analyzing
said second input data to identify at least one lxunctional r lationship  5
Llicrcirr: ut.iIi 7iii g said rat least one functional relationship to
derive a calibration function; and  applying said calibration function to
said first input data to determine said calibrated aluc. 44. The appUual.u,
of Claim 73. further comprising a display device for  0 clispl .ying at
leasI saki calibrated value to a user. 45. The apparatus of Claim 73,
further comprising a computer program adapted  to run on said central
processing unit. said computer prograai being configured LO identify  e1Tur
cornpu1ients within said first or second input data. 46. A method of
providing treatment to a living subject, comprising: 1 selecting a blood
vessel of said subjcc# useful for measuring pressure data.,  measaring
pressure data From said selected blood vessel non-invasively;  mccasuring a
ficmodynamic parameter From said blood vessel; generating a calibration
function from data obtained from said measuring of said  



hernod naniic par mmeter; 20 applying said calibration limction to said
pressure data to produce a representation  ol'hlood pressure within said
blood vessel; and providing treatment to said subject based on said
representation. 47_ The method of Claim 7. wherein said blood vessel is the
radial artery of a  human being, and the act of measuring pressure data
comprises obtaining a pressure  ? wave form using a ensor applied at the
skim proximate to said radial artery-. 4. The method of Claim 77, wherein
the act of measuring a hemodynarrtic  pw-arneter comprises: generating
acoustic. waves= t ransmi.tting said acoustic waves in to said radial
artery- 30 receiving echoes of said acoustic wave; anal zing ,LLid echoes
to derive a representation of said heinodynir,rniic parameter as  a kill c
L i on of time: 23 SEPTEMBER 2004 -;6 and wherein the pact of generating a
calibration function comprises;  identifying at least one feature within
said representation; and uencrating a calibration function based at least
in part on said at least one feature 49. A method of determining the actual
value elf' a first parameter within the  5 circulatory system of a living
subject, comprising: measuring the value of a first parameter associated
with the circulatory system non- invasively, the measured value of the lust
parameter being different from the actual value  thereof'; applying a
stress on the circulatory system to alter the hemodvnarnic properties  10
thea.eof; ir asuriag a second parameter associated with the circulatory
system while. the  stress is applied; generating a calibration function
based at least in part on the measured second  parameter; and 15 cO1Tecting
the measured lust par-ameetor using the calibration function. 50. A method
of determining a transfer function between a blood vessel and a  sensor.
said blood vessel and said sensor having one or more bodily components
disposed  



there between, comprising: applying a first stress having a iirst
rnagFnilude Lo said bl(}aod vessel and said  2 0 C;l ITTIVO r] Cl1 (S co ]
1 Ceti v ely, measuring a first response of said blood vessel to said first
stress: applying a second stress having a second magnitude to said blood
vessel and said  componenI collectively; rmeusLin- ng as second response of
said blood vessel to said second stress; and  dciernuning said Lratlsfe>r
Cunc.tic n based on said tiirst and second and said first and  xec.c,nd ]
ragnitudes. 5 f . The method of Claim go, wherein said first and second
stresses comprise  compressive stress_ 52. The method of Claim 81, wherein
said first and second responses of said  3+) blood vessel comprise changes
in the diameter of said blood vessel under said first and  second stresses,
respectively. 53. The method of Claim 82, wherein said changes in diameter
are. determined _7 3 SFY7 EMBER 2004 using acoustic waves. i4. The method
of Claim 3, wherein said acoustic wanes comprise A-mode  transmission 5 


