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METHOD AND APPARATUS FOR
CONTINUOUS ASSESSMENT OF A
CARDIOVASCULAR PARAMETER USING
THE ARTERIAL PULSE PRESSURE
PROPAGATION TIME AND WAVEFORM

CLAIM OF PRIORITY

[0001] The present application for patent is a Divisional of
U.S. patent application Ser. No. 11/593,247, filed Nov. 6,
2006, entitled “METHOD AND APPARATUS FOR CON-
TINUOUS ASSESSMENT OF A CARDIOVASCULAR
PARAMETER USING THE ARTERIAL PULSE PRES-
SURE PROPAGATION TIME AND WAVEFORM,” and
claims priority to U.S. Provisional Application No. 60/830,
735, filed Jul. 13, 20006, entitled “METHOD AND APPARA-
TUS FOR CONTINUOUS ASSESSMENT OF A CARDIO-
VASCULAR PARAMETER USING THE ARTERIAL
PULSE PRESSURE PROPAGATION TIME AND WAVE-
FORM,” and assigned to the assignee hereof and hereby
expressly incorporated by reference herein.

FIELD OF THE INVENTION

[0002] The invention relates generally to a system and
method for hemodynamic monitoring. More particularly, the
invention relates to a system and method for estimation of at
least one cardiovascular parameter, such as vascular tone,
arterial compliance or resistance, stroke volume (SV), car-
diac output (CO), etc., of an individual using a measurement
of an arterial pulse pressure propagation time and a wave-
form.

DESCRIPTION OF THE RELATED ART

[0003] Cardiac output (CO) is an important indicator not
only for diagnosis of disease, but also for continuous moni-
toring of the condition of both human and animal subjects,
including patients. Few hospitals are therefore without some
form of conventional equipment to monitor cardiac output.

[0004] One way to measure CO is using the well-known
formula:
CO=HR*SV, (Equation 1)

where SV represents the stroke volume and HR represents the
heart rate. The SV is typically measured in liters and the HR
is typically measured in beats per minute, although other units
of volume and time may be used. Equation | expresses that
the amount of blood the heart pumps out over a unit of time
(such as a minute) is equal to the amount it pumps out on
every beat (stroke) times the number of beats per time unit.

[0005] Since the HR is easy to measure using a wide variety
of instruments, the calculation of CO usually depends on
some technique for estimating the SV. Conversely, any
method that directly yields a value for CO can be used to
determine the SV by dividing by the HR. Estimates of CO or
SV can then be used to estimate, or contribute to estimating,
any parameter that can be derived from either of these values.
[0006] One invasive method to determine CO (or equiva-
lently SV) is to mount a flow-measuring device on a catheter,
and then to thread the catheter into the subject and to maneu-
ver it so that the device is in or near the subject’s heart. Some
such flow-measuring devices inject either a bolus of material
or energy (usually heat) atan upstream position, such as in the
right atrium, and determine flow based on the characteristics
of the injected material or energy at a downstream position,
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such as in the pulmonary artery. Patents that disclose imple-
mentations of such invasive techniques (in particular, ther-
modilution) include:

[0007] U.S. Pat. No. 4,236,527 (Newbower et al., 2 Dec.
1980);

[0008] U.S. Pat. No. 4,507,974 (Yelderman, 2 Apr. 1985);

[0009] U.S. Pat. No. 5,146,414 (McKown et al., 8 Sep.

1992); and

[0010] U.S. Pat. No. 5,687,733 (McKown et al., 18 Nov.
1997).
[0011] Still other invasive devices are based on the known

Fick technique, according to which CO is calculated as a
function of oxygenation of arterial and mixed venous blood.
In most cases, oxygenation is sensed using right-heart cath-
eterization. There have, however, also been proposals for
systems that non-invasively measure arterial and venous oxy-
genation, in particular, using multiple wavelengths of light;
but to date they have not been accurate enough to allow for
satisfactory CO measurements on actual patients.

[0012] Invasive methods have obvious disadvantages. One
such disadvantage is that the catheterization of the heart is
potentially dangerous, especially considering that the sub-
jects (especially intensive care patients) on which it is per-
formed are often already in the hospital because of some
actually or potentially serious condition. Invasive methods
also have less obvious disadvantages. One such disadvantage
1s that thermo-dilution relies on assumptions such as uniform
dispersion of the injected heat that affects the accuracy of the
measurements depending on how well they are fulfilled.
Moreover, the introduction of an instrument into the blood
flow may affect the value (for example, flow rate) that the
instrument measures. Therefore, there has been a long-stand-
ing need for a method of determining CO that is both non-
invasive (or at least as minimally invasive as possible) and
accurate.

[0013] One blood characteristic that has proven particu-
larly promising for accurately determining CO less invasively
or non-invasively is blood pressure. Most known blood pres-
sure based systems rely on the pulse contour method (PCM),
which calculates an estimate of CO from characteristics of the
beat-to-beat arterial pressure waveform. In the PCM, “Wind-
kessel” (German for “air chamber”) parameters (characteris-
tic impedance of the aorta, compliance, and total peripheral
resistance) are used to construct a linear or non-linear hemo-
dynamic model of the aorta. In essence, blood flow is analo-
gized to a flow of electrical current in a circuit in which an
impedance is in series with a parallel-connected resistance
and capacitance (compliance).

[0014] The three required parameters of the model are usu-
ally determined either empirically, through a complex cali-
bration process, or from compiled “anthropometric” data,
that is, data about the age, sex, height, weight, etc., of other
patients or test subjects. U.S. Pat. No. 5,400,793 (Wesseling,
28 Mar. 1995) and U.S. Pat. No. 5,535,753 (Petrucelli et al.,
16 Jul. 1996) are representative of systems that utilize a
Windkessel circuit model to determine CO.

[0015] Many extensions to the simple two-element Wind-
kessel model have been proposed in hopes of better accuracy.
One such extension was developed by the Swiss physiologists
Broemser and Ranke in their 1930 article “Ueber die Mes-
sung des Schlagvolumens des Herzens auf unblutigem
Wegf,” Zeitung fiir Biologie 90 (1930) 467-507. In essence,
the Broemser model—also known as a three-element Wind-
kessel model—adds a third element to the basic two-element
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Windkessel model to simulate resistance to blood flow due to
the aortic or pulmonary valve.

[0016] PCM systems can monitor CO more or less continu-
ously, without the need for a catheter to be left in the patient.
Indeed, some PCM systems operate using blood pressure
measurements taken using a finger cuff. One drawback of
PCM systems, however, is that they are no more accurate than
the rather simple, three-parameter model from which they are
derived; in general, a model of a much higher order would be
needed to accurately account for other phenomena, such as
the complex pattern of pressure wave reflections due to mul-
tiple impedance mis-matches caused by, for example, arterial
branching. Other improvements have therefore been pro-
posed, with varying degrees of complexity.

[0017] The “Method and Apparatus for Measuring Cardiac
Output” disclosed by Salvatore Romano in U.S. Pat. No.
6,758,822, for example, represents a different attempt to
improve upon PCM methods by estimating the SV, either
invasively or non-invasively, as a function of the ratio
between the area under the entire pressure curve and a linear
combination of various components of impedance. In
attempting to account for pressure reflections, the Romano
system relies not only on accurate estimates of inherently
noisy derivatives of the pressure function, but also on a series
of empirically determined, numerical adjustments to a mean
pressure value.

[0018] At the core of several methods for estimating CO is
an expression of the form:

CO=HR*(X*SV,.,) (Equation 2)

where RR is the heart rate, SV, is the estimated stroke
volume, and K is a scaling factor related to arterial compli-
ance. Romano and Petrucelli, for example, rely on this
expression, as do the apparatuses disclosed in U.S. Pat. No.
6,071,244 (Band et al., 6 Jun. 2000) and U.S. Pat. No. 6,348,
038 (Band et al., 19 Feb. 2002).

[0019]

CO=MAP*C/tau

Another expression often used to determines CO is:
(Equation 3)

where MAP is mean arterial pressure, tau is an exponential
pressure decay constant, and C, like K, is a scaling factor
related to arterial compliance K. U.S. Pat. No. 6,485,431
(Campbell, 26 Nov. 2002) discloses an apparatus that uses
such an expression.

[0020] The accuracy of these methods may depend on how
the scaling factors K and C are determined. In other words, an
accurate estimate of compliance (or of some other value
functionally related to compliance) may be required. For
example, Langwouters (“The Static Elastic Properties of 45
Human Thoracic and 20 Abdominal Aortas in vitro and the
Parameters of a New Model,” ]. Biomechanics, Vol. 17, No. 6,
pp- 425-435, 1984) discusses the measurement of vascular
compliance per unit length in human aortas and relates it to a
patient’s age and sex. An aortic length is determined to be
proportional to a patient’s weight and height. A nomogram,
based on this patient information, is then derived and used in
conjunction with information derived from an arterial pres-
sure waveform to improve an estimate of the compliance
factor.

[0021] Tt is likely that the different prior art apparatuses
identified above, each suffer from one or more drawbacks.
The Band apparatus, for example, requires an external cali-
bration using an independent measure of CO to determine a
vascular impedance-related factor that is then used in CO
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calculations. U.S. Pat. No. 6,315,735 (Joeken et al., 13 Nov.
2001) describes another device with the same shortcoming.

[0022] Wesseling (U.S. Pat. No. 5,400,793, 28 Mar. 1995)
attempts to determine a vascular compliance-related factor
from anthropometric data such as a patient’s height, weight,
sex, age, etc. This method relies on a relationship that is
determined from human nominal measurements and may not
apply robustly to a wide range of patients.

[0023] Romano attempts to determine a vascular imped-
ance-related factor solely from features of the arterial pres-
sure waveform, and thus fails to take advantage of known
relationships between patient characteristics and compliance.
In other words, by freeing his system of a need for anthropo-
metric data, Romano also loses the information contained in
such data. Moreover, Romano bases several intermediate cal-
culations on values of the derivatives of the pressure wave-
form. As is well known, however, such estimates of deriva-
tives are inherently noisy. Romano’s method has,
consequently, been unreliable.

[0024] What is needed is a system and method for more
accurately and robustly estimating cardiovascular parameters
such as arterial compliance (K or C) or resistance, vascular
tone, tau, or values computed from these parameters, such as
the SV and the CO.

[0025] One of the present inventors earlier published that
the SV can be approximated as being proportional to the
standard deviation of the arterial pressure waveform P(t), or
of some other signal that itself is proportional to P(t): U.S.
Published Patent Application No. 2005/0124903 A1 (Luchy
Roteliuk et al., 9 Jun. 2005, “Pressure based System and
Method for Determining Cardiac Stroke Volume™). Thus, one
way to estimate the SV is to apply the relationship:

SV=Ko(P)=K std(P) (Equation 4)

[0026]
CO=Ko(P)HR=K std(P)HR

where K is a scaling factor and from which follows:

(Equation 5)

[0027] This proportionality between the SV and the stan-
dard deviation of the arterial pressure waveform is based on
the observation that the pulsatility of a pressure waveform is
created by the cardiac SV into the arterial tree as a function of
the vascular tone (i.e., vascular compliance and peripheral
resistance). The scaling factor K of equations 4 and 5 is an
estimate of the vascular tone.

[0028] Recently, one of the present inventors also pub-
lished that vascular tone can be reliably estimated using the
shape characteristics of the arterial pulse pressure waveform
in combination with a measure of the pressure dependant
vascular compliance and the patient’s anthropometric data
such as age, gender, height, weight and body surface area
(BSA): U.S. Published Patent No. 2005/0124904 A1 (Luchy
Roteliuk, 9 Jun. 2005, “Arterial pressure-based automatic
determination of a cardiovascular parameter”). To quantify
the shape information of the arterial pulse pressure wave-
form, he used higher order time domain statistical moments
of the arterial pulse pressure waveform (such as kurtosis and
skewness) in addition to the newly derived pressure weighted
statistical moments. Thus, the vascular tone is computed as a
function of a combination of parameters using a multivariate

regression model with the following general form:
K=x(urphro, - - - Brobpibiens - - - hop C(P),BSA,

Age,G...) (Equation 6)
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where

[0029] K is vascular tone (the calibration factor in equa-
tions 4 and 5);

[0030] X is a multiregression statistical model;

[0031] p,,. .. W, are the 1-st to k-th order time domain

statistical moments of the arterial pulse pressure waveform;
[0032] - ... W, are the 1-st to k-th order pressure
weighted statistical moments of the arterial pulse pressure
waveform;

[0033] C(P) is a pressure dependent vascular compliance
computed using methods proposed by Langwouters et al
1984 (“The Static Elastic Properties of 45 Human Thoracic
and 20 Abdominal Aortas in vitro and the Parameters of a
New Model,” J. Biomechanics, Vol. 17, No. 6, pp. 425-435,
1984);

[0034] BSA is a patient’s body surface area (function of
height and weight);

[0035] Ageis a patient’s age; and
[0036] G is a patient’s gender.
[0037] The predictor variables set for computing the vas-

cular tone factor K, using the multivariate model 7y, were
related to the “true” vascular tone measurement, determined
as a function of CO measured through thermo-dilution and
the arterial pulse pressure, for a population of test or reference
subjects. This creates a suite of vascular tone measurements,
each of which is a function of the component parameters of y.
The multivariate approximating function is then computed,
using known numerical methods, that best relates the param-
eters of % to a given suite of CO measurements in some
predefined sense. A polynomial multivariate fitting function
is used to generate the coefficients of the polynomial that
gives a value of'y for each set of the predictor variables. Thus,
the multivariate model has the following general form:

X1 (Equation 7)

X
[AL Ay ... Ag]+

X e
Xn
[0038] where A, ... A, are the coefficients of the polyno-

mial multiregression model, and X are the model’s predictor
variables:

Xn,1=ﬂ[[lvlrl o Mzk ppL e ppr oo pnC(P) BSA Age G ...

m

[0039] The method listed above relies solely on a single
arterial pulse pressure measurement. Its simplicity and the
fact that it does not require a calibration are advantages of this
method. However, due to the empirical nature of the vascular
tone assessment relationships, the accuracy of this method
may be low in some extreme clinical situations where the
basic empirical relationships of the model are not valid. For
this reason, a second independent measurement may be ben-
eficial if added to the basic multiregression model.

[0040] As shown above, many techniques have been
devised, both non-invasive and invasive, for measuring the
SV and CO, and particularly for detecting vascular compli-
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ance, peripheral resistance and vascular tone. It should be
appreciated that there is a need for a system and method for
estimating CO, or any parameter that can be derived from or
using CO, that is robust and accurate and that is less sensitive
to calibration and computational errors.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] FIG. 1 illustrates an example of two blood pressure
curves representing two different arterial pressure measure-
ments received from a subject according to an embodiment of
the invention.

[0042] FIG. 2 illustrates an example of an Electrocardio-
gram measurement (ECG) and a blood pressure measurement
received from a subject according to an embodiment of the
invention.

[0043] FIG. 3 is a graph illustrating the relationship
between the arterial pulse pressure propagation time and the
arterial compliance according to an embodiment of the inven-
tion.

[0044] FIG. 4 is a graph illustrating the relationship
between the pulse pressure propagation time and vascular
tone on patients recovering from cardiac arrest according to
an embodiment of the invention.

[0045] FIGS. 5-6 are graphs illustrating the correlation
between the pulse pressure propagation time and vascular
tone for different hemodynamic conditions of the subjects
according to several embodiments of the invention.

[0046] FIGS. 7-9 are graphs illustrating the correlation
between the CO computed using the pulse pressure propaga-
tion time, Continuous Cardiac Output (CCO) and CO values
measured by thermodilution bolus measurements (TD-CO)
for different hemodynamic states of the subjects according to
several embodiments of the invention.

[0047] FIG. 10 is a graph showing the relationship between
the CO estimated using the arterial pressure propagation time
according to several embodiments of the invention and CO
estimated using the arterial pulse pressure signal.

[0048] FIG. 11 is a block diagram showing an exemplary
system used to execute the various methods described herein
according to several embodiments of the invention.

[0049] FIG. 12 is a flow chart showing a method according
to an embodiment of the invention.

P o Pim (Equation 8)
o
SUMMARY OF THE INVENTION
[0050] One embodiment of the invention provides a

method for determining a cardiovascular parameter including
receiving an input signal corresponding to an arterial blood
pressure measurement over an interval that covers at least one
cardiac cycle, determining a propagation time of the input
signal, determining at least one statistical moment of the input
signal, and determining an estimate of the cardiovascular
parameter using the propagation time and the at least one
statistical moment.

[0051] Oneembodiment of the invention provides an appa-
ratus for determining a cardiovascular parameter including a
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processing unit to receive an input signal corresponding to an
arterial blood pressure measurement over an interval that
covers at least one cardiac cycle, determine a propagation
time of the input signal, determine at least one statistical
moment of the input signal and determine an estimate of the
cardiovascular parameter using the propagation time and the
at least one statistical moment.

DETAILED DESCRIPTION

[0052] Methods and systems that implement the embodi-
ments of the various features of the invention will now be
described with reference to the drawings. The drawings and
the associated descriptions are provided to illustrate embodi-
ments of the invention and not to limit the scope of the
invention. Reference in the specification to “one embodi-
ment” or “an embodiment” is intended to indicate that a
particular feature, structure, or characteristic described in
connection with the embodiment is included in at least an
embodiment of the invention. The appearances of the phrase
“one embodiment” or “an embodiment” in various places in
the specification are not necessarily all referring to the same
embodiment. Throughout the drawings, reference numbers
are re-used to indicate correspondence between referenced
elements.

[0053] In broadest terms, the invention involves the deter-
mination of a cardiac value, such as a stroke volume (SV),
and/or a value derived from the SV such as cardiac output
(CO), using the arterial pulse pressure propagation time. The
arterial pulse pressure propagation time may be measured by
using arterial pressure waveforms or waveforms that are pro-
portional to or derived from the arterial pulse pressure, elec-
trocardiogram measurements, bioimpedance measurements,
other cardiovascular parameters, etc. These measurements
may be made with an invasive, non-invasive or minimally
invasive instrument or a combination of instruments.

[0054] The invention may be used with any type of subject,
whether human or animal. Because it is anticipated that the
most common use of the invention will be on humans in a
diagnostic setting, the invention is described below primarily
in use with a “patient.” This is by way of example only;
however, it is intended that the term “patient” should encom-
pass all subjects, both human and animal, regardless of set-
ting.

[0055] FIG. 1 illustrates an example of two blood pressure
curves representing two different arterial pressure measure-
ments received from a subject. The top curve represents a
central arterial pressure measurement detected from the sub-
ject’s aorta and the bottom curve represents a measurement
detected from the subject’s radial artery. The pulse pressure
propagation time (t,,,,,,) can be measured as the transit time
between the two arterial pressure measurements.

[0056] The rationale of using the pulse pressure propaga-
tion time for hemodynamic measurements is based on a basic
principle of cardiovascular biomechanics. That is, if the sub-
ject’s heart pumped blood through a completely rigid vessel,
upon contraction of the heart, the pressure waveform would
instantaneously be present at any distal arterial location in the
subject’s body. However, if the subject’s heart pumped blood
through a compliant vessel, upon contraction of the heart, the
pressure waveform would be present some amount of time
after the heart contracted at a distal arterial location in the
subject’s body.

[0057] The pulse pressure propagation time can be mea-
sured invasively or non-invasively at several different loca-
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tions on the pressure waveform (or any other waveform
related to the pressure waveform). In the example shown on
FIG. 1, the pulse pressure propagation time may be measured
by using two different arterial pressure measurements, for
example, one reference measurement from the aorta and one
peripheral measurement from the radial artery.

[0058] FIG. 2 illustrates an example of using an electrocar-
diogram signal as a reference signal for the propagation time
measurement. The top curve represents an electrocardiogram
(ECG) signal detected with electrodes placed near the sub-
ject’s heart and the bottom curve represents an arterial pres-
sure measurement detected from the subject’s peripheral
artery. In this example, the arterial pulse pressure propagation
time (t,,,,) may be measured by using the transit time
between the ECG signal and the peripheral arterial pressure.
Similarly, a transthoracic bioimpedance measurement could
be used as a reference site, and the propagation time could be
measured as a transit time versus a peripheral measurement
derived from or proportional to the arterial blood pressure.

[0059] The arterial pulse pressure propagation time pro-
vides an indirect measure of the physical (i.e., mechanical)
properties of a vessel segment between the two recording
sites. These properties include primarily the elastic and geo-
metric properties of the arterial walls. The properties of the
arterial walls, for example their thicknesses and lumen diam-
eters, are some of the major determinants of the arterial pulse
pressure propagation time. As a result, the pulse pressure
propagation time depends mainly on the arterial compliance.

[0060] FIG. 3 illustrates an example where the pulse pres-

sure propagation time increases with increasing arterial com-

pliance (C). Hence, the pulse pressure propagation time

?‘CDSOP') can be represented as a function of arterial compliance
,le.,

by AC)

[0061] The arterial pulse pressure propagation time can
therefore be used as a simple measure to estimate the arterial
compliance. The propagation time can be used as a separate
measure to assess a patient’s vascular status or can be used in
a pulse contour cardiac output algorithm along with other
parameters to account for the effects of vascular compliance,
vascular resistance and vascular tone. In one embodiment, the
arterial pulse pressure propagation time is measured using an
arterial pulse pressure signal from relatively large arteries
(e.g., radial, femoral, etc.) and therefore the influence of the
peripheral resistance is minimal. Also, this measurement may
include the average arterial compliance between the measure-
ment sites and may not reflect the pressure dependence of the
arterial compliance.

[0062] The basic relationship could be derived from the

well known Bramwell-Hill equation used to calculate the
pulse wave velocity (PWV):

(Equation 9)

PV = ﬂ ) l v (Equation 10)
dv p
where
[0063] dP is the change in pressure;
[0064] dV is the change in volume;
[0065] p is the blood density; and
[0066] V is the baseline volume.
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[0067] The arterial compliance (C) may be defined as the
ratio of the incremental change in volume (dV) resulting from
an incremental change in pressure (dP), i.e.,

_ dv (Equation 11)
C=ar
[0068] Substituting equation (11) into equation (10), we

obtain the following equation:

1 {Equation 12)

1

PWV = e ;-v
[0069] On the other hand PWYV is defined as follows:

PWV = L {(Equation 13)

Tprop

[0070] where L is the vascular length between the two
recording sites and t,,,,, is the arterial pulse pressure propa-
gation time.
[0071] If equation 13 is substituted into equation 12, the

arterial compliance can be given by:

11 (Equation 14)
C= 7 ; V. Tf;mp
[0072] If we define y as:
_ 11 v (Equation 15)
e py
[0073] The arterial compliance can be represented as:
C:\{-mepz (Equation 16)
[0074] where the scaling factor vy is a function, which

depends on the blood density, the effective vascular distance
between the two recording sites and the basic volume, i.e., y
depends on the physical vascular volume between the two
recording site and the blood viscosity (i.e., Hematocrit . . .
etc).

[0075] Based on the above equations, the arterial pulse
pressure propagation time can be used in a number of differ-
ent ways. The pulse pressure propagation time may be used as
an input to a hemodynamic model based on the standard
deviation of the arterial pulse pressure to evaluate the
dynamic changes in the arterial pressure created by the sys-
tolic ejection. The CO can be represented as a function of the
standard deviation of the arterial pulse pressure as follows:

CO=K*std(P)*HR

[0076] whereK,aswe have shown above, is a scaling factor
proportional to the arterial compliance, std(P) is the standard
deviation of the arterial pulse pressure, and HR is the heart
rate.

(Equation 17)
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[0077] Itis also understood that:
co=c- M (Equation 18)
[0078] where MAP is the mean arterial pressure, T is an

exponential pressure decay constant, and C, like K| is a scal-
ing factor related to arterial compliance.

[0079] From equations 17 and 18, the scaling factor K is a
measure equal to vascular compliance. If we substitute the
scaling factor K in equation 17 for the compliance as given in
equation 16, CO can be computed using the standard devia-
tion of the arterial pulse pressure waveform and the arterial
pulse pressure propagation time:

CO=y-

[0080] where standard deviation of the arterial pulse pres-
sure can be calculated using the equation:

2std(P)HR (Equation 19)

Tprop

 E—— (Equation 20)
std (P) = mkgl [P(k) = Payg]?

[0081] where n is the total number of samples, P(k) is the
instantaneous pulse pressure, and P,,,, is the mean arterial
pressure. The mean arterial pressure can be defined as:

1 (Equation 21)
Pag = ~ > PK)

k=1

[0082] FIG. 4 is a graph illustrating the relationship
between the square of the arterial pulse pressure propagation
time and the scaling factor K of patients during recovery from
cardiac bypass surgery. FIG. 4 plots ten (10) averaged data
points from ten (10) different patients. In the example of FIG.
4, the arterial pulse pressure propagation time has been cal-
culated as a transit time between the ECG signal and the radial
arterial pressure. The data shown in FIG. 4 illustrates that the
K scaling factors of equation 17 can be effectively estimated
using the arterial pulse pressure propagation time as given by
equation 16.

[0083] FIGS. 5 and 6 are graphs illustrating the correlation
between the arterial pulse pressure propagation time and the
K scaling factor of equation 17 for different hemodynamic
states of two subjects. Both trends correspond to animal data
taken from experiments using porcine animal models. These
figures show identical trends of the scaling factor K and the
square of the pulse pressure propagation time. The data on
FIGS. 5 and 6 illustrate that the K or the C scaling factors of
equations 17 and 18 can be effectively estimated using the
arterial pulse pressure propagation time.

[0084] The scaling factor y of equation 19 can be deter-
mined using any pre-determined function of the propagation
time and the pressure P(t); thus,

V=Tt o P) (Equation 22)

prop
[0085] where I is a pre-determined function of the propa-
gation time and pressure, used to develop computational
methods to estimate y.
[0086] Any known, independent CO technique may be
used to determine this relationship, whether invasive, for
example, thermodilution, or non-invasive, for example, trans-
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esophageal echocardiography (TEE) or bio-impedance mea-
surement. The invention provides continuous trending of CO
between intermittent measurements such as TD or TEE.
[0087] Evenifaninvasive technique such as catheterization
is used to determine ¥y, it will usually not be necessary to leave
the catheter in the patient during the subsequent CO-moni-
toring session. Moreover, even when using a catheter-based
calibration technique to determine v, it is not necessary for the
measurement to be taken in or near the heart; rather, the
calibration measurement can be made in the femoral artery.
As such, even where an invasive technique is used to deter-
mine v, the invention as a whole is still minimally invasive in
that any catheterization may be peripheral and temporary.
[0088] As discussed above, rather than measure arterial
blood pressure directly, any other input signal may be used
that is proportional to blood pressure. This means that cali-
bration may be done at any or all of several points in the
calculations. For example, if some signal other than arterial
blood pressure itselfis used as an input signal, then it may be
calibrated to blood pressure before its values are used to
calculate standard deviation, or afterwards, in which case
either the resulting standard deviation value can be scaled, or
the resulting SV value can be calibrated (for example, by
setting y properly), or some final function of SV (such as CO)
canbe scaled. In short, the fact that the invention may in some
cases use a different input signal than a direct measurement of
arterial blood pressure does not limit its ability to generate an
accurate SV estimate.

[0089] In addition to the blood viscosity, y depends mainly
of the physical vascular volume between the two recording
sites. Of course, the effective length (L) and the effective
volume (V) between the two recording sites can not be
known. Vascular branching and the patient to patient differ-
ences are two main reasons why the effective physical vas-
cular volume between the two recording sites can not be
known. However, it is obvious that this physical volume is
proportional to the patient’s anthropometric parameters and
therefore it can be estimated indirectly using the patient’s
anthropometric parameters. The anthropometric parameters
may be derived from various parameters such as the measured
distance (1) between the two recording sites, patient’s weight,
patient’s height, patient’s gender, patient’s age, patient’s bsa,
etc., or any combination of these factors. In one embodiment,
all the anthropometric parameters, for example, the distance
(1) between the two recording sites, patient’s weight, patient’s
height, patient’s gender, patient’s age and patient’s bsa, may
be used to compute y. Additional values are preferably also
included in the computation to take other characteristics into
account. In one embodiment, the heart rate HR (or period of
R-waves) may be used. Thus,

=Tl H WBSA,Age,GHR) (Equation 23)

[0090] Where

[0091] 1is the measured distance between the two record-
ing sites;

[0092] H is the patient’s height;

[0093] W is the patient’s weight;

[0094] BSA is the patient’s bsa;

[0095] Age is the patient’s age;

[0096] G is the patient’s gender;

[0097] HR is the patient’s heart rate; and

[0098] I, is a multivariate model.

[0099] The predictor variables set for computing y, using

the multivariate model I', are related to the “true” vascular
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compliance measurement, determined as a function of CO
measured through thermo-dilution and the arterial pulse pres-
sure, for a population of test or reference subjects. This cre-
ates a suite of compliance measurements, each of which is a
function of the component parameters of T',,. The multivari-
ate approximating function is then computed using numerical
methods that best relates the parameters of T, . to a given suite
of CO measurements in a predefined manner. A polynomial
multivariate fitting function is used to generate the coeffi-
cients of the polynomial that give a value of ', , for each set of
the predictor variables. Thus, the multivariate model has the
following general equation:

i (Equation 24)

)63
Cy=la a ... a,]*

[0100] wherea, ...a, arethe coefficients of the polynomial
multiregression model, and'Y are the model’s predictor vari-
ables:

Pl o Pim

Pn,l Pn,m

] (Equation 23)

Yoy = ﬂ [[z H W BSA Age G HR]'

m

[0101] The use of the arterial pulse pressure propagation
time to estimate vascular tone. Vascular tone is a hemody-
namic parameter used to describe the combined effect of
vascular compliance and peripheral resistance. In the prior
art, the shape characteristics of the arterial pressure waveform
in combination with patients anthropometric data and other
cardiovascular parameters were used to estimate vascular
tone (see Roteliuk, 2005, “Arterial pressure-based automatic
determination of a cardiovascular parameter”). The arterial
pulse pressure propagation time can also be used to estimate
vascular tone. In one embodiment, the arterial pulse pressure
propagation time can be used as an independent term to a
multivariate regression model to continuously estimate vas-
cular tone. In one embodiment, the arterial pulse pressure
propagation time can be used in combination with the shape
information of the arterial pulse pressure waveform to esti-
mate the vascular tone. The higher order shape sensitive arte-
rial pressure statistical moments and the pressure-weighted
time moments may be used as predictor variables in the
multivariate model along with the arterial pulse pressure
propagation time. Additional values are preferably also
included in the computation to take other characteristics into
account. For example, the heart rate HR (or period of
R-waves), the body surface area BSA, as well as a pressure
dependent non-linear compliance value C(P) may be calcu-
lated using a known method such as described by Langwout-
ers, which computes compliance as a polynomial function of
the pressure waveform and the patient’s age and sex. Thus,

B lprophb11slr2s - + - Wiolpip2s - - - Mpi C(P),BSA,

Age,G...) (Equation 6)
where
[0102] K is vascular tone;
[0103] X is a multiregression statistical model;
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[0104] t,,,, is the arterial pulse pressure propagation time;
[0105] 4. .. Wy are the 1-st to k-th order time domain
statistical moments of the arterial pulse pressure waveform;
[0106] . ... W, are the 1-st to k-th order pressure
weighted statistical moments of the arterial pulse pressure
waveform;

[0107] C(P)is the pressure dependent vascular compliance
as defined by Langwouters et al. (“The Static Elastic Propet-
ties of 45 Human Thoracic and 20 Abdominal Aortas in vitro
and the Parameters of a New Model,” J. Biomechanics, Vol.
17, No. 6, pp. 425-435, 1984); BSA is the patient’s body
surface area (function of height and weight);

[0108] Age is the patient’s age; and
[0109] Gender is the patient’s gender.
[0110] Depending on the needs of a given implementation

of the invention, one may choose not to include either skew-
ness or kurtosis, or one may include even higher order
moments. The use of the first four statistical moments has
proven successful in contributing to an accurate and robust
estimate of compliance. Moreover, anthropometric param-
eters other than the HR and BSA may be used in addition, or
instead, and other methods may be used to determine C(P),
which may even be completely omitted.

[0111] The exemplary method described below for com-
puting a current vascular tone value may be adjusted in a
known manner to reflect the increased, decreased, or altered
parameter set. Once the parameter set for computing K has
been assembled, it may be related to a known variable. Exist-
ing devices and methods, including invasive techniques, such
as thermo-dilution, may be used to determine CO, HR and
SV, for a population of test or reference subjects. For each
subject, anthropometric data such as age, weight, BSA,
height, etc. can also be recorded. This creates a suite of CO
measurements, each of which is a function (initially
unknown) of the component parameters of K. An approxi-
mating function can therefore be computed, using known
numerical methods, that best relates the parameters to K given
the suite of CO measurements in some predefined sense. One
well understood and easily computed approximating function
is a polynomial. In one embodiment, a standard multivariate
fitting routine is used to generate the coefficients of a poly-
nomial that gave a value of K for each set of parameters t

prop)
HR, C(P), BSA, W, 5. Op, Laps Wap 7, Ops Hags Hage

[0112] In one embodiment, K is computed as follows:
X, {(Equation 27)
X2
K=[A1 A2 ... Ap]»
Xn

[0113] where

Xnl =

Pl
l_l [tprops 7L, HT25 - T2, ftPL. MP2, ... Mpi, C(P), BSA, Age, G ...]"

m

Mar. 5, 2015

[0114] Theuse of the arterial pulse pressure propagation to
directly estimate CO is discussed below.

[0115] The pulse pressure propagation time may be used as
an independent method to estimate CO. That is, the arterial
pulse pressure propagation time is independently propor-
tional to SV, as shown below:

1 .
SV=K,- (Equation 29)

prop

[0116]
HR:

CO can be estimated if we multiply equation 29 by

(Equation 30)

[0117] Thescaling factor K, can be estimated using a direct
calibration, for example, using a known CO value from a
bolus thermo-dilution measurement or other gold standard
CO measurement. FIGS. 7-9 are graphs illustrating the cor-
relation between the CO computed using the pulse pressure
propagation time as shown in equation 30 (COprop), Con-
tinuous Cardiac Output (CCO) and CO values measured by
intermittent thermodilution bolus measurements (ICO). CCO
and ICO are measured using the Vigilance monitor manufac-
tured by Edwards Lifesciences of Irvine, Calif. The measure-
ments have been performed on animal porcine models in
different hemodynamic states of the animals. These graphs
show experimentally that changes in CO are related to
changes in the pulse pressure propagation time and that the
pulse pressure propagation time can be used as an indepen-
dent method to estimate CO.

[0118] The scaling factor K, of equation 30 can be deter-
mined using any pre-determined function of the propagation
time and CO or SV. Any independent CO technique may be
used to determine this relationship, whether invasive, for
example, thermo-dilution, or non-invasive, for example,
trans-esophageal echocardiography (TEE) or bio-impedance
measurement. The invention provides continuous trending of
CO between intermittent measurements such as TD or TEE.

[0119] Evenifan invasivetechnique such as catheterization
is used to determine K , it may not be necessary to leave the
catheter in the patient during the subsequent CO-monitoring
session. Moreover, even when using catheter-based calibra-
tion technique to determine K, itmay not be necessary for the
measurement to be taken in or near the heart; rather, the
calibration measurement can be made in the femoral artery.
As such, even where an invasive technique is used to deter-

(Equation 28)
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mine K, the method is still minimally invasive in that any
catheterization may be peripheral and temporary.

[0120] The approach shown in equation 30 allows measur-
ing CO to be performed completely non-invasively if non-
invasive techniques are used to measure the propagation time
and if a predefined function or relationship is used to measure
K. The non-invasive techniques to measure the propagation
time can include, but are not limited to: ECG, non-invasive
arterial blood pressure measurements, bio-impedance mea-
surements, optical pulse oximetry measurements, Doppler
ultrasound measurements, or any other measurements
derived from or proportional to them or any combination of
them (for example: using Doppler ultrasound pulse velocity
measurement to measure the reference signal near the heart
and using a bio-impedance measurement to measure the
peripheral signal . . . etc).

[0121] The scaling factor K,,, depends mainly on blood
viscosity and the physical vascular distance and volume
between the two recording sites. Of course, the effective
length (L) and the effective volume (V) between the two
recording sites can not be known. Vascular branching and the
patient to patient differences are two main reasons why the
effective physical vascular volume between the two recording
sites can not be known. However, the physical volume may be
proportional to the patient’s anthropometric parameters and
therefore it can be estimated indirectly using the patient’s
anthropometric parameters. The anthropometric parameters
may be derived from various parameters such as the measured
distance (L) between the two recording sites, patient’s
weight, patient’s height, patient’s gender, patient’s age,
patient’s bsa etc., or any combination of these parameters. In
one embodiment, all the anthropometric parameters: the dis-
tance (L) between the two recording sites, patient’s weight,
patient’s height, patient’s gender, patient’s age and patient’s
bsa are used to compute K,,. Thus,

K,=M(LH,WBSA Age,G) (Equation 31)
where
[0122] L is the measured distance between the two record-
ing sites,
[0123] H is the patient’s height;
[0124] W is the patient’s weight;
[0125] BSA is the patient’s bsa;
[0126] Age is the patient’s age;
[0127] G is the patient’s gender; and
[0128] M is a multivariate linear regression model.
[0129] The predictor variables set for computing K, using

the multivariate model M, are related to the “true” CO mea-
surement, determined as a function of the propagation time,
where CO is measured through thermo-dilution, for a popu-
lation of test or reference subjects. This creates a suite of
measurements, each of which is a function of the component
parameters of M. The multivariate approximating function is
then computed using numerical methods that best relates the
parameters of M to a given suite of CO measurements insome
predefined sense. A polynomial multivariate fitting function
is used to generate the coefficients of the polynomial that give
a value of M for each set of the predictor variables. Thus, the
multivariate model has the following equation:
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Y (Equation 32)

Y,
M=la ay ... ay)*

[0130] wherea, ...a, arethe coefficients of the polynomial
multiregression model, and'Y are the model’s predictor vari-
ables:

Pl Py (Equation 33)

m

Ppl - Pum

YM:H [LHWBSA Age G 1 "

m

[0131] FIG. 10 is a graph showing the relationship between
the CO estimated using equation 17 (CO,,,on the x-axis) and
CO estimated using equation 30 (CO,,,.,, on the y-axis) from
aseries of animal experiments. The data shows CO measure-
ments from a total of ten (10) pigs. Three (3) selected data
points from each pig are used for the graph. In order to cover
a wide CO range, each selected data point corresponds to a
different hemodynamic state of the pig: vasodilated, vasocon-
stricted and hypovolemic states, respectively. The propor-
tionality shown in FIG. 10 is experimental proof of the effec-
tiveness and the reliability of using the propagation time to
estimate CO.

[0132] FIG. 11 is a block diagram showing an exemplary
system used to execute the various methods described herein.
The system may include a patient 100, a pressure transducer
201, a catheter 202, ECG electrodes 301 and 302, signal
conditioning units 401 and 402, a multiplexer 403, an analog-
to-digital converter 405 and a computing unit 500. The com-
puting unit 500 may include a patient specific data module
501, a scaling factor module 502, a moment module 503, a
standard deviation module 504, a propagation time module
505, a stroke volume module 506, a cardiac output module
507, a heart rate module 508, an input device 600, an output
device 700, and a heart rate monitor 800. Each unit and
module may be implemented in hardware, software, or a
combination of hardware and software.

[0133] The patient specific data module 501 is a memory
module that stores patient data such as a patient’s age, height,
weight, gender, BSA, etc. This data may be entered using the
input device 600. The scaling factor module 502 receives the
patient data and performs calculations to compute the scaling
compliance factor. For example, the scaling factor module
502 puts the parameters into the expression given above or
into some other expression derived by creating an approxi-
mating function that best fits a set of test data. The scaling
factor module 502 may also determine the time window [t0,
tf] over which each vascular compliance, vascular tone, SV
and/or CO estimate is generated. This may be done as simply
as choosing which and how many of the stored, consecutive,
discretized values are used in each calculation.

[0134] The moment module 503 determines or estimates
the arterial pulse pressure higher order statistical time domain
and weighted moments. The standard deviation module 504
determines or estimates the standard deviation of the arterial
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pulse pressure waveform. The propagation time module 505
determines or estimates the propagation time of the arterial
pulse pressure waveform.

[0135] The scaling factor, the higher order statistical
moments, the standard deviation and the propagation time are
input into the stroke volume module 506 to produce a SV
value or estimate. A heart rate monitor 800 or software routine
508 (for example, using Fourier or derivative analysis) can be
used to measure the patient’s heart rate. The SV value or
estimate and the patient’s heart rate are input into the cardiac
output module 507 to produce an estimate of CO using, for
example, the equation CO=SV*HR.

[0136] As mentioned above, it may not be necessary for the
system to compute SV or CO if these values are not of inter-
est. The same is true for the vascular compliance, vascular
tone and peripheral resistance. In such cases, the correspond-
ing modules may not be necessary and may be omitted. For
example, the invention may be used to determined arterial
compliance. Nonetheless, as FIG. 11 illustrates, any or all of
the results, SV, CO, vascular compliance, vascular tone and
peripheral resistance may be displayed on the output device
700 (e.g., amonitor) for presentation to and interpretation by
a user. As with the input device 600, the output device 700
may typically be the same as is used by the system for other
purposes.

[0137] The invention further relates to a computer program
loadable in a computer unit or the computing unit 500 in order
to execute the method of the invention. Moreover, the various
modules 501-507 may be used to perform the various calcu-
lations and perform related method steps according to the
invention and may also be stored as computer-executable
instructions on a computer-readable medium in order to allow
the invention to be loaded into and executed by different
processing systems.

[0138] While certain exemplary embodiments have been
described and shown in the accompanying drawings, it is to
be understood that such embodiments are merely illustrative
of and not restrictive on the broad invention, and that this
invention not be limited to the specific constructions and
arrangements shown and described, since various other
changes, combinations, omissions, modifications and substi-
tutions, in addition to those set forth in the above paragraphs,
are possible. Those skilled in the art will appreciate that
various adaptations and modifications of the just described
preferred embodiment can be configured without departing
from the scope and spirit of the invention. Therefore, itis to be
understood that, within the scope of the appended claims, the
invention may be practiced other than as specifically
described herein.

What is claimed is:

1. An apparatus for determining a cardiovascular param-
eter comprising:

a processing unit to:

receive an input signal corresponding to an arterial blood
pressure measurement over an interval that covers at
least one cardiac cycle;

determine a propagation time of the input signal; and

determine an estimate of the cardiovascular parameter
using the propagation time.
2. The apparatus as defined in claim 1 wherein the process-
ing unit determines at least one statistical moment of the input
signal.
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3. The apparatus as defined in claim 2 wherein the process-
ing unit determines an estimate of the cardiovascular param-
eter using the at least one statistical moment.

4. The apparatus as defined in claim 2 wherein the at least
one statistical moment of the input signal is selected from a
group consisting of a statistical moment having an order
greater than two, the kurtosis of the input signal, the skewe-
ness of the input signal and a standard deviation of the input
signal.

5. The apparatus as defined in claim 1 wherein the cardio-
vascular parameter is selected from a group consisting of
arterial compliance, vascular resistance, cardiac output and
stroke volume.

6. The apparatus as defined in claim 1 wherein the process-
ing unit determines a propagation time of the input signal by
determining a transit time between a reference signal detected
near a heart of a subject and a peripheral arterial signal
detected near an artery of the subject.

7. The apparatus as defined in claim 6 wherein the refer-
ence signal is selected from a group consisting of an electro-
cardiogram measurement, a central aortic pressure measure-
ment, a transthoracic bioimpedance measurement and a
Doppler ultrasound blood velocity measurement.

8. The apparatus as defined in claim 6 wherein the periph-
eral arterial signal is selected from a group consisting of an
arterial blood pressure measurement, an optical oximetry
measurement that measures the oxygen saturation of the
blood of the subject, a peripheral bioimpedance measurement
and a Doppler ultrasound blood velocity measurement.

9. The apparatus as defined in claim 1 wherein the process-
ing unit determines an estimate of the cardiovascular param-
eter using a standard deviation of the input signal.

10. The apparatus as defined in claim 1 wherein the pro-
cessing unit receives an anthropometric parameter of the sub-
ject.

11. The apparatus as defined in claim 10 wherein the pro-
cessing unit determines an estimate of the cardiovascular
parameter using the propagation time and the anthropometric
parameter.

12. The apparatus as defined in claim 10 wherein the pro-
cessing unit estimates an arterial compliance value using the
propagation time and the anthropometric parameter.

13. The apparatus as defined in claim 12 further comprising
estimating a stroke volume using the arterial compliance
value and a standard deviation of the input signal.

14. The apparatus as defined in claim 13 further compris-
ing:

receiving a heart rate measurement of a subject; and

estimating cardiac output using the heart rate measurement

and the stroke volume.

15. The apparatus as defined in claim 14 further comprising
estimating cardiac output using the arterial compliance and
the standard deviation.

16. The apparatus as defined in claim 15 further compris-
ing:

receiving a calibration cardiac output value; and

calculating a calibration constant as a quotient between the

calibration cardiac output estimate and the product of
the heart rate, the arterial compliance and the standard
deviation.

17. The apparatus as defined in claim 11 wherein estimat-
ing an arterial compliance value further comprises:

determining an approximating function relating to a plu-

rality of reference measurements to arterial compliance,
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wherein the approximating function is a function of the
propagation time of the input signal and the anthropo-
metric parameter; and

estimating the arterial compliance value of the subject by

evaluating the approximating function with the propa-
gation time of the input signal and the anthropometric
parameter.

18. The method as defined in claim 1 further comprising:

calculating a component propagation time value for each of

the plurality of cardiac cycles;

computing a composite propagation time value as an aver-

age of the component propagation time values; and
using the composite propagation time value in calculating
an estimate of the cardiovascular parameter.

19. A machine-readable medium that provides instruc-
tions, which when executed by a processor, cause the proces-
sor to determining a cardiovascular parameter comprising:

receiving an input signal corresponding to an arterial blood

pressure measurement over an interval that covers at
least one cardiac cycle;

determining a propagation time of the input signal; and

determining an estimate of the cardiovascular parameter

using the propagation time.

® % % % %



S
[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

patsnap
A BB EA BN AR EREL TG ONES BN A EMEE

US20150065828A1 NI (»&E)B 2015-03-05

US14/534868 2014-11-06
ERELZEDNFLA

ERLEDNFRT

I

ERLEWRER

ol

[#R1 &% BB A AL HATIB FERAS
MOONEY CHARLES R
ROTELIUK LUCHY
KA AL HATIB, FERAS
MOONEY, CHARLES R.
ROTELIUK, LUCHY
IPCH K& A61B5/00 A61B5/029 A61B5/0215 A61B5/0402 A61B5/021 A61B8/08 A61B8/04 A61B5/0205 A61B5
/1455 A61B5/02 A61B8/06
CPCH %= A61B5/7278 A61B5/7264 A61B5/02007 A61B5/029 A61B5/0215 A61B5/0402 A61B5/053 A61B8/488
A61B8/04 A61B5/0205 A61B5/14551 A61B5/02125 A61B8/06 A61B5/021 A61B5/0285 A61B5/0535
k54X 60/830735 2006-07-13 US
SAEBEE Espacenet USPTO
N 500
RZ(%) N compUmGUNT ,
—ATRELCMESHN G ENEE  SFEBEEL— MBI EAH = {
HiEfE EER N THRMENENMAES , BEMAESHEER Selng || Specic e INPUT

B, BERANED —PMRIRZAES  AEAEERENED -5
TN ZHEE O ME SR it

Facior Dita

b "

[
COND. 4

0| MU -)

COND.

m
{

FHOUTRUT



https://share-analytics.zhihuiya.com/view/1f708ff7-af2f-474c-8889-7a8a9c50591b
https://worldwide.espacenet.com/patent/search/family/038950138/publication/US2015065828A1?q=US2015065828A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220150065828%22.PGNR.&OS=DN/20150065828&RS=DN/20150065828

