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DEVICE FOR MEASURING
PHYSIOLOGICAL STATE

This application is a continuation of Ser. No. 08/860,579
filed Jul. 24, 1997, which is a 371 of PCT/JP96/03211 filed
Nov. 1, 1996, the entire contents of which are incorporated
herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an optimal device for
measuring physiological state which is used to measure
conditions in the human body. More specifically, the present
invention relates to a device for analyzing pulse waves used
to diagnose the circulatory system in the human body, and
to a sphygmomanometer which evaluates compliance and
resistance in the blood vessels at the center and periphery of
the circulatory system based on the physiological state
measured at the periphery of the human body, and estimates
blood pressure at the center of the circulatory system.

2. Background Art

Blood pressure and heart rate are most commonly used
when diagnosing the condition of the circulatory system in
the human body. However, in order to carry out a more
detailed diagnosis, it becomes necessary to measure the
so-called circulatory state parameters of compliance and
viscous resistance in the blood vessels. Moreover, in the case
where these parameters are expressed using a model, a
lumped four parameter model may be employed as a model
for expressing the behavior of the arterial system.

The pressure waveform and blood flow volume at the
proximal portion of the aorta and at the site of insertion of
a catheter into an artery need to be measured in order to
measure these circulatory state parameters, however. For
this purpose, a direct method of measurement, in which a
catheter is inserted into an artery, or an indirect method
employing supersonic waves or the like, may be applied.
However, the former method is invasive, and employs a
large device, while the latter method, although permitting
non-invasive observation of blood flow within the blood
vessels, requires training and, moreover, necessitates a large
device to carry out the measurements.

Accordingly, the present inventors discovered a method
for approximating the parameters in a lumped four param-
eter model by measuring just the pulse waveform at the
radius artery and the stroke volume. Thereafter, the present
inventors proposed a pulsewave analysis device capable of
carrying out an evaluation of the circulatory state parameters
in an easy and non-invasive method by employing this
method (see Japanese Patent Laid-open Publication No. Hei
6-205747, Title: Device for Analyzing Pulsewaves).

However, the aforementioned method does not employ a
model which treats blood vessel compliance at the periphery
and center of the arterial system separately. Accordingly,
when exercising, or in cases where a pharmacological agent
effecting circulatory state has been administered to a patient,
it is not possible to evaluate the scparate effects of that
medication at the periphery and center of the arterial system.

A brief explanation will now be made of the aforemen-
tioned measurement of blood pressure.

In the non-invasive sphygmomanometer conventionally
employed, a cuff is attached to the upper arm, for example,
of a test subject, pressure is applied to the cuff and the
pulsewave of the test subject is detected to provide a
measurement of blood pressure. Japanese Patent Application
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Laid Open No. Hei 4-276234, for example, discloses a
sphygmomanometer at the periphery of a test subject’s body.
Namely, as shown in FIG. 29, cuff 110 is wrapped around the
upper arm of a test subject, and a band 138 is wrapped
around the subject’s wrist 140. Pulsewave sensor 134 is
attached to the radius artery of the test subject, and the test
subject’s pulsewave is detected. After applying pressure to
cuff 110, the conventional oscillometric method is employed
to measure the systolic and diastolic pressure values as the
pressure falls.

However, if blood pressure values at the periphery and
center of the arterial system in the human body are actually
measured, a difference in center and peripheral blood pres-
sure values is observed, particularly in the case of the
systolic pressure value. Moreover, the degree of this differ-
ence varies depending on the shape of the pulsewave which
is observed at the periphery of the arterial system. FIGS. 22
through 24 are provided to explain this variation in blood
pressure values according to pulsewave shape. The pressure
waveform and systolic/diastolic pressure values at the aorta,
which is at the center of the arterial system, and the pressure
waveform and systolic/diastolic pressure values at the radius
artery, which is at the periphery of the arterial system, are
shown in these figures.

FIG. 22 shows the first type of pulse waveform, wherein
the systolic pressure value obtained at the aorta is indicated
by the dashed line and the systolic pressure value obtained
from the radius artery is indicated by the solid line. Although
the systolic pressure value obtained at the radius artery is
slightly higher, these blood pressure values may be viewed
as almost equivalent. In the case of the second type of pulse
waveform shown in FIG. 23, however, the difference
between the systolic pressure values obtained at the aorta
and at the radius artery is 14.9 mmHg, a considerably greater
difference than observed in the case of the Type I pulse
waveform shown in FIG. 22. Further, in the case of the third
type of pulse waveform shown in FIG. 24, the difference
between the systolic pressure values is even greater, at 26.1
mmHg. Moreover, in contrast to the Type I and Type II pulse
waveforms, in the case of a Type III pulse waveform, the
pressure waveform obtained at the aorta is higher in its
entirety than that of the pressure waveform obtained at the
radius artery. Thus, based on these figures, the diastolic
pressure value at the radius artery does not depend on the
shape of the pulsewave, but is approximately the same for
each pulsewave type.

A brief explanation will now be made of the Type I, Type
II and Type III pulsewaves described above. A Type I pulse
waveform is observed in a person of normal health. The
waveform is relaxed and loose, and is characterized by a
fixed rhythm with little disruption. On the other hand, a Type
II pulse waveform demonstrates a sharp rise followed imme-
diately by a fall. The aortic notch is deep, while the
subsequent peaks in the expansion phase are significantly
higher than usual. A Type III pulse waveform rises sharply,
with blood pressure remaining elevated for a fixed period of
time thereafter, rather than immediately falling off.

As may be gathered from these figures, it is possible for
the peripheral blood pressure value obtained at the radius
artery or upper arm to be elevated, while the blood pressure
value obtained at the proximal portion of the aorta, i.e., at the
center of the arterial system, is low. Further, the opposite
situation is also possible, namely, the blood pressure value
at the periphery is low, while the blood pressure value at the
center of the arterial system is high. This relationship will
differ depending on the shape of the pulse waveform, and,
moreover, is realistically expressed in the shape of the pulse
waveform.



US 6,331,159 Bl

3

For example, when a hypertensive agent is administered
to a patient as a treatment for high blood pressure, the drug’s
effect is observed based on the blood pressure at the radius
artery. In this case, however, it is possible that the blood
pressure at the center of the arterial system is not actually
reduced, even if there is a drop in the blood pressure value
measured at the periphery. Accordingly, it can be difficult to
correctly ascertain the drug’s effect based only on the
peripheral blood pressure value. Conversely, even if no
change is observed in the blood pressure at the periphery of
the arterial system, the actual load on the heart may in fact
have been reduced if there is a change in the pressure
waveform at the aorta, and the blood pressure at the center
of the arterial system drops. In this case, the drug’s effect has
been fully expressed, even though there was no reduction in
blood pressure at the periphery of the arterial system.
Accordingly, it is difficult to determine this fact based only
on the blood pressure at the periphery of the arterial system.

Accordingly, when measuring blood pressure, the correct
approach is to observe the extent of the actual load on the
heart. This is because when a determination is made based
on blood pressure values measured at the periphery of the
arterial system, as has been the conventional practice, there
is a chance that the load on the heart will be over or under
evaluated.

DISCLOSURE OF THE INVENTION

The present invention was conceived in consideration of
the above circumstances, and has as its first objective the
provision of a device capable of evaluating circulatory state
parameters in a non-invasive method, and more particularly,
to the provision of a device for analyzing pulse waves that
is capable of evaluating compliance and resistance in blood
vessels at the center and periphery of the arterial system
separately.

Further, the present invention’s second objective in the
provision of a sphygmomanometer capable of obtaining the
blood pressure value at the center of the arterial system from
pulse waveforms measured at the periphery of the arterial
system.

The first standpoint of the present invention is character-
ized in the provision of a measuring means for measuring
physiological state, and an analyzing means for calculating
circulatory state parameters, including the viscoelasticity of
the aorta, as circulatory state parameters which show the
circulatory state of an organism’s arterial system from the
center to the periphery thereof, based on the physiological
state of the organism.

Thus, since circulatory state parameters, including vis-
coelasticity at the aorta, in the arterial system of an organism
are calculated, it is possible to achieve a more precise
evaluation since the circulatory state of the arterial system,
which extends from the center to the periphery of the
organism’s body, is separated into a center component and
a periphery component.

In one embodiment of the present invention, circulatory
state parameters are determined by approximating the afore-
mentioned circulatory state parameters in the organism’s
arterial system with an electric circuit based on a lumped
five parameter model. As a result, it is possible to more
easily calculate the circulatory state parameters conforming
to conditions in the human body, as compared to a lumped
four parameter model.

In another embodiment of the present invention, the pulse
wave at the periphery of the arterial system is employed as
the physiological state, the pressure waveform at the left
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cardiac ventricle in the body is provided to a lumped five
parameter model, and each of the elements making up the
lumped five parameter model is determined so as to obtain
the pulse waveform at that time. As a result, it is possible to
determine circulatory state parameters which closely match
the pulsewave at the periphery which was actually measured
from the body.

In another embodiment of the present invention, an elec-
tric signal corresponding to the pressure in the left cardiac
ventricle is approximated by a sinusoidal wave. Thus, it is
possible to determine circulatory state parameters which
even more accurately express current conditions at the
center the arterial system in the body.

The second standpoint of the present invention is char-
acterized in provision of a measuring means for measuring
physiological state at the periphery of the arterial system,
and a blood pressure calculating means for determining
circulatory state parameters showing the circulatory state in
the arterial system based on physiological state, and calcu-
lating the pressure waveform at the aorta based on the
aforementioned circulatory state parameters.

Since the present invention calculates the pressure wave-
form at the aorta from the physiological state at the periph-
ery of the arterial system in this way, the blood pressure
value at the aorta can be estimated using just conditions at
the periphery of the arterial system. As a result, there is no
concern that a false conclusion will be reached, such as
deciding that an administered pharmacological agent had no
effect because no change was observed in blood pressure
measured at the periphery. Thus, it becomes possible tow
correctly ascertain the effect of an administered pharmaco-
logical agent, making the present invention extremely useful
when selecting drugs such as hypertensive agents and the
like.

Further, since one embodiment of the present invention
provides that parameters including viscoelasticity at the
aorta are selected as circulatory state parameters, it is
possible to make an evaluation of the circulatory state at the
center and at the periphery of the arterial system separately.
As a result, an even more accurate estimation of blood
pressure is possible.

Moreover, another embodiment of the present invention
provides that circulatory state parameters are determined by
approximating the circulatory state of the arterial system
using an electric circuit based on a lumped five parameter
model. Therefore, it is possible to obtain the blood pressure
value at the aorta which more closely conforms with con-
ditions in the human body.

Another embodiment of the present invention employs the
pulsewave at the periphery of the arterial system as the
physiological state, provides the pressure waveform at the
left cardiac ventricle to a lumped five parameter model, and
determines each element making up the model so as to
obtain the pulsewave at this time. As a result, it is possible
to determine blood pressure at the aorta using circulatory
state parameters which closely match the pulsewave at the
periphery which is actually measured in the body.

In another embodiment of the present invention, blood
pressure at the aorta is estimated by determining circulatory
state parameters without detecting stroke volume. Thus,
blood pressure measurements can be made without causing
the test subject any unpleasant discomfort or inconvenience.

In another embodiment of the present invention, the
values of the circulatory state parameters are adjusted so that
the calculated value of stroke volume which is obtained
from the pressure waveform of the aorta is equal to the
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actual measure value of the stroke volume which is obtained
from the body. Thus, it is possible to even more precisely
estimate blood pressure at the aorta.

In another embodiment of the present invention, the
workload on the heart is calculated based on the pressure
waveform at the aorta. Thus, even when no notable change
is observed in the blood pressure value obtained at the
periphery of the arterial system, it is possible to quantita-
tively indicate the actual load on the heart. Accordingly, it is
possible to carry out an even more exact evaluation of a
treatment method employing a hypertensive agent, for
example.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is a block diagram showing the structure of a
pulsewave analysis device according to one embodiment of
the present invention.

FIG. 2 is a diagram showing the conditions under which
measurements employing a pulsewave detector 1 and a
stroke-volume measurer 2 were conducted in this embodi-
ment.

FIG. 3(a) is a circuit diagram showing a lumped four
parameter model which models the arterial system in the
human body.

FIG. 3(b) is a circuit diagram showing a lumped five
parameter model which models the arterial system in the
human body.

FIG. 4 is a diagram showing the pressure waveform at the
left cardiac ventricle and the blood pressure waveform at the
proximal portion of the aorta.

FIG. 5 is a diagram showing a waveform which models
the blood pressure waveform at the proximal portion of the
aorta.

FIG. 6 is a flow chart showing an overview of the
operation of the pulsewave analysis device in this embodi-
ment.

FIG. 7 is a flow chart showing the processing operations
for parameter calculation in the pulsewave analysis device.

FIG. 8 is a flow chart showing the processing operations
for parameter calculation in the pulsewave analysis device.

FIG. 9 is a flow chart showing the processing operations
for calculating a and w in the pulsewave analysis device.

FIG. 10 is a flow chart showing the processing operations
for calculating o in the pulsewave analysis device.

FIG. 11 is a waveform diagram showing an example of
the waveform at the radius artery obtained through an
averaging process in the pulsewave analysis device.

FIG. 12 is a waveform diagram showing the superimpo-
sition of the radius artery waveform obtained through cal-
culation processing and the radius artery waveform obtained
through averaging processing in the pulsewave analysis
device.

FIG. 13 is a diagram for explaining the details of the
normalizing processing which is applied to the radius artery
waveform obtained as result of averaging processing in the
pulsewave analysis device.

FIG. 14 is a diagram showing the correlation between the
time t, of increasing pressure in the left cardiac ventricle and
the time t,, of one beat.

FIG. 15 is a block diagram showing the structure of a
pulsewave analysis device according to another embodiment
of the present invention.

FIG. 16 is a diagram showing the conditions under which
measurements employing a pulsewave detector 1 were con-
ducted in this embodiment.
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FIG. 17 is a diagram showing the display of the super-
imposition of the measured and calculated-waveforms of the
radius artery, which is displayed by output device 6.

FIG. 18 is a squint view of the attachment of a sensor 12
to band 13 of a wristwatch 11, wherein the compositional
elements 10 of the pulse wave analyzer, excluding sensor 12,
are housed in wristwatch 11.

FIG. 19 is a squint view of the attachment of a sensor 22
to the base of a finger, wherein the compositional elements
10 of the pulse wave analyzer, excluding sensor 22, are
housed in wristwatch 11.

FIG. 20 is a structural diagram showing the attachment of
sensor 32 and the compositional elements 10 of the pulse
wave analyzer, excluding sensor 32, to the upper arm via a
cuff.

FIG. 21 is a block diagram showing the structure of a
sphygmomanometer according to the second embodiment of
the present invention.

FIG. 22 is a diagram showing the relationship between the
pressure waveform at the aorta (dashed line) and the radius
artery waveform (solid line) in a Type I pulsewave.

FIG. 23 is a diagram showing the relationship between the
pressure waveform at the aorta (dashed line) and the radius
artery waveform (solid line) in a Type II pulsewave.

FIG. 24 is a diagram showing the relationship between the
pressure waveform at the aorta (dashed line) and the radius
artery waveform (solid line) in a Type III pulsewave.

FIG. 25 is a diagram showing the relationship between
resistance R, in blood vessels at the center of the arterial
system and distortion d.

FIG. 26 is a diagram showing the relationship between
resistance R, in blood vessels at the periphery of the arterial
system and distortion d.

FIG. 27 is a diagram showing the relationship between
inertia L from blood flow and distortion d.

FIG. 28 is a diagram showing the relationship between
compliance C and distortion d.

FIG. 29 is a diagram for explaining the contraction phase
area method.

FIG. 30 is a diagram showing the structure of a sphyg-
momanometer employing the conventional technology.

FIG. 31 is a flow chart of the program for obtaining
capacitance C..

FIG. 32 is a flow chart of another program for obtaining
capacitance C,.

PREFERRED EMBODIMENTS OF THE
PRESENT INVENTION
<First Embodiment>

A first embodiment of the present invention will now be
explained with reference to the accompanying figures.

FIG. 1 is a block diagram showing the composition of the
sphygmomanometer employed in this embodiment. In this
embodiment, circulatory state parameters for the arterial
system in the human body are evaluated based on informa-
tion obtained from the body using non-invasive sensors. The
specific details of these circulatory state parameters will be
explained later.

In FIG. 1, a pulsewave detector 1 detects the pulsewave
at the radius artery via a pressure sensor S2 which is attached
to the wrist of a test subject as shown in FIG. 2. Additionally,
pulsewave detector 1 detects the blood pressure of the test
subject via a cuff S1 attached to the upper arm of the subject
as shown in FIG. 2. Pulsewave detector 1 corrects the
measured radius artery pulsewave for blood pressure, and
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outputs the result as an analog electric signal. The analog

signals are input to an A/D (analog/digital) converter 3, and

are converted to digital signals at a given sampling period.

Stroke-volume measurer 2 is connected to cuff S1 as
shown in FIG. 2, and measures the stroke volume, i.e., the
amount of blood which flows out from the heart per beat, via
cuff S1. The results of this measurement are output in the
form of a digital signal as stroke-volume data. A device
which carries out measurements using a contraction phase
area method may be employed for this type of stroke-
volume measurer 2.

Microcomputer 4 houses a waveform memory for storing
the pulse waveforms which are taken up from the A/D
converter 3, and houses a temporary recording memory
which is employed as an operational region. Microcomputer
4 carries out the various processing noted below in accor-
dance with commands which are input from keyboard 5,
which is an input device, and outputs the results obtained
from processing to output device 6. The processing steps
which follow will be explained in greater detail under the
explanation of the present invention’s operation which fol-
lows later.

1. Pulsewave readout processing, in which time series digital
signals of the radius artery waveform obtained via A/D
converter 3 are taken up in the waveform memory
(omitted from figures) which housed in microcomputer 4.

2. Averaging processing, in which the radius artery wave-
form taken up in waveform memory is averaged at each
beat, and a radius artery waveform (hereinafter, referred
to as “averaged waveform™) corresponding to one beat is
obtained.

3. Uptake processing, in which stroke-volume data is taken
up in the temporary recording memory inside microcom-
puter 4.

4. Parameter calculation processing, in which an equation
expressing the radius artery waveform corresponding to
one beat is obtained, and each of the parameters in an
electric model which corresponds to the arterial system is
calculated based on this equation.

5. First output processing, in which the obtained parameters
are output to output device 6 as circulatory state param-
cters.

6. Second output processing, in which the pulse waveform
at the proximal portion of the aorta is determined from the
obtained parameters, the systolic pressure value, diastolic
pressure value, and the heart’s workload at the proximal
portion of the aorta are calculated, and these results are
output to output device 6.

Output device 6 will now be explained in detail with
reference to FIG. 1. In this figure, the numeral 61 indicates
a measured blood pressure display, which displays systolic
and diastolic pressure values actually measured, and the
average blood pressure value. 62 is a display for displaying
the estimated blood pressure value at the center of the
arterial system. Display 62 displays average blood pressure
E,;, systolic pressure E,', and diastolic pressure E, at the
center of the arterial system which are obtained as a result
of processing which will be described below. 63 is an alarm
display which is composed of a plurality of LEDs which are
disposed in a horizontal row. These LEDs light up in
response to a difference between the systolic pressure E,,' at
the center of the arterial system and the a systolic pressure
value actually measured. Namely, when the difference
between the former and the latter is less than 10 mmHg,
then a green LED stating “NORMAL” is illuminated.
Conversely, when the difference between the former and the
latter exceeds +10 mmHg, then a red LED stating “CAU-
TION” is illuminated.
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64 is a parameter display. When capacitance C_, electrical
resistance R, inductance L, capacitance C, electrical resis-
tance R , time duration t, of rising pressure in the left cardiac
ventricle, time duration t, of a single beat, stroke volume SV,
and workload W_ are supplied from microcomputer 4,
parameter display 64 displays these parameters. These
parameters will be explained in detail below. 67 is a CRT
display for displaying a variety of waveforms, such as the
waveform at the radius artery, the pressure waveform at the
left cardiac ventricle, the pressure waveform of the aorta,
and the like. 65 is a printer which prints out on paper the
waveforms displayed on CRT display 67 and the various
data displayed on measured blood pressure display 61,
estimated central blood pressure display 62, warning display
63, and parameter display 64, when print command button
66 is depressed.

The significance of a warning display on warning display
63 will now be explained.

As explained for FIGS. 22 through 24 previously, there
are three types of differences which may be noted between
the systolic pressure values of the estimated pressure wave-
form of the aorta and the radius artery waveform. When the
pulse waveform is a Type I variety (FIG. 22), then it is very
likely that the test subject is a healthy individual. On the
other hand, test subjects demonstrating Type II or Type III
pulse waveforms are frequently in poor health.

For example, the Type Il waveform (FIG. 23) is caused by
an anomaly the state of blood flow, and is highly likely in
patients suffering from a mammary tumor, liver or kidney
ailments, respiratory ailments, stomach or intestinal
ailments, inflammation, or the like. The Type III waveform,
on the other hand, is caused by an increase in tension in the
blood vessel walls, and is very likely in patients having liver
or gall ailments, dermatological ailments, high blood
pressure, or pain ailments.

Accordingly, the present embodiment provides that a
warning display be carried out by means of illuminating a
red LED when there is believed to be an anomaly in the
difference between systolic pressure values as described
above.

In the preceding example, a diagnosis was made based on
the difference between the systolic pressure of the pressure
waveform at the aorta and the systolic pressure value of the
waveform of the radius artery. However, it is also acceptable
to employ the difference in minimum or average blood
pressure values, instead of the difference in systolic pressure
values. Moreover, it is of course acceptable to carry out
diagnosis using the differences in maximum, minimum and
average blood pressure values together.

The present embodiment newly employs a “lumped five
parameter model” as an electrical model for the arterial
system. There are various components which determine the
behavior of the circulatory system in the human body. From
among these, the component of aortic compliance has been
added to the four parameters of inertia due to blood at the
center of the arterial system, resistance (viscous resistance)
in blood vessels at the center of the arterial system due to
blood viscosity, compliance (viscoelasticity) of blood ves-
sels at the periphery of the arterial system, and resistance
(viscous resistance) in blood vessels at the periphery of the
arterial system, which were employed in the lumped four
parameter model disclosed in Japanese Patent Application
Hei 6-205747 (Title: Device for Analyzing Pulsewaves), to
comprise this lumped five parameter model. An electric
circuit has been employed to model these parameters.
Additionally, we note here that compliance is a quantity
expressing the degree of pliability of the blood vessels.
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FIG. 3(a) shows a circuit diagram for a lumped four
parameter model, while FIG. 3(b) shows a circuit diagram
for a lumped five parameter model. The relationship
between the parameters and the elements making up the
lumped five parameter model is as follows.

Capacitance C,: aortic compliance (cm®/dyn)

Electrical resistance R : blood vessel resistance due to blood
viscosity at the center of the arterial system (dyn-s/em®)

Inductance L: inertia of blood at center of arterial system
(dyn's*/cm’)

Capacitance C: compliance of blood vessels at periphery of
arterial system (cm®/dyn)

Electrical resistance R,: blood vessel resistance at periphery
of arterial system due to blood viscosity (dyn-s/cm’)
Currents i, i,, i, and i, which are flowing through each

part of the electrical circuit, correspond to blood flow

(cm?/s). Current i is the blood flow at the aorta and current

i, 1s the blood flow pumped out from the left cardiac

ventricle. Input voltage € corresponds to the pressure in the

left cardiac ventricle (dyn/cm?), while voltage v, corre-
sponds 1o the pressure (dyn/cm®) of the proximal portion of
the aorta. Terminal voltage v,, of capacitance C corresponds
to the pressure (dyn/cm?) at the radius artery. Further, diode

D shown in FIG. 3(b) corresponds to the aortic valve. Diode

D is on (valve open) during a period corresponding to

contraction, and off (valve closed) during a period corre-

sponding to expansion.

As will be explained below, these five parameters are not
calculated all at once in the present embodiment. Rather, the
lumped four parameter model disclosed in the reference
cited above is employed to calculate all parameters with the
exception of capacitance C_, after which capacitance C, is
determined. A theoretical explanation of the behavior of the
lumped four parameter model shown in FIG. 3(a) will now
be made.

The following differential equation is established for the
lumped four parameter model shown in FIG. 3(a).

- )]
vy =Rcl+LdT[ +vp

Current i in the above equation may be expressed as:

dv v 2
i:ic+ip:CdT:+R—D @
"

Thus, equation (1) may be rewritten as follows:

©)

c

R,
+(1+

dzvp
vi=LC—— 7 lvp
p/

(R C L ]dvp
+ +— ==
dr R, ) dr

As is conventionally known, the general solution for a
second order constant coefficient ordinary differential equa-
tion may be obtained by summing the particular solution
(steady-state solution) which satisfies equation (3) and the
transient solution which satisfies the following differential
equation.

dtv, Lydv, R. €]
0 :LCW +(RCC+ R_p]ﬁ +(1 + —]vp

The solution for differential equation (4) is obtained as
follows. First, the damped oscillating waveform expressed

10

by the following equation is assumed as the solution for
differential equation (4).

v,=exp(st) ®)

Substituting equation (5) into equation (4), equation (4)
5 may be rewritten as follows.

LCs2+(R C+ £]5+(1+&] v, =0
¢ p =
R, R,

Solving equation (6) for s yields:

L LY R
-[R.C+ — |t [|RC+—| —-4L 1 + —
R, R, R,

2LC

(6)

10

@

15

s =

In equation (7), when
R.C+ —| <4LC 1+ —
R, R,

then the radicand of the radical sign in the second term
becomes negative, and s is as follows.

25
Ly . / R. LY
-|R.C+ —|xj (4Ll + —|-|R.C+ —
Ry N Ry Ry

2LC

®)

)

30 = -t jw

Where, o is the damping factor and w is the angular
frequency.

35 L (10)
R.C+—
RP
Y= e
L+R,R.C
2LCR,
40
4LC(1 + —C] —(RCC+ —]
Ry Ry
@= 2LC
45
Further, when
A=LC (12)
4 o LHReR,C (13)
50 : Ry
Re +R, (14)
B=—p

P

s5 then equations (10) and (11) above may be expressed as

follows:
(15)

60 (16)

By confirming the value of s in this way, a solution may

65 be obtained which satisfies differential equation (4). Based
on the preceding view, then, equation (5) may be employed

as an equation approximating the damped oscillating com-
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ponent which is included in the response waveform of a the
lumped four parameter model.

Next, the pressure waveform at the proximal portion of
the aorta will be modeled. In general, the pressure waveform
at the proximal portion of the aorta demonstrates a shape as
indicated by the heavy line in FIG. 4. In this figure, t,, is the
time duration of a one beat in a waveform, while t_ is the
time period during which pressure increases in the left
cardiac ventricle. In a lumped four parameter model, this
pressure waveform is approximated by the triangular wave
shown in FIG. 5. When the amplitude and duration of the
approximated waveform are indicated as E, E, , 1, and t,,;,
then the aortic pressure v, at an optional time t may be
expressed by the following equation. Here, E_ is the dias-
tolic pressure (blood pressure during expansion phase), E,,
is the pulse pressure, (E_+E,,) is the systolic pressure (blood
pressure during contraction phase), to is the time duration of
one beat, and t,, is the time duration from the rise in aortic
pressure until blood pressure falls to a minimum value. In
the interval 0=t<t,,;:

: ]
Ipj

1 = .
In the interval t,, =t<t,;

17
vi=E, + Em(l ( )

VeE, (18)

The response waveform v, (ie., radius artery waveform)
when voltage v, which is expressed using equations (17) and
(18) is input into the equivalent circuit shown in FIG. 3(a)
is as follows.

In the interval 0=t<t,;:

Vp = Epin + B(l - é) + Dy, exp(—an)sin(wi + 0;) (19)

1 <t -
In the interval t,<t=t):

V=E i+ Dy exp {—a(t—tpl)}-sin {m(z—t[ﬂ)+62} (20)

Here, E, ., is the diastolic pressure value in the radius
artery waveform which is measured by pulsewave detector
1 (refer to FIG. 11 explained below).

The third term from the right in equation (19) and the
second term from the right in equation (20) are the damped
oscillating components in equation (5) explained above. o
and o in these terms may be obtained from equations (15)
and (16). B, t,, D _,, and D,, are constants which are
calculated in accordance with a procedure described below.

Next, an examination will be made of the constants in
equations (19) and (20), with the exception of a and w which
were already confirmed. To begin with, the following equa-
tion is obtained when equations (17) and (19) are substituted
into differential equation (3).

r R. B L 21
E+E |1 -— =1+ = [Eqin + B} — =|RC+ — |t +
1] RP Iy RP

, L
{LC(a'z — ")Dyj — Dy ,(Rcc + R—] +
P

R,
Dml(l + R—C ]} X exp(—ansin(wr +6;) +
P

L
{mel(RCC + R_] - 2LCame1}
P
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-continued
exp(—ar)cos(wr + 8))

The following conditions are necessary in order to estab-
lish the preceding equation (21).

Re (22)
E,+Epn=|1+—|Euin +B)
Rp
B
=F,+AsB— —Ay
Iy
E, 3(1 RC] AsB 23
I - Iy Rp - I
2 R 24
LC(az—w‘)—a(RcC+—]+(1+—°]=o 2
» R,
(25)

Equations (24) and (25) restrict o and m, however, these
equations are satisfied by o and w as obtained according to
equations (15) and (16) above.

When equations (18) and (20) are substituted into differ-
ential equation (3), the following equation is obtained.

R.) 2%
E = (1 s lEmin +{LC@ - PID,s - (26)
N

(RC L]D (1 RC]D
a| K¢ +R_p 2 + +R_D 2 ¢ X

exp(—a(t —1pp)sin(w(t — 1p7) + 62} +

L
{w(RCC+ R—]sz - 2LCame2} X
P

exp(—a(i —1,)}cos(w(t - 1,;) + 6}

In addition to equations (24) and (25), it is also necessary
to set up the following equation in order to establish equa-
tion (26).

@7

Next, each of the constants in equations (19) and (20) will
be calculated based on conditional equations (22) through
(25) and (27) for setting up differential equation (3).

First, the following equation is obtained for E,, from
equation (27).

) (28)
Az
An equation for B is obtained from equation (23):
_ iwEy (29)
T ipiAs

When equation (29) is substituted into equation (22), and
solved for t,, the following equation is obtained:
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Az + Ay (30)

Ip =
A3

Next, values are selected for the remaining constants D, ;,
D3, 0,, and 0, so that radius artery waveform v,, remains
continuous over =0, ,,, t,, i.c. values are sclected which
satisfy the following conditions a through d.

a. v,(t,) in equation (19) and v,(t,,) in equation (20) are
equivalent

b. v(t,) in equation (20) and v,(0) in equation (19) are
equivalent

c. The differential coefficients at t=t; in equations (19) and

(20) are equivalent
d. The differential coefficient of equation (19) at t=0 and the

differential coefficient of equation (20) at t=t, are equiva-

lent

In other words, values are selected for D,,,; and 6, so that:
Dyi = —m o

where,

Dy,=(v=B-E,,;,)0 (33

B ipg (34)
D =0o;—B—Epn)o+ —+ —
12 = (Vos J Lt

and v,,; and 1, are the initial values of v, and 1, at 1=0.
Further, values are selected for D,,, and 0, so that:

35)
v D3, + D} (
Dys = 21+ D%
w
D 36
6, = tan’l e (36)
Dy
where,
D31=(V2-E i) @7
io2 (38)

Dy = (Vo2 = Enin) 2 + e

and v,, and 1., are the initial values of v, and i, at t=t,.

In this manner, then, each of the constants in equations
(19) and (20) are obtained.

Next, the following equation for blood vessel resistance
R, is obtained by means of an inverse operation from
angular frequency o in equation (16).
_ L=2R,VLC( - w?LO) (39)

R
¢ CR

P

Here, the condition for R_ to be a real and positive number
is:
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1 (40)

w?C

4R:C
1+ (2wR,C)?

A

L=

In general, R and C are on the order of 10°[dyn-s/cm’]
and 10‘4[cm/5/cfyn], respectively. @ may be viewed to be on
the order of 10 (rad/s) or greater, since it is the angular
frequency of the oscillation component which is superim-
posed on the pulsewave. For this reason, the lower limit of
equation (40) is viewed 1o be around 1/(w*C). Accordingly,
when L is approximated by the following equation (41) for
the purposes of simplification

Lo @0

T ac
R, becomes:
L (42)
From the relationship between equations (41) and (42),
the damping constant o in equation (15) becomes:

1 43)

Using the relationships between equations (41) through
(43), the remaining parameters in the lumped four parameter
model may be expressed using o, w, and L as follows.

WL (45)
RP = "
1
C=— (46)
WL

Thus, it is clear that the parameters are confirmed by
obtaining o, @ and L from the preceding equations (44)
through (46).

o, w, B and t, may be obtained from the actual measured
waveform at the radius artery, and L can be calculated based
on the stroke volume SV, as will be explained below. The
process for calculating L based on stroke volume SV will
now be explained.

First, the average value E,, of the pressure wave at the
proximal portion of the aorta is obtained from the following
equation.

IpiEm
2

a7
E,t,+ “7)
Ey =

The following equation may be established between R,
R,, o, o, and L.

GL L (48)
Re+Rp=al+ — =(a" +w")—
[e’2 [e’2

The result of dividing the average current i.c., average
value E,,, flowing through the lumped four parameter model
by (R.+R,) corresponds to the average value (SV#t,) of
blood flow flowing through the arteries due to the pulse.
Accordingly, the following equation may be established.
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NS a 1

tp1Ey (49)
N b L4
L, @+l i, ( ol 5 ]

By solving the thus-obtained equation 49 for L, an equa-
tion for obtaining L from stroke volume SV may be obtained
as follows.

(50)

[p]Em

Eotp +

o+ SV

The value corresponding to average current (1/t,){Eqt,+
t,,E,/2)} in equation (49) may be obtained by measuring the
blood flow volume, and inductance L may be calculated
based on this result. As a device for measuring blood flow
volume, there are available devices employing the induc-
tance method, the Doppler method and the like In the case
of a device which measures blood rate using the Doppler
method, there are available devices employing supersonic
waves and laser.

Next, a theoretical explanation will be made of the
method for calculating the circulatory state parameters based
on a lumped five parameter model. As mentioned before, the
circulatory state parameters R, R, C, and L are determined
using a lumped four, parameter model. Accordingly, the
value of capacitance C, is determined based on these param-
eters. It is therefore necessary to obtain current i, current i,
voltage v, and voltage v, in FIG. 3(b).

First, the pressure waveform at the left cardiac ventricle
is approximated with a sinusoidal wave such as shown in
FIG. 4. In other words, by setting w =m/t,, the pressure
waveform e of the left cardiac ventricle is expressed by the
following equation.

e=E’, sin 0t (51)

Here E, ' is the systolic pressure and, if stated in terms of

FIG. 5, corresponds to (E,,+E,).

An explanation will now be made, taking the cases where
time duration t corresponds to the contraction phase of
t, t<t, and to the expansion phase t,=t<(t,+t,), as shown in
FIG. 4. Here, time t; and time t, are the times at which the
pressure waveform of the left cardiac ventricle waveform
and the pressure waveform of the aorta intersect.

(Contraction Phase)

In this case, the equation v,=e, as well as equations (1)
and (2) for voltage v, and current i, respectively, are
established. Accordingly, the following differential equation
is set up from equations (1) through (3), (12) through (14)
and (51).

dv,

. ]
T + A3V, = Epsinwg?

First, in the same manner as the lumped four parameter
model, the steady-state solution V,, for this differential
equation is obtained. For this purpose, the following equa-
tion is assumed for the steady-state solution V.
=FE, cos o+E, sin ot

(53

Vst
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By comparing the coefficients by substituting equation
(53) for the term v, in equation (52), the following two
equations are obtained.

(A50,°41) B0 A ,=0
—0,AE1+HA3= 0, ANE=E,

(4
(55)

Solving these equations, the following equations (56) and
(57) are obtained.

b —wsA B (56)
DT @A + (A - 2A
(43 - wA)E, (57)

(@sA2)? + (A3 - w02 A

Next, the transient solution v, for differential equation
(52) is obtained. Setting v,,,=exp(ht), this is substituted for
v, in the following equation.

A v, 4 dvp PR (58)
LE T T
As a result, the following equation is obtained.
AN +AMAL=0 (59)

Solving this equation for %, the following equation is
obtained.

N —Ay £+ A3 —4AA;
B 24,
()&

%)
= =+ —= =
24,5\, ) T A

Setting {A,/(2A,)}*<(Ay/A,) (i.c., oscillation mode), the
following equation is obtained.

(60)

" (6

- —_—t
24, 4

As [Az]z_ v
7 "\ ==Pit jwr

In this case,

A (62)
pi= A
A (63)
W) = A_? -5

Here, transient solution v,,, is set as in the following
equation.

Vo =(Cly COS 414]CL SN 048] exp (=P4) (64)

As a result, voltage v, is expressed as the sum of the
steady-state solution and the transient solution, and therefore
may be obtained from the following equation using equa-
tions (53) and (64).

v,=(E; cos OJ+E, sin @ )+(0y cos 0,40, sin o
t) €Xp (_ﬁlt)

The following equation may be obtained for current i by

substituting equation (65) into equation (2).

(69)

. (£ BN (66)
i=| — +w;CE» |coswit + | —wsC.Ey + — [sinw,r +
Ry Ry



US 6,331,159 Bl

17

-continued

[{( - ‘Bl CRp ] i }
cosw I — w, Csinw, 1 2a; +
Ry

1-BiCR,
R

JiwiCeoswit + (

]sinwl [}az}exp(—ﬁl 1)

P

Next, the v,, and i are assumed as the values of v, and

i, respectively, when t=t; as in the followings equations.
ity +iaols) exp (-Baty) (67)
Veo=Pot(aPr+jauPs) exp (-Baty) (68)

As a result, equations (65) through (68) may be used to
establish the following equations.

Ey B . (69)
Jo =| — + w,CE; [coswit) +| —w,CE| + — [sinwgiy

R, R,

1-BiCR 70
Ji = [ h P]coswlll — wy Csinw ty (0)

P
1-BCR 71
Jy = w Ceosw 1y +( ARy Jsinwm ah
4

Py=E, cos wy+E, sin oty (72)
P =cos Wt (73)
P,=sin 0,1, (74)

Next, solving equations (67) and (68) for c., and a.,, the
following equations (75) and (76) may be obtained.

(Vo2 = Po)J2 — (g = Jo)P2 (73
o < (L= o P

7P, —I,P; }eXP(ﬁlfl)

(76)

—(vop = Po)Jy + (ig = Jo)P
ay ={

(By1]
J(PL =11 P) Jexotpin)

Next, the relationship expressed by the following equa-
tion may be established from equations (70) through (74).
JP,~I,Py=0).C a7
Accordingly, when equations (75) and (76) are substituted
into equation (64), and equation (77) is employed, then the
following equation is obtained as transient solution v,,,,.

78

Vorr = | (Voz = Po)eoswy (1 —11) —

{1 = BiCR ) voy = Po) = Ry (ip — Jo)Hsinw, (t — 1)} «

wCR,
exp(Bi1)exp(=fir)
Where, when

B, =vor-Py (79)
vetet, 80)
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(1= BLCR,) vz — Py) — Ry(ig — Jo)
ZUICRP

(81)

By =~

then the following equation (82) is obtained.

Vo =(By,, cos 0,1+B,,, sin @,1) exp (-Byf)

(82)
Accordingly, equation (65) becomes as follows.

V,=(Ey cos O+E, sin @ (B, cos w,#4B,, sin o,f') exp
(-Bf)
Next, the terms in the above equation (66) are defined as
follows:

83)

E (84)
Dlxr = — +wSCE2
Ry
E, (85)
Dgx, = —wSCEl + —
Ry
1-BiCR (86)
Dy = ( R £ ]Bm + w1 CByy
P
(87)

1-p.CR
Dy = ~wCByyy +( hi p]BZIr

Ry

As a result, the following equation (88) is obtained for
current i

i=(D,,, cos 0,+D,,, sin 0 )+(D,,, cos w,t'+D
(-a)

Current 1, is obtained as the following equation.

sin m, ') exp
83

2er

(89)

. dvy , )
is=C. I +i=wC.E,,coswgl + i

(Expansion Phase)

During expansion, diode D turns OFF, ending the impres-
sion of the left cardiac ventricle pressure e on the cathode
side of the diode D circuit. As a result, the current flowing
through capacitance C_ has the same absolute value and the
opposite polarity of current 1. Accordingly, voltage v, may
be expressed by the above equation (1), while currents i and
i, may be expressed by the following equations, respec-
tively.

. dv, (90)
T
dv )y
- C_p
fe dr
Accordingly, voltage v, becomes
d d 92
vp=Rp(i—ic)=—RP(CC%+C%] o9

Further, since i-ic=i,=v,/R,, the following equation
results.

v dv
i=2ic=2L
R, dt

(93)

Substituting equation (93) into equation (1), and differ-
entiating both sides of the obtained equation with respect to
time t, the following equation is obtained.
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L dzvp R; dv,
+H—+CR|— +| — + 1|—
R, de R, dr

dvy (94)

3
et
dt

de

Next, the following equation may be drawn from equa-
tions (90) and (93).

v dv,

P
— +C—=
R, dr

CC

93)
d\/l _

dr

Further, the following equation may be obtained from
equations (94) and (95).

c dv, (L +CRcR, ] d*v, (96)
dé \ R, dr *
(CCRC+CCRp +CRp]a¢vp ( 1 ]
_— 4 vy, =0
C.R, dr "\C.R,
Accordingly, the is equation may be restarted as:
d'v, d*v, dv, ©n
T +A] —E +A) a4 +A, =0
where:
A L+ CR.R, (98)
bl
LCR,
41 = CeRe+ CeRy + CRy (99)
T LC.CR,
. (100)
* 7 LC,CR,

Next, the following equation is obtained when v =exp(ht)
and substituted into equation (97).

(A+A 244,44, exp (M)=D (101)
Next, the following definitions are provided.
AR A (102)
P93
AD AA A (103)
=Tyt T2
u=(q+VoP-p) " (104)
v=(g-Vp)"? (105)
Al (106)
& =-(utv)+ =
utv Al (107)
T T3
) NeY (108)
wy =(U~-v) 5
A= (109)
A=—Potjm, (110)
Ay=—Po-jo, (111)
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Note that the oscillation mode is indicated when (q*—p°)
>0.

Next, voltage v, is assumed according to the following
equation.

v,=b, exp (-aD+b, exp {(-BHw )1 }+b; exp {(-P,~o)t} (112)

As a result, current i may be expressed by the following
equation after substituting equation (112) into equation (93).

i=g0é1 ¢Xp (—\a‘t)+(g1+jg2)b2 exp {(-BHw,)t}+(g-jg,)b; exp
{(-Bjo)t} (113)
where,
1-a/CR, (114
§o=—FH—
Ry
1-5CR, (115
i
»
wyCR, (116)
&= R—p

Accordingly, voltage v; becomes as follows from equation
113).

1 r. (117
- C_C idt
= fobrexp(—a'n) + (fi + jfo)b2expl(=f2 + jw, )i} +
(f1 = jf2)bsexpl(=Ba — jwy )i}

vy =

where,
_ & (118)
fo= T
P P81 —ng (119)
1=
(B +wpCe
B w281 +,Bzg2 (120)

B radC,

Next, for the purpose of simplifying calculations, time t,
shown in FIG. 4 will be set to t=0. When voltage v, voltage
v, and current i at t=0 are st respectively to vy, Vo, and i,
then the following expressions are obtained when the term
t in equations (117), (112) and (113) is set to t=0.

Vor=fobi +{fi+if)b+{f1-if2)bs (121)
Voo=by+bytbs (122)
lo=gob1+(1+i82)b2+(g1i82)b5 (123)

Rewriting the second and third terms in equation (112),
the following equation is obtained for voltage v,,.

vy = biexp(—'1) + {(by + b3)coswal + (124)
J(by = ba)sinwstlexp(-fa1)
= Boexp(—a’1) + (Bycosw, 1 + Bysinw, )exp(— 1)
Whete,
kigr—kafo (125)
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-continued
Bi=by+b = % (126)
By = j(br— by) = % (127)
and
Ki=voufovo: (128)
hologovor (129)
kegimg (130)
kehto (131)

Next, the following equation is obtained for current i by
substituting v, of equation (124) into equation 2.

i Dy exp (-a'f)+(Dy cos w,f) exp (—P,t) (132)
Where,
1-a/CR (133)
LN
Ry
1-CR 134
Dy =(L]Bl +wCBy ( )
Ry
1-CRy) 135
Dy = —w,CB, +(#]Bz ()

. P

Accordingly, from equation (132), voltage v, becomes:

1 f (136)
vy =-— [idr
Cc
= Hoexp(—a’1) + (Hcoswyt + Hasinwyi)exp(—fa1)
‘Where,
Dy (137)
Hy = o C
_ ,Ble + (uzDz (138)
B
—w Dy + ﬁzDz (139

Hy, =

(B3 +3)C.

In the preceding explanation, time t, was set to (=0.
Therefore, a substitution of t—(t-t,) is carried out in order
to match the time scale. Voltage v,, voltage v, and current
ican be obtained as follows from equations (136), (124) and

(132) respectively.
vy = Hoexp{—&'(t — 1)} + {H coswy(t — 1) + (140)
Hysinws (t = i)lexpl =Bt - 1)}
= Hoexp{—a/(i— 1)} +
[Hysin{ws (1 = 1) + $o1 Hexp{—Ba (t - 12)}
vp = Boexp{—a/ (1 — 1)} + {B1coswy (1 - 1) + (141)

Basinw, (7 — 22)lexpl—f (1 — 1)}
= Boexp{—-a/(i— )} +

[Busin{wa(z - 02) + ¢ llexpl— ot — 2)}
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-continued
i=Doexp{—a’ (1 — 1)} + {D1coswa (i — 1) + (142)
Dasinws( - ip)lexpi= (7 — i)}
= Doexp{-a’(1 - )} +

[Dmsindwn (7 - 12) + o3 tlexpi-Fa(t — 1)}

Whete,

Hy, =+ H} + H}

o (144)
— 1
¢g) = tan _H2

Bu=+B}+B

B,
—1

=t —
¢y = tan 7

Dp =+ D} + D3

D (148)
— a4
¢o3 = tan D

(143)

(145)

(146)

(147)

Here, current i_ during the expansion phase is 0.

Next, a theoretical value for stroke volume SV will be
obtained. Stroke volume SV is given by the area of current
i, during the contraction phase, and thus may be obtained by
integrating equation (89) for current i, over the range from
t; to t,. Namely:

2
SV:f isdi
!

_ (wsCCEfn + Dy

ws

(149)

](sinwgtz — sinwgty) —

Doy,
——({coswgly — coswgl)) +
ws

exp{-fi(—1n)} .
W{—kﬁll)m +w Dyg)eoswy (i — 1) +
i+t

(@1 D14 — P1Doy)sinw, (5 — 1)} +

BiDyy + Dy
Bi+of

An explanation of the operation of the pulsewave analysis
device according to the present embodiment will now be
made. FIGS. 6 through 10 are flow charts showing the
operation of this pulsewave analysis device. FIG. 11 is a
waveform diagram of the average waveform which is
obtained as a result of the averaging processing described
above. FIG. 12 is a waveform diagram contrasting a radius
artery waveform obtained by parameter calculation
processing, to be described below, and the average wave-
form which is obtained as a result of averaging. An expla-
nation of the pulsewave analysis device’s operation now
follows, with reference given to these figures.

(D Pulsewave Readout Processing

In order to evaluate the circulatory state parameters in a
test subject, an diagnostician attaches the cuff S1 and
pressure sensor S2 to the test subject as shown in FIG. 2, and
inputs a start-measurement command via keyboard 5. In
response to this command, microcomputer 4 sends an indi-
cation to pulsewave detector 1 to measure the pulsewave. As
a result, pulsewave detector 1 detects the radius artery
pulsewave, and A/D converter 3 outputs a time-series digital
signals showing this radius artery pulsewave. Microcom-
puter 4 takes up the digital signals in the waveform memory
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housed therein over a fixed interval of time (approximately

1 minute). In this manner, the radius artery waveform for a

plurality of beats is taken up in waveform memory.

@ Averaging Processing
Next, at each beat, microcomputer 4 superimposes the

radius artery waveforms over a plurality of beats, and

obtains the average waveform per beat over the aforemen-
tioned fixed interval of time. Then, this average waveform is
stored in the internal memory as a representative waveform

of the radius artery waveforms (Step S1). An example of a

thus-produced representative waveform WI of the average

waveform is shown in FIG. 11.

@ Uptake of Stroke-volume Data Processing
Next, microcomputer 4 sends an indicator to measure

stroke volume to stroke-volume measurer 2. As a result,

stroke-volume measurer 2 measures the stroke volume in the
test subject, with the measured result taken up by temporary
memory in microcomputer 4 (Step S2).

(@) Parameter Calculation Processing
First, the four circulatory state parameter excluding

capacitance C_ are determined based on the lumped four

parameter model.

Processing in microcomputer 4 proceeds to Step S3,
executing the parameter calculation processing routine
shown in FIGS. 7 and 8. At this time, the routine shown in
FIG. 9 for calculating o and o is carried out (Steps S109,
$117). Accompanying the execution of the routine for cal-
culating o and , the routine for calculating w shown in FIG.
10 is carried out (Step S203.)

An explanation will now be made of the details of the
processing carried out in the routines mentioned above.
First, as shown in FIG. 11, microcomputer 4 determines for
the average waveform of the radius artery the time t," and
blood pressure value y, corresponding to a first point P1 at
which blood pressure reaches a maximum value; the time t,'
and blood pressure value y, corresponding to a second point
at which blood pressure falls subsequent to the first point;
the time t,' and blood pressure value ye corresponding to a
third point P3 which is the second peak point; and the time
L, per beat and diastolic pressure value E,,, (corresponding
to the first term in equations (3) and (4) above) (Step S101).

In the case where it is difficult to discriminate between
second point P2 and third point P3 when the pulsewave is
gentle, then the times at the second point and the third point
are assumed to be t,'=2t;" and t;'=3t,, respectively.

Next, in order to simplify the processing, normalization of
blood pressure values y, to y; is carried out using blood
pressure value y, at point A shown in FIG. 13 (Steps S102,
$103), and the value at point B is initially set to (y,/2)-0.1.

Next, optimal values for B, t,, o and o are determined
according to the following process.

a) B is varied within the range [(yo/2)~V,] and t,, is varied
within the range [(t,/2)~t,], at +0.1 intervals in both cases.
The o and o for which [v,(t,)-y,|, [v(t,)-y,| and |v,
(t3)-v5| are minimized are determined for each B and t,,.

b) From among the B, t,, o and o values obtained in a)
above, the B, t,, o and @ for which [v,(t;}-v], |v,(t,)-¥,
and |v,(t5')-ys| are minimized are determined.

¢) Using the B and t, obtained in b) above as standards, the
processing in a) and b) is carried out again for B within
in the range of B+0.05 and for t, within the range of
t+0.05.

d) When carrying out the processing in a) through c) above,
o is varied by 0.1 increments within the range from 3 to
10, and optimal o values are calculated for each c.. Next,
for each a, dichotomy is used to obtain the o at which
dv,(1,")/dt=0 (see the flow chart in FIG. 10). When cal-
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culating the value of v, in the above processing, the initial
value v, in equation (33) is set to zero. As a result of the
preceding processing, the final values of B, t,, o and o are
determined.
€) t,1, E,,, and L are calculated based on equations (28)
through (30) and (44) through (46) (Steps S123, S124).
f) The value of L is calculated based on the measured stroke
volume, using equation (50) (Step S125), and the remain-
ing parameters R , R ,, and C are obtained from equations

(44) through (46) (Step S126).

Next, based on the lumped five parameter model, the final
circulatory parameter of capacitance C, is determined. For
this purpose, methods may be considered wherein capaci-
tance C, is determined so that the calculated value and the
actual measured value of stroke volume SV are equivalent,
and wherein capacitance C, is determined so that the cal-
culated value and the actual measured value of the diastolic
pressure of the pulsewave are equivalent. Each of these
methods will be explained separately.

@-1. Method to Determine Capacitance C, (Aortic
Compliance) so that the Calculated and Measured Values of
Stroke Volume are Equivalent

An explanation will first be made of a specific method for
determining capacitance C, so that the calculated and mea-
sured value of stroke volume SV are equivalent.

First, the value of capacitance C_ is estimated as in the
following equation, based on the value of capacitance C
which was calculated using the lumped four parameter
model. Moreover, values obtained using the lumped four
parameter model are employed for the values of the other
circulatory state parameters, R, R,,, C and L.

C=10C (150)

Next, stroke volume SV is calculated according to equa-
tion (149), using these circulatory state parameters. In this
case, the time t, of rising pressure in the left cardiac ventricle
is estimated according to the following equation, from the
time t, of one beat which was obtained from the lumped four

r
parameter model.

1,~(1.52-1079,)t, (151)

This relational equation is an experimental equation
obtained as a result of measuring the contraction time of the
left cardiac ventricle using a heart echo. As shown in FIG.
14, -0.882 is obtained as the correlation coefficient.
Additionally, the value obtained using the lumped four
parameter model is employed for systolic pressure E' (sce
equations (22) and (28)). In addition, time t, and t, are
obtained from the relationship: left cardiac ventricle
pressure=aortic pressure. Moreover, since v, and i, are the
values of v, and i at t=t,, t, is substituted for t in equations
(83) and (88), to obtain v, and i.

The value of capacitance C, is determined so that the
calculated value for stroke volume SV obtained as above is
equivalent to the measured value taken up from stroke-
volume measurer 2. In other words, the value of capacitance
C. is varied within in a fixed range starting from an initial
value obtained from equation (150). Then, the measured
value of stroke volume and the value which was calculated
from each capacitance C_ values is compared, and a check
is made to see if the integer part of the measured and
calculated values are equivalent. If the integer parts are
equivalent, then the measured and calculated values of
capacitance are deemed equal, capacitance C_ is determined,
and parameter calculation processing is terminated.

On the other hand, if no coincidence is observed in the
measured and calculated values of stroke volume merely by
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adjusting the value of capacitance C_, then from armong the
adjusted capacitance C_ values, the capacitance C, value at
which the difference between the measured and calculated
values for stroke volume is minimized is selected as the final
value for capacitance C_. Next, the value of systolic pressure
E,,' is varied by 1 mmHg within a range of +3 mmHg, and
a check is made for the presence of a coincidence between
the calculated and measured values for stroke volume in the
same manner as described above. If a systolic pressure value
E,,' is present at which coincidence is observed, then that
value is set as the final systolic pressure value E,', and
parameter calculation processing is terminated.

If no coincidence is observed between the measured and
calculated values for stroke volume even after adjusting the
value of systolic pressure E,', then the value of resistance R,
is adjusted. Then, from among the adjusted systolic pressure
values E,', the value at which the difference in the measured
and calculated values for stroke volume is minimized is set
as the final systolic pressure value E'. Next, resistance R
is increased or decreased by intervals of 10[dyn's/em®], for
example, with the R, value at which the difference between
the measured and calculated values for stroke volume is
minimized selected as the final resistance R, value.

An example of a flow chart for realizing the above-
described process is shown in FIG. 31. Note that with
respect to the parameters which are varied within a fixed
range in the program, a subscript “v” has been added to
indicate the original parameters.

@-2. Method for Determining Capacitance C, so that the
Diastolic Pressures of the Calculated Pulsewave and the
Measured Pulsewave are Equivalent

Next, an explanation will be made of a method for
determining capacitance C_ so that the diastolic pressures of
the calculated pulsewave and the actual measured pulsewave
are equivalent.

In this method, a contraction period QT is first obtained in
advance from the test subject’s electrocardiogram. Next,
with respect to this contraction period QT, the time tv
during which pressure in the left cardiac ventricle is rising
is varied by intervals of 0.01 secs within the range from
[QT+0.1(sec)] to [QT+0.2(sec)]. At the same time, systolic
pressure E,_v' is varied by intervals of 1 mmHg over the
range from [E+E, -20 (mmHg)] to [E,+E, +20 (mmHg)].

In other words, the total number of combinations of each
value of time tv of rising pressure in the left cardiac
ventricle and systolic pressure E, v'is 451. A capacitance C,
is calculated for these combinations so that the diastolic
pressure values of the calculated pulsewave and the mea-
sured pulsewave are equivalent.

Next, the sampling value for the calculated pulsewave in
each combination is defined as P,(t) and the sampling value
for the actual measured pulsewave in each combination is
defined as P,(t), and the average deviation € of the waveform
in each combination is obtained from the following equa-
tion. The capacitance C, (aortic compliance) at which this
waveform average deviation € is minimized is employed. An
example of a flowchart for realizing the above-described
process is shown in FIG 32.

. Z": IP2(0) - P (132
-y ek

In this manner, then, the circulatory state parameters at
which the measured and calculated values of stroke volume
are equivalent are all determined.
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@ First OQutput Processing

Once the above-described process for calculating the
parameters is completed, microcomputer 4 outputs the cir-
culatory state parameters L, C, C_, R_, and R, to sequential
output device 6 (Step S4).

The values of circulatory state parameters calculated from
the radius artery waveform in the case where the test subject
is a 32 year old male are shown below.

0.001213 [em®/dyn]
98.768 [dyn-sjcm’]
15.930 [dyn-sem®)

0.0001241 [em®/dyn]

1300.058 [dyn-sjcm’]

Capacitance C, =
Electric resistance R, =
Inductance L =
Capacitance C =
Electric resistance R;, =

Time t; of rising pressure in 0.496 [s]
left cardiac ventricle =
Time t,, of one beat = 0.896 [s]

Stroke volume SV =
Systolic pressure E;,* =

83.6 [cc/beat]
117.44 [mmHg]

As shown in FIG. 12, there is good coincidence between
the measured waveform of the radius artery and the calcu-
lated waveform of the radius artery obtained from the
calculated parameters.

Second Output Processing

In Step S4, the pressure waveform of the aorta is obtained
based on the values of the circulatory state parameters L, C,
C,R_, and R,. Namely, by emp}oying equatipn (51) during
the contraction phase and equation (140) during the expan-
sion phase, the waveform of voltage v, is calculated for one
beat only (i.e., time O~time t,, or time t,~time (t,+t,)). Then,
the calculated waveform is output to output device 6, with
the pressure waveform of the aorta displayed. Next, the
value of the obtained waveform of the proximal portion of
the aorta at time t, is calculated from these equations, and
this calculated value is defined as the diastolic pressure
value E,. The thus obtained systolic pressure value E,' is
relayed to output device 6 together with the diastolic pres-
sure value, and these values are displayed on output device
6.

Accordingly, by means of the present embodiment, it is
possible to display each of the circulatory state parameters,
as well as the systolic pressure, diastolic pressure and the
pressure waveform of the aorta at the center of the arterial
system, for the test subject or diagnostician.

Further, since equation (51) indicates the pressure wave-
form at the left cardiac ventricle, the pressure waveform of
the left cardiac ventricle may be displayed on output device
6 in place of the pressure waveform of the aorta, as the
pressure waveform at the center of the arterial system.
<Embodiment 2>

In the preceding first embodiment, the values of the
circulatory state parameters were calculated from the radius
artery waveform and the stroke volume. However, as
explained above, in order to carry out a detection of stoke
volume, it is necessary to attach cuff S1 to the test subject,
subjecting the subject to some inconvenience. Accordingly,
this embodiment provides for an estimation of blood pres-
sure values at the center of the arterial system by focusing
attention on a change in aortic pressure based on the shape
of the radius artery waveform, and using distortion to
represent the shape of the waveform. In other words, in this
embodiment, the circulatory state parameters are derived
based on distortion d which is obtained from the radius
artery waveform.

First, in the same manner as in the first embodiment,
microcomputer 4 carries out (1) pulsewave readout and
averaging, to obtain the average waveform per beat for the
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radius artery waveform. Next, a Fourier analysis of the
pulsewave is performed by carrying out a fast Fourier
transform (FFT) on the average waveform. Next, the fun-
damental wave’s amplitude A, the second harmonic wave’s
amplitude A,, the third harmonic wave’s amplitude A, . . .
to the nth harmonic wave’s amplitude A, are obtained from
the frequency spectrum obtained as a result of this analysis.
Here, the value of n (which is a natural number) is optimally
determined after taking into consideration the size of the
amplitude of the harmonic waves. Based on these amplitude
values, then, distortion d defined by the following equation
is calculated.

(AZ+ AT e AL

Al

(153)
distortion d =

Next, the circulatory state parameters are estimated from
the obtained distortion d. This estimation is carried out based
on the understanding that there is a correlation in the degree
of correspondence between the distortion of the radius artery
waveform and each of the values of the circulatory state
parameters. Namely, distortion d and circulatory state
parameters are measured in advance for a number of test
subjects, and a relational equation between distortion and
the circulatory state parameters is derived. Examples of
correlations obtained as a result of measuring distortion and
the circulatory state parameters R, Rp, L and C are shown
in FIGS. 25 through 28. Aortic compliance C, is not shown
in these figures, however a correlation coefficient and a
relational equation therefor may be obtained in the same
manner as for the other four parameters.

Based on distortion d calculated from the above equation
(153) and the relational equations shown in each of FIGS. 25
through 28, the circulatory state parameters of R , R , L, C,
and C_ are calculated. Next, output processing in steps
and (6) of the first embodiment are carried out in the same
manner, to obtain the waveform of one beat of the pressure
waveform of the aorta from the calculated circulatory state
parameters. At the same time, diastolic pressure value E,
and systolic pressure value E,, at the proximal portion of the
aorta are calculated and displayed on output device 6.
<Embodiment 3>

In this embodiment, in addition to systolic and diastolic
pressure values at the proximal portion of the aorta, the
workload on the heart (hereinafter, referred to as “cardiac
workload™) is calculated from the blood pressure waveform
at the proximal portion of the aorta which is obtained as
described above, and is displayed.

Cardiac workload, one indicator showing the load on the
heart, is defined as the product of stroke volume and aortic
pressure, and is the result of converting stroke volume per
minute to workload.

Here, stroke volume is defined as the volume of blood
flow sent out from the heart at each pulse, and corresponds
to the area of the waveform of blood flow from the heart.
Stroke volume is correlated with the area of contraction
phase of the pressure waveform of the aorta, and may be
obtained by applying the contraction phase area method on
the pressure waveform of the aorta.

In other words, the area S under the portion of the pulse
waveform corresponding to a contraction phase in the heart
is calculated. Explained in terms of the pulse waveform in
FIG. 29, this is the area of the region from where the
pulsewave is rising to where it notches, as indicated by the
hatching. Next, stroke volume SV is calculated using the
following equation, where K indicates a specific constant.

Stroke volume [ml]=area S [mmHgs]xK
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Cardiac stroke volume is defined as the volume of blood
flow sent out from the heart per minute. Accordingly, cardiac
stroke volume can be obtained by converting stroke volume
to minutes. In other words, cardiac stroke volume may be
obtained by multiplying stroke volume by heart rate.

In this embodiment, in the output processing in @ of the
first and second embodiments, microcomputer 4 calculates
the cardiac workload based on the pressure waveform cal-
culated for the left cardiac ventricle, and displays this result
on output device 6. The other processing is equivalent to the
preceding embodiments, and an explanation thereof will
thus be omitted.

Microcomputer 4 calculates cardiac workload W accord-
ing to the process shown below.

First, w,_ is defined as the product of ei,, and may be
calculated as follows from equations (51), (88), and (89).

(154)

Wy =e-is
= wSCCE,’fsiantcosth +
E sinwgt( Dy coswgt + Dagsinwgt) +

E; sinw (D o8 1 + Do, sinw; Nexp(— Bi1’)

Setting the first, second and third terms in equation (154)
to w,, W,, and w, respectively, these terms may be rewritten
as follows.

C.E? (155)
w = O clm sindwgt
E, . (156)
wy = > {D8in2(0y1 — Dy (cos2wgt — 1)}
E (157
wy = 7’" [DyAsin(wst + w1 ') + sin(wst — w1 7)) — )

Dayrlcos(@yt +w11) = cos(wyt - wy 1) ]exp(— By )

Next, using equation (80), the following expressions are
defined:

O 1+0 ,1'=0) 10, (t=1)=(0 0 =0 1, =0 ,1-D (158)

W10 1="=(00,~ 0, )1+ 1, =1+ D (159)
Namely,

W, =0+, (160)

0=0,~0; (161)

P=at {162)

In this case, then, equation (157) becomes as follows:

E, . . (163)
wy = - [Dysin{wgt — D) + sin(wyt + D)} —

Darleos(yt - B) = cos(wpt + )} Jexp(~Bir')

Next, W;, W,, and W are respectively defined as follows,
and the following equation is derived from equations (155),
(157) and (163).
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Wi= e a6y

2
c=m
=- 7 cos2wsl

C E/Z

c™m

(1- coszth)

W, = fW2d 13
st

= ET’,"{—(?% )cosszI— DzS,(sin%i[ - []}

E/
= (4: ]{(Dlxt +2Dpq050) —

(163)

2c080 (D15 COSw + Dogsinew, )}

Ws =fW3dl‘

(=g D1y + B1 Doy )cos(w, 1 = ) -
_ E_}’n (ﬁlDlrr + waDlrr)Sin(wa[ - d))
2 Fvid

(166)

—(wpDyr + By Doy )eos(wpt +®) +

(=P1 D1y + wp Doy Jsin(wyt + D)

xp(=pi7)

S
fi+w,

Since workload W_ is obtained by converting the sum of
W,, W,, and W, to a “per minute value,” it may be
expressed finally as the following equation.

. 60 . (167
W, =W+ W, + W3 x 10 X[—(J/mm)
P

The significance of displaying cardiac workload, in addi-
tion to systolic and diastolic pressure values at the proximal
portion of the aorta, as explained above is as follows.

Namely, in the conventional sphygmomanometer, blood
pressure is measured at the periphery of the arterial system,
such as at the upper arm, radius artery or the like, and is
therefore an indirect measurement of the load on the heart.
However, changes in the load on the heart may not always
be reflected in peripheral blood pressure values.
Accordingly, using the periphery of the arterial system to
interpret load on the heart cannot be viewed as a method of
absolute accuracy.

Accordingly, in the present invention, emphasis is placed
on the importance of using blood pressure waveforms at the
center of the arterial system to view cardiac load, with the
blood,pressure waveform of the proximal portion of the
aorta (i.e., the center of the arterial system) estimated from
pulse waveforms measured at the periphery. If the systolic
and diastolic pressure values at the proximal portion of the
aorta are then calculated from the estimated pressure wave-
form at the aorta, then these blood pressure values become
indicators which directly show the load on the heart.

By obtaining cardiac workload as described above based
on the pressure waveform at the aorta, it is possible to
provide the systolic and diastolic pressure values at the
proximal portion of the aorta as other useful indicators of
cardiac load. Therefore, an explanation of the usefulness of
cardiac load will now be explained using examples.

First, the case will be considered in which a hypertensive
agent is administered to a patient to treat high blood pres-
sure. Ordinarily, if the drug is effective, a change will be
noted in the systolic and diastolic pressure values which are
measured at the radius artery. However, even if no change is
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observed in the systolic and diastolic pressure values, it is
still possible that the agent is having an effect in easing the
load on the heart. This is because it is not absolutely
essential that a hypertensive agent reduce the blood pressure
at the radius artery, but rather, the agent’s function is
sufficient if it reduces the load on the heart somewhere along
the arterial system. Thus, even if no marked change is
observed in the blood pressure values at the periphery of the
arterial system, such as at the radius artery, it is possible to
know the actual load on the heart by calculating cardiac
workload which is obtained from the blood pressure wave-
form at the proximal portion of the aorta.

However, while this type of change in the load on the
heart may be observed by closely examining the blood
pressure waveform at the proximal portion of the aorta, it is
possible to quantitatively express very small changes in the
waveform by calculating the cardiac workload. Accordingly,
by obtaining cardiac workload and displaying it along with
systolic and diastolic pressure values, it is possible to carry
out an even more precise evaluation of a treatment method
employing a hypertensive agent.

The results of calculating cardiac workload for each of the
Type I through Type III pulse waveforms are shown in FIGS.
22 through 24.
<Modifications>

The present invention is not limited to the above-
described embodiments, but rather a variety of modifications
such as those below are also possible. For example, a
modification may be considered in which the circulatory
state parameters are determined without carrying out a
measurement of stroke volume SV.

Namely, from among the circulatory state parameters in
this embodiment, inductance L is defined as a fixed value,
and the values of the other parameters are calculated based
only on the waveform of the pulsewave measured at the test
subject’s radius artery. In this case, as shown in FIG. 15, it
is possible to omit stroke-volume measurer 2, which one of
the essential elements in the structure shown in FIG. 1.
Accordingly, as shown in FIG. 16, when carrying out
measurements in this embodiment, cuff S1, which is
required for the measuring arrangement shown in FIG. 2, is
not necessary.

However, when the value of inductance L is defined as a
fixed value, the accuracy of the obtained circulatory state
parameters falls as compared to a method employing the
actual measured value of stroke volume. Thus, in order to
compensate for this fact, the waveform W1 of the radius
artery obtained by measurement (i.c., measured waveform)
and the waveform W2 of the radius artery obtained by
calculation (i.c., calculated waveform) are superimposed
and displayed on output device 6, as shown in FIG. 17. To
begin with, the value of inductance L is defined as the
aforementioned fixed value, and a calculated waveform W2
is obtained. This waveform is displayed on output device 6
and the degree of coincidence with the measured waveform
W1 is observed. Next, the diagnostician determines a suit-
able value which is different from the fixed value to be
inductance L. A calculated waveform W2 is again obtained,
and the degree of coincidence with measured waveform W1
is observed on output device 6. Next, the diagnostician
suitably determines a number of values for inductance L in
the same manner as described above, determines calculated
waveforms W2 for each of these inductance L values, and
compares each of the calculated waveforms W2 with the
measured waveform W1 on output device 6. One waveform
is selected from among the calculated waveforms W2 which
best matches measured waveform W1, and the value of the
associated inductance L at that time is determined to be the
optimal value.
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Additionally, note that when modeling the pressure wave-
form at the proximal portion of the aorta, a squared-off
waveform may be employed in place of the triangular
waveforms described above. In this case, a waveform results
which more closely approximately the actual pressure wave-
form than where approximating using triangular waves. As
a result, it is possible to calculate even more accurate
circulatory state parameters.

Further, the site of measurement of the pulsewave or
stroke volume is not limited to those shown in FIGS. 2 and
16 Rather, any site on the test subject’s body may be used.
Namely, in the preceding embodiment, cuff S1 was affixed
to the upper arm of the test subject, however, it may be
preferable not to employ a cuff if the convenience of the test
subject is an issue.

Therefore, as one example, an arrangement may be con-
sidered in which both the radius pulsewave and the stroke
volume are measured at the wrist. In this type of design, as
shown in FIG. 18, a sensor 12 consisting of a sensor for
measuring blood pressure and a sensor for measuring stoke
volume are attached to a belt 13 of a wristwatch 11. At the
same time, structural elements 10 other than sensor 12 of a
pulsewave analysis device are housed in the main body of
wristwatch 11. As shown in the figure, sensor 12 is attached
in a freely sliding manner to belt 13 via a fastener 14. By
fastening wristwatch 11 to the wrist of the test subject, the
sensor presses against the radius artery under a suitable
pressure.

In addition, another embodiment may be considered in
which the pulsewave and stroke volume are measured at the
finger. An example of the structure of a device according to
this embodiment in shown in FIG. 19. As shown in this
figure, a sensor 22 comprising a sensor for measuring blood
pressure and a semsor for measuring stroke volume are
attached to the base of a finger (the index finger in this
figure). At the same time, structural elements 10 other than
sensor 22 of the pulse wave analysis device are housed in
wristwatch 21 and are attached to sensor 22 via lead wires
2323

Moreover, by combining these two embodiments, other
arrangements may be realized such as one in which the
stroke volume is measured at the wrist and the pulsewave is
measured at the finger, or one in which the stroke volume is
measured at the finger and the radius artery pulsewave is
measured at the wrist.

As in the above-described cases, then, it is possible to
realize a structure which does not employ a cuff, so that
measurements can be carried out without wrapping an
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apparatus to the upper arm of the test subject. Thus, the
burden on the test subject during measurement is reduced.

On the other hand, a design such as shown in FIG. 20 may
be considered which employs a cuff alone. As shown in this
figure, a sensor 32 comprising a sensor for measuring blood
pressure and a sensor for measuring stroke volume, and the
structural components 10 other than sensor 32 of a pulse-
wave analysis device are affixed to the upper arm of a test
subject by means of a cuff. Accordingly, a simpler structure
as compared to that in FIG. 2 is realized.

In addition, in the preceding embodiments, the pulsewave
was employed when calculating circulatory state param-
eters. However, the present invention is not limited thereto;
rather other physiological conditions may of course be
employed for the calculation of the circulatory state param-
eters.

What is claimed:

1. A device for measuring a physiological state in an
organism having an arterial system extending from a center
portion of the organism’s body to a periphery thereof, said
device comprising:

measuring means for measuring the physiological state on

the basis of a pulse wave detected at a periphery of the
arterial system; and

analysis means for calculating circulatory state

parameters, including viscoelasticity of an aorta of the
arterial system, based on the measured physiological
state, to show a circulatory state of the arterial system
from the center to the periphery.

2. A device according to claim 1, wherein the circulatory
state parameters further include blood vessel resistance at
the center of the arterial system due to blood viscosity, blood
inertia at the center of the arterial system, blood vessel
resistance at the periphery of the arterial system due to blood
viscosity, and blood vessel viscoelasticity at the periphery of
the arterial system.

3. Adevice according to claim 1, further comprising blood
pressure calculating means for calculating a pressure wave-
form at the aorta based on the calculated circulatory state
parameters.

4. A device according to claim 3, wherein the circulatory
state parameters further include blood vessel resistance at
the center of the arterial system due to blood viscosity, blood
inertia at the center of the arterial system, blood vessel
resistance at the periphery of the arterial system due to blood
viscosity, and blood vessel viscoelasticity at the periphery of
the arterial system.
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