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(57) ABSTRACT

An apparatus for measuring a systolic blood pressure of a
living subject, including an inflatable cuff which is adapted
to be wound around a body portion of the subject and
includes a first inflatable bag which is inflatable to press an
artery of the body portion, a first amplitude determining
device for determining a first amplitude of each of a plurality
of heartbeat-synchronous pulses of a first pulse wave which
is produced in the first inflatable bag when a pressure in the
first bag is changed, a pulse-wave detecting device which
detects a second pulse wave which propagates from the
artery to a downstream-side portion of the cuff as seen in a
blood-flow direction in which blood flows in the artery, a
second amplitude determining device for determining a
second amplitude of each of a plurality of heartbeat-
synchronous pulses of the second pulse wave which is
detected by the pulse-wave detecting device when the pres-
sure of the first inflatable bag is changed, a ratio calculating
device for calculating a ratio of one of each of the first
amplitudes determined by the first amplitude determining
means and each of the second amplitudes determined by the
second amplitude determining means to the other of the each
of the first amplitudes and the each of the second amplitudes,
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BLOOD-PRESSURE MEASURING
APPARATUS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an oscillometric-type
blood-pressure measuring apparatus which employs, for
improving the accuracy of blood-pressure measurements, a
pulse-wave detecting device for detecting a pulse wave
propagated to a downstream-side portion of an inflatable
cuff which is wound around a body portion of a living
subject, and which determines a blood pressure of the
subject based on the pulse wave detected by the pulse-wave
detecting device. The downstream-side portion of the cuff
means the portion thereof other than the upstream-side
portion thereof.

2. Related Art Statement

Generally, an oscillometric-type blood-pressure (BP)
measuring apparatus includes (a) an inflatable cuff which is
adapted to be wound around a body portion of a living
subject and includes an inflatable bag; (b) a pressure chang-
ing device which increases a pressing pressure of the inflat-
able bag up to a prescribed pressure value which can
completely stop the flow of blood through an artery under
the cuff, and subsequently slowly decreases the pressure in
the bag at a prescribed rate; a pressure sensor which con-
tinuously detects the pressure in the bag during the slow
deflation of the bag; a pulse-wave filter which extracts a
pulse wave from the pressure in the bag, continuously
detected by the pressure sensor; and a means for
determining, as a systolic blood pressure of the subject, a
pressure in the bag at a rising point where respective
amplitudes of successive heartbeat-synchronous pulses of
the extracted pulse wave significantly greatly changes to
increase.

However, the above BP measuring apparatus has the
problem that since the rising point of the amplitudes of the
pulse wave is indefinite, the determined systolic BP value of
the subject may be inaccurate. The reason is that even if the
pressing pressure of the cuff is higher than the systolic BP
value of the subject, the pulsation of the artery under the cuff
may start under an upstream-side portion of the cuff. In
particular, in the case where the body portion around which
the cuff is wound is difficult to completely stop the flow of
blood in the artery thereof, the pulsation of the artery is
likely to be large even if the pressing pressure of the cuff
may be higher than the systolic BP value of the subject.
Therefore, the rising point of the amplitudes of the pulse
wave 1s likely to be indefinite.

To solve the above-indicated problem, it has been pro-
posed to provide a pulse-wave detecting device on an inner
side and a downstream side of an inflatable bag of an
inflatable cuff and determine a BP value of a living subject
based on respective amplitudes of heartbeat-synchronous
pulses of a pulse wave detected by the pulse-wave detecting
device. For example, the pulse-wave detecting device may
be one which includes another or second inflatable bag
which is independent of the first inflatable bag for pressing
the artery, and is provided on the downstream side of the first
bag; and a pressure sensor which detects a pressure in the
second bag. A BP value of the subject is determined based
on respective amplitudes of heartbeat-synchronous pulses of
a pulse wave which is produced in the second bag and is
detected by the pressure sensor. Even if the pulsation of the
artery may occur under the upstream-side portion of the cuff
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when the pressing pressure of the cuff is higher than the
systolic BP value of the subject, the pulsation does not
directly propagate to the second inflatable bag provided in
the downstream-side portion of the cuff. Therefore, a definite
rising point of the amplitudes of the pulse wave can be found
and accordingly an accurate systolic BP value of the subject
can be determined.

However, in some cases, the rising point of the amplitudes
of the pulse wave detected by the above-described pulse-
wave detecting device may be indefinite. In particular, in the
case where a pulse wave is detected from an ankle of a living
subject, the rising point is likely to be indefinite. The reason
is that although the pulse wave which occurs under the
upstream-side portion of the cuff when the pressure of the
cuff is higher than the systolic BP value of the subject does
not directly propagate to the second inflatable bag of the
pulse-wave detecting device, the pulse wave is detected by
the pulse-wave detecting device via the first inflatable bag.
More specifically described, the pulse wave which occurs
under the upstream-side portion of the cuff when the cuff
pressure is higher than the systolic BP value, causes a
pressure oscillation in the first inflatable bag, which in turn
is detected by the pulse-wave detecting device. Therefore,
the systolic BP value determined based on the amplitudes of
the pulse wave detected by the pulse-wave detecting device
may be inaccurate.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a
blood-pressure measuring apparatus which can measure an
accurate systolic blood pressure of a living subject.

The above object has been achieved by the present
invention. According to a first feature of the present
invention, there is provided an apparatus for measuring a
systolic blood pressure of a living subject, comprising an
inflatable cuff which is adapted to be wound around a body
portion of the subject and includes a first inflatable bag
which is inflatable to press an artery of the body portion; a
first amplitude determining means for determining a first
amplitude of each of a plurality of heartbeat-synchronous
pulses of a first pulse wave which is produced in the first
inflatable bag when a pressure in the first bag is changed; a
pulse-wave detecting device which detects a second pulse
wave which propagates from the artery to a downstream-
side portion of the cuff as seen in a blood-flow direction in
which blood flows in the artery; a second amplitude deter-
mining means for determining a second amplitude of each of
a plurality of heartbeat-synchronous pulses of the second
pulse wave which is detected by the pulse-wave detecting
device when the pressure of the first inflatable bag is
changed; a ratio calculating means for calculating a ratio of
one of each of the first amplitudes determined by the first
amplitude determining means and each of the second ampli-
tudes determined by the second amplitude determining
means to the other of said each of the first amplitudes and
said each of the second amplitudes; and a blood-pressure
determining means for determining the systolic blood pres-
sure of the subject, based on the ratios calculated by the ratio
calculating means.

In the present BP measuring apparatus, the first amplitude
determining means determines a first amplitude of each of a
plurality of heartbeat-synchronous pulses of a first pulse
wave which is produced in the first inflatable bag when a
pressure in the first bag is changed; the second amplitude
determining means determines a second amplitude of each
of a plurality of heartbeat-synchronous pulses of a second
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pulse wave which is detected by the pulse-wave detecting
device when the pressure of the first inflatable bag is
changed; the ratio calculating means calculates a ratio of one
of each of the first amplitudes and each of the second
amplitudes to the other of the each of the first amplitudes and
the each of the second amplitudes; and the BP determining
means determines, based on the ratios, the systolic BP value
of the subject. When the pressure of the first inflatable bag
is higher than the systolic BP value of the subject, the
pulse-wave detecting device including the second inflatable
bag provided on the downstream side of the first inflatable
bag detects the pulse wave only indirectly via the first bag.
Thus, the second amplitudes are small. On the other hand,
when the pressure of the first bag is not higher than the
systolic BP value of the subject, the pulse-wave detecting
device detects the pulse wave not only indirectly via the first
bag but also directly from the artery. Thus, the second
amplitudes are great. However, even if the pressure of the
first bag is higher than the systolic BP value, the pressure
pulse wave is directly transmitted from the artery to the first
bag. Thus, the first amplitudes do not change so greatly as
the second amplitude, when the pressure of the first bag is
equal to the systolic BP value. Therefore, the amplitude
ratios calculated by the ratio calculating means greatly
changes when the pressure of the first bag is equal to the
systolic BP wvalue, and the BP determining means can
determine, based on the amplitude ratios, an accurate sys-
tolic BP value of the subject.

According to a second feature of the present invention, the
pulse-wave detecting device includes a second inflatable bag
which is provided in the downstream-side portion of the cuff
wound around the body portion of the living subject, such
that the second inflatable bag is located on a downstream
side of a first portion of the first inflatable bag and on an
inner side of a second portion of the first bag, the second bag
having, in the blood-flow direction, a width smaller than a
width of the first bag, and wherein the pulse-wave detecting
device detects the second pulse wave which is produced in
the second bag. Since the present BP measuring apparatus
enjoys a simple construction, it can be produced with ecase
and at low cost.

According to a third feature of the present invention, the
blood-pressure determining means determines the systolic
blood pressure of the subject, based on the ratios which are
calculated, by the ratio calculating means, based on a portion
of pre-selected ones of the first amplitudes or the second
amplitudes that falls within a predetermined pressure range.
Since the BP determining means determines the systolic BP
value of the subject, based on the ratios calculated based on
only a portion of pre-selected ones of the first amplitudes or
the second amplitudes that falls within a predetermined
pressure range, the BP determining means does not errone-
ously determine a systolic BP value in a pressure range
different from the predetermined pressure range. Thus, the
BP determining means can obtain a more accurate systolic
BP value of the subject.

According to a fourth feature of the present invention, the
blood-pressure measuring apparatus further comprises a
smoothing means for smoothing the ratios calculated by the
ratio calculating means, and the blood-pressure determining
means determines the systolic blood pressure of the subject,
based on the ratios smoothed by the smoothing means. Even
if the amplitude ratios calculated by the ratio calculating
means may temporarily greatly change, the smoothing
means smoothes or eliminates the temporary change of the
amplitude ratios, and the BP determining means determines
the systolic BP vale of the subject based on the smoothed
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amplitude ratios. Thus, the BP determining means can obtain
a more accurate systolic BP value of the subject.

According to a fifth feature of the present invention, the
smoothing means smoothes the ratios which are calculated,
by the ratio calculating means, based on a portion of
pre-selected ones of the first amplitudes or the second
amplitudes that falls within a predetermined pressure range,
and the blood-pressure determining means determines the
systolic blood pressure of the subject, based on the ratios
smoothed by the smoothing means. Since the BP determin-
ing means determines the systolic BP value of the subject,
based on the ratios calculated based on only a portion of
pre-selected ones of the first amplitudes or the second
amplitudes that falls within a predetermined pressure range,
the BP determining means does not erroneously determine a
systolic BP value based on a great change of the amplitude
ratios in a pressure range different from the predetermined
pressure range. In addition, even if the amplitude ratios may
temporarily greatly change in a pressure range different from
the predetermined pressure range, the smoothing means
smoothes or eliminates the temporary change of the ampli-
tude ratios, and the BP determining means does not deter-
mine an erroneous systolic BP vale of the subject based on
the temporary change of the amplitude ratios. Thus, the BP
determining means can obtain a more accurate systolic BP
value of the subject.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and optional objects, features, and advantages
of the present invention will be better understood by reading
the following detailed description of preferred embodiments
of the invention when considered in conjunction with the
accompanying drawings, in which:

FIG. 1 is a diagrammatic view for explaining a construc-
tion of a blood-pressure (BP) measuring apparatus embody-
ing the present invention;

FIG. 2 is a view showing a state in which an inflatable cuff
of the apparatus of FIG. 1 is wound around an ankle of a
living subject and an artery of the ankle is occluded by the
cuff;

FIG. 3 is a block diagram for explaining essential func-
tions of an electronic control device of the apparatus of FIG.
1

FIG. 4 is a graph showing a curve C; representing the
change of first amplitudes A,, a curve C, representing the
change of second amplitudes A,, a curve C; representing the
change of amplitude ratios r, and a curve C, representing the
change of smoothed amplitude ratios r', all of which are
obtained from a normal patient;

FIG. 5 is a graph showing a curve C, representing the
change of first amplitudes A,, a curve C, representing the
change of second amplitudes A,, a curve C, representing the
change of amplitude ratios 1, and a curve C, representing the
change of smoothed amplitude ratios r', all of which are
obtained from a hypertension patient; and

FIG. 6 is a flow chart representing a control program
according to which the control device of FIG. 3 controls the
BP measuring apparatus of FIG. 1.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Hereinafter, there will be described an embodiment of the
present invention, by reference to the drawings. FIG. 1 is a
diagrammatic view for explaining the construction of a
blood-pressure (BP) measuring apparatus 10 to which the
present invention is applied.
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In FIG. 1, the BP measuring apparatus 10 includes an
inflatable cuff 12 which is adapted to be wound around an
ankle 19 of a living subject. The present cuff 12 differs from
a cuff which is commonly used to measure a BP value from
an ankle of a living subject, in that the cuff 12 has a second
rubber bag 14 functioning as a second inflatable bag. More
specifically described, the cuff 12 includes a belt-like bag 16
which is formed of a non-stretchable and considerably hard
cloth and which has a shape that assures that the bag 16 is
advantageously wound around an ankle of a living subject;
and a first rubber bag 18 which has a prescribed width
somewhat shorter than that of the belt-like bag 16, and a
prescribed length shorter than a circumferential length of the
ankle (e.g., the length of the first rubber bag 18 is equal to
about two thirds of an average circumferential length of
ankle). The first rubber bag 18 functions as a first inflatable
bag, and is used mainly for pressing an artery 20 of the ankle
19 around which the cuff 12 is wound, and thereby occlud-
ing the artery, i.e., stopping the flow of blood in the artery.

The cuff 12 additionally includes, in a distal-side or
downstream-side end of the belt-like bag 16, the second
rubber bag 14 at a location inside a portion of the first rubber
bag 18 and on a distal or downstream side of another portion
of the same 18, in a state in which the cuff 12 is wound
around the ankle 19. The second rubber bag 14 has a
prescribed length substantially equal to that of the first
rubber bag 18, and has a prescribed width not greater than
one second of that of the same 18 (the width of the second
bag 14 is equal to, e.g., one fourth to one sixth of the width
of the first bag 18). The second rubber bag 13 is used mainly
for detecting the pulsation of the artery 20 of the ankle 19
around which the cuff 12 is wound.

FIG. 2 shows a state in which the cuff 12 constructed as
described above is wound around the ankle 19 of the living
subject and the artery 20 of the ankle 19 is occluded. When
the pressing pressure of the cuff 12 is lowered and the
pulsation of the artery 20 is allowed, a pressure pulse wave
is produced by the pulsation of the artery 20 and is propa-
gated via a body surface 21 to each of the first and second
rubber bags 18, 14, so that a pressure oscillation is produced
in each of the two rubber bags 18, 14. In addition, as shown
in FIG. 2, there is provided a shield plate 22 between the first
rubber bag 18 and the second rubber bag 14. The shield plate
22 is provided for preventing the oscillation produced in the
first rubber bag 18, from being transmitted to the second
rubber bag 14. To this end, the shield plate 22 has prescribed
width and length substantially equal to those of the second
bag 14, and is formed of a considerably hard, flexible
material having a thickness of about 0.3 mm. In FIG. 1, the
shield plate 22 is not shown.

The first rubber bag 18 is connected via a piping 23 to a
switch valve 24 and a first pressure sensor 25, and the switch
valve 24 is connected via a piping 26 to an air pump 28. The
second rubber bag 14 is connected via a branch piping 30 of
the main piping 23 to a second pressure sensor 32 and the
switch valve 24. The diameter of the branch piping 30
connected to the second bag 14 is smaller than that of the
main piping 23 connected to the first bag 18. Thus, the
branch piping 30 functions as a restrictor device.

The switch valve 24 is selectively placed in one of the
following three positions: the first position is a pressure-
supply position in which the valve 24 permits pressurized air
to be supplied from the air pump 28 to the cuff 12 (i.e., the
first and second rubber bags 18, 14); the second position is
a slow-deflation position in which the valve 24 permits the
pressurized air to be slowly deflated from the cuff 12; and
the third position is a quick-deflation position in which the
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6
valve 24 permits the pressurized air to be quickly deflated
from the cuff 12.

The first pressure sensor 25 detects a first pressure P, in
the first rubber bag 18, and supplies a first pressure signal
SP, representing the detected first pressure P, to each of a
static-pressure filter circuit 34 and a pulse-wave filter circuit
36. The static-pressure filter circuit 34 includes a low-pass
filter which extracts, from the first pressure signal SP,, a cuff
pressure signal SK; representing a cuff pressure PK, as a
constant component of the signal SP,, and supplies the cuff
pressure signal SK; to an electronic control device 40 via an
analog-to-digital (A/D) converter 38. The pulse-wave filter
circuit 36 includes a band-pass filter which extracts, from the
first pressure signal SP,, a first pulse wave signal SM;
representing a first pulse wave M, as a frequency component
of the signal SP,, and supplies the first pulse wave signal
SM, to the control device 40 via an A/D converter 42. The
first pulse wave M; represented by the first pulse wave
signal SM; is a pressure oscillation which is produced in the
first rubber bag 18 because the pulsation of the artery 20
under the cuff 12 is transmitted to the first bag 18.

The second pressure sensor 32 detects a second pressure
P, in the second rubber bag 14, and supplies a second
pressure signal SP, representing the detected second pres-
sure P,, to a second pulse-wave filter circuit 44. The second
pulse-wave filter circuit 44 has the same construction as that
of the first pulse-wave filter circuit 36, and includes a
band-pass filter which extracts, from the second pressure
signal SP,, a second pulse wave signal SM,, representing a
second pulse wave M, as a frequency component of the
signal SP,, and supplies the second pulse wave signal SM,
to the control device 40 via an A/D converter 45. The second
pulse wave M, represented by the second pulse wave signal
SM, is a pressure oscillation which is produced in the
second rubber bag 14 because the pulsation of a
downstream-side portion of a length of the artery 20 under
the cuff 12 is transmitted to the second bag 14. Thus, in the
present embodiment, the second rubber bag 14, the second
pressure sensor 32, and the second pulse-wave filter circuit
44 cooperate with one another to provide a pulse-wave
detecting device 46.

The control device 40 is essentially provided by a
so-called microcomputer including a central processing unit
(CPU) 47, a read only memory (ROM) 48, a random access
memory (RAM) 50, an input-and-output (I/O) port, not
shown, etc. The control device 40 or the CPU 47 processes
input signals according to control programs pre-stored in the
ROM 48, while utilizing a temporary-storage function of the
RAM 50, and outputs, via the I/O port, drive signals to the
switch valve 24 and the air pump 28 and thereby control the
same 24, 26. In addition, the CPU 37 determines a BP value
or values of the living subject based on the cuff pressure
signal SK; and the first and second pulse wave signals SM;,
SM, all of which are supplied to the control device 40 while
the control device 40 controls the switch valve 24 and the air
pump 28. Moreover, the control device 40 controls a display
device 52 to display the thus determined BP values of the
living subject.

FIG. 3 is a block diagram for explaining important
functions of the control device 40. In the figure, a cuff-
pressure regulating means 60 operates the air pump 28 and
switches the switch valve 24 to its pressure-supply position,
so that the pressure in the cuff 12 wound around the ankle
19 is quickly increased. In addition, when the cuff pressure
PK; in the first inflatable bag 18, detected by the first
pressure sensor 25, indicates that the pressure of the cuff 12
has reached a prescribed target pressure value P.,, (e.g.,
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about 240 mmHg), the cuff-pressure regulating means 60
switches the switch valve 24 to its slow-deflation position,
so that the pressure of the cuff 12 is slowly decreased at a
prescribed low rate of about 3 mmHg/sec. And, when the
pressure of the cuff 12 becomes equal to a prescribed
measurement-end pressure value P, sufficiently lower than
a diastolic BP value BP,;, of the living subject, the cuff-
pressure regulating means 60 switches the switch valve 24
to its quick-deflation position, and stops the air pump 28.

A first amplitude determining means 62 determines an
amplitude (hereinafter, referred to as the first amplitude A,)
of each of heartbeat-synchronous pulses of the first pulse
wave signal SM, which is extracted by the first pulse wave
filter circuit 36 from the first pressure signal SP; produced
by the first pressure sensor 25 while the pressure of the cuff
12 is slowly decreased by the cuff-pressure regulating means
62. The first amplitude determining means 62 stores, in a
prescribed memory area of the RAM 50, the thus determined
first amplitude A; of each heartbeat-synchronous pulse,
together with a cuff pressure value PK, at the time when the
each heartbeat-synchronous pulse is detected by the first
pressure sensor 25. The cuff pressure value PK, is repre-
sented by the cuff pressure signal SK; which is extracted by
the static-pressure filter circuit 34 from the first pressure
signal SP1.

A second amplitude determining means 64 determines an
amplitude (hereinafter, referred to as the second amplitude
A,) of each of heartbeat-synchronous pulses of the second
pulse wave signal SM, which is extracted by the second
pulse wave filter circuit 44 from the second pressure signal
SP, produced by the second pressure sensor 32 while the
pressure of the cuff 12 is slowly decreased by the cuff-
pressure regulating means 62. The second amplitude deter-
mining means 64 stores, in another prescribed memory area
of the RAM 50, the thus determined second amplitude A, of
each heartbeat-synchronous pulse, together with a cuff pres-
sure value PK, at the time when the each heartbeat-
synchronous pulse is detected by the second pressure sensor
25.

An amplitude-ratio calculating means 66 calculates a
ratio, 1, of one of each first amplitude A, determined by the
first amplitude determining means 62 and a corresponding
second amplitude A, determined by the second amplitude
determining means 64 to the other of the each first amplitude
A,, and the corresponding second amplitude A, (i.e., r=A,/
A, or A/A,). Here, it is noted that each first amplitude A,
and a corresponding second amplitude A, from which a ratio
r is calculated are obtained from respective heartbeat-
synchronous pulses which are substantially simultaneously
produced in the first and second inflatable bags 18, 14
because of a same pulsation of the artery 20 and are
substantially simultaneously detected by the first and second
pressure sensors 25, 32 from the two bags 18, 14, respec-
tively. That is, each second amplitude A, used to calculate
a ratio r is obtained from a heartbeat-synchronous pulse of
the second pulse wave SM,, that is detected at substantially
the same time as the time of detection of a heartbeat-
synchronous pulse of the first pulse wave SM; from which
a first amplitude A, used to calculate the ratio r, is obtained.

Though amplitude ratios r may be determined for all the
first amplitudes A, determined by the first amplitude deter-
mining means 62 and the corresponding second amplitudes
A, determined by the second amplitude determining means
64, amplitude ratios r, or smoothed amplitude ratios r',
described below, may be determined for only a portion of a
pre-selected ones of (a) the first amplitudes A; or (b) the
second amplitudes A, which portion falls within a range
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which is determined in advance by a range determining
means 70, described later.

An amplitude-ratio smoothing means 68 smoothes the
amplitude ratios r calculated by the amplitude-ratio calcu-
lating means 66, according to a well-known mathematical
method, such as median-filter method, moving-average
method, or smoothing-differentiation method, and thus pro-
vides the smoothed amplitude ratios r'. In the median-filter
method, each of the amplitude ratios r which are sequentially
calculated is replaced with a median of a predetermined
number (e.g., 3 or 5) of amplitude ratios r consisting of the
each ratio r and respective same numbers (e.g., 1 or 2) of
ratio or ratios r preceding and following the each ratio r. In
the smoothing-differentiation method, each of the amplitude
ratios r which are sequentially calculated is differentiated by
obtaining a linear sum of central differences, according to
the following expression (1):

N H
YK)=d /2 Culierm = X}

n=1

where d is a value determined based on a sampling period
T; N is a degree; and Cis a coefficient.

For example, d=1/T, N=1, and C;=1. The expression (1)
indicates that the smoothing-differentiation method or pro-
cess consists of only low-degree adding and subtracting
calculations. Since this method has a good nature, it is
known as a useful method for processing a signal obtained
from a living subject.

FIGS. 4 and § show respective graphs which are obtained
from two different patients. Each of the two graphs is
obtained by determining, based on the signals SK,, SM,,
SM, obtained while the pressure of the cuff 12 wound
around a corresponding one of the two patients is slowly
decreased at the prescribed rate from the prescribed target
pressure value P.,,, first amplitudes A, second amplitudes
A,, amplitude ratios r, and smoothed amplitude ratios r', and
plotting the thus determined values A,, A,, r, r' with respect
to the cuff pressure PK,. FIG. 4 shows the graph obtained
from the first patient whose blood pressure is normal; and
FIG. 5 shows the graph obtained from the second patient
whose blood pressure is high. In each of the two graphs
shown in FIGS. 4 and 5, four curves C;, C,, C;, and C,
represents a relationship between first amplitude A, and cuff
pressure PK,, a relationship between second amplitude A,
and cuff pressure PK,, a relationship between amplitude
ratio r and cuff pressure PK,, and a relationship between
smoothed amplitude ratio r' and cuff pressure PK,, respec-
tively. Each amplitude ratio r is determined as a ratio of first
amplitude A, to second amplitude A,, ie., r=A;/A,. In
addition, a BP value BP,.' is a reference systolic BP value
of each patient that is measured by a Doppler’s BP measur-
ing method. The Doppler’s BP measuring method or appa-
ratus has a disadvantage that it is more difficult for an
operator to perform this method or operate this apparatus
than perform or operate the oscillometric BP measuring
method or apparatus. However, it is known that the Dop-
pler’s method measures a reliable systolic BP value from
even an ankle of a living subject.

In each of the graphs shown in FIGS. 4 and FIG. §, the
curve C, representing the change of the first amplitudes A,
or the curve C, representing the change of the second
amplitudes A, does not have a distinct or clear rising point
between the starting point of the slow deflation of the cuff
pressure PK, and respective peak points. Therefore, it is
difficult to determine, directly from the curve C, or the curve
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C,, a systolic BP value BPy.; according to the oscillometric
method. The reason why the curve C; or the curve C, does
not have a clear rising point can be thought as follows: If the
artery 20 of the ankle 19 under the cuff 12 were completely
occluded by the cuff 12, the blood would start flowing when
the cuff pressure PK; becomes equal to a systolic BP value
BP,,¢ of the living subject, so that the first amplitudes A,
would abruptly increase. However, the artery 20 of the ankle
19 is one of arteries which cannot be completely occluded by
the inflatable cuff 12. Therefore, even if the cuff pressure
PK, may be higher than the systolic BP value BPgy, the
pulsation of the artery 20 is transmitted to an upstream-side
portion of the cuff 12 wound around the ankle 19, and the
amplitude of the pulsation increases as the cuff pressure PK,
decreases. Therefore, the curve C,; does not have a clear
rising point where the curve C; significantly greatly changes
to increase. In addition, though the pressure oscillation
produced in the first inflatable bag 18 can be shut off by the
shield plate 22 to some degree, but cannot be shut off
completely. Thus, the pressure oscillation produced in the
first inflatable bag 18 is transmitted to the second inflatable
bag 14, and accordingly the curve C, cannot have a clear
rising point.

On the other hand, in each of the two graphs, the curve C;
representing the change of the amplitude ratios r and the
curve C, representing the change of the smoothed amplitude
ratios r' significantly greatly change around the reference
systolic BP value BP ;' measured by the Doppler’s method.
The reason why the curves C,, C, do not have a clear rising
point but the curve C; (i.e., the amplitude ratios r) greatly
changes around the reference systolic BP value BPgy ' can
be speculated as follows: As explained previously, while the
cuff pressure PK, is higher than the systolic BP value BP .,
the second rubber bag 14 receives only the attenuated
pressure oscillation from the first rubber bag 18. However,
when the cuff pressure PK, becomes lower than the systolic
BP value BPgy, the second bag 14 directly receives the
pulsation of the artery 20 under the cuff 12. On the other
hand, even while the cuff pressure PK; is higher than the
systolic BP value BPg,,, the upstream-side portion of the
first rubber bag 14 directly receives the pressure oscillation
resulting from the pulsation of the artery 20. Therefore, the
curve C, more greatly changes around the systolic BP value
BP.y than the curve C;, and accordingly the amplitude
ratios r significantly greatly change around the systolic BP
value BPgy.

Meanwhile, in the graph shown in FIG. 4, the curve C3
representing the change of amplitude ratios r temporarily (or
shortly) greatly changes at a time immediately after the
commencement of the slow deflation of the cuff 12 and at a
time when the cuff pressure PK, is equal to about 160
mmHg. In the case where a systolic BP value BPg. is
determined based on the change of the amplitude ratios r, an
erroneous systolic BP value BP,,. may be determined based
on each temporary great change of the amplitude ratios r.
Hence, the smoothed amplitude ratios r' are obtained by
removing or eliminating the temporary great change or
changes from the amplitude ratios r.

The range determining means 70 determines a rising
range for a pre-selected ones of (a) the first amplitudes A; or
(b) the second amplitudes A,, so that a blood-pressure
determining means 72, described below, determines a sys-
tolic BP value BP g, of the subject based on a portion of the
amplitude ratios r or the smoothed amplitude ratios r' that are
calculated from a portion of the pre-selected first or second
amplitudes A; or A, that falls within the thus determined
rising range. For example, the rising range is defined as a
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high-pressure range of the cuff pressure PK; that is higher
than a pressure value corresponding to the peak (i.e., maxi-
mum value) of the pre-selected first or second amplitudes A
or A,. FIG. 4 shows that the curve C3 or the curve C4 has
a great change in a low-pressure range of the cuff pressure
PK, that is lower than the pressure value corresponding to
the peak. However, according to the oscillometric method, a
systolic BP value BPgy should be higher than the cuff
pressure value PK; corresponding to the peak. Therefore,
the blood-pressure determining means 72 can determine a
systolic BP value BPy, of the subject based on a portion of
the amplitude ratios r or the smoothed amplitude ratios r' that
are calculated from a portion of the pre-selected first or
second amplitudes A, or A, that falls within the thus
determined rising range.

The blood-pressure (BP) determining means 72 deter-
mines a systolic BP value BPg,¢ of the ankle 19 of the
subject, based on a portion of the amplitude ratios r that are
calculated by the amplitude-rate calculating means 66 from
a portion of the pre-selected first or second amplitudes A; or
A, that falls within the rising range determined by the range
determining means 70, or based on a portion of the
smoothed amplitude ratios r' that are calculated by the
amplitude-rate smoothing means 68 from a portion of the
pre-selected first or second amplitudes A; or A, that falls
within the rising range determined by the range determining
means 70. As shown in FIGS. 4 and 5, the amplitude ratios
r or the smoothed amplitude ratios r' significantly greatly
change at the reference systolic BP value BPg¢'. For
example, the BP determining means 72 calculates a change
ratio, d, for each of the above-indicated portion of the
smoothed amplitude ratios r' (or of the amplitude ratios r),
selects all change ratios d that are greater than a reference
change ratio dg;, determines one of the thus selected great
change ratios d such that the thus determined one great
change ratio d corresponds to the highest one of the cuff
pressure values PK, respectively corresponding the selected
great change ratios d, and finally determines, as a systolic BP
value BPy¢ of the subject, the highest cuff pressure PK,
corresponding to the thus selected one change ratio d. In
addition, the BP determining means 72 determines, accord-
ing to the common oscillometric method, a mean BP value
BP,/zan and a diastolic BP value BP,,,,, based on the first
amplitudes A, determined by the first amplitude determining
means 62 or the second amplitudes A, determined by the
second amplitude determining means 64. The display device
52 displays the thus determined systolic, mean, and diastolic
BP values BPgy, BPyran> and BP .

FIG. 6 is a flow chart representing a control program or
routine according to which the control device 40 controls the
BP measuring apparatus 10. The control routine shown in
FIG. 6 is started upon operation of a measurement start
switch, not shown.

First, the control device 40 carries out Steps S1 to S3
corresponding to the cuff-pressure regulating means 60.
More specifically described, at Step S1, the air pump 28 is
operated and the switch valve 24 is switched to its pressure-
supply position, so as to start increasing the pressure of the
cuff 12. That is, the control device 40 starts supplying the
pressurized air to each of the first and second inflatable bags
18, 14 of the cuff 12.

At Step S2, the control device 40 judges whether the cuff
pressure PK1 has reached a prescribed target pressure P,
(e.g., 240 mmHg) as a pressing pressure which can stop the
flow of blood in the artery 20 under the cuff 12. If a negative
judgment is made at Step S2, Step S1 and S2 are repeated,
while the pressure of the cuff 12 is continuously increased.
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On the other hand, if a positive judgment is made at Step
S2, the control of the control device 40 proceeds with Step
S3 to switch the switch valve 24 to its slow-deflation
position, so as to slowly decrease the pressure of the cuff 12
at a prescribed rate of 3 mmHg/sec. That is, the control
device 40 starts decreasing the first pressure P, of the first
rubber bag 18 and the second pressure P, of the second
rubber bag 14.

Step S3 is followed by Step S4 where the control device
40 reads in the cuff-pressure signal SK, supplied from the
static-pressure filter circuit 34, the first pulse-wave signal
SM; supplied from the first pulse-wave filter circuit 36, and
the second pulse-wave signal SM, supplied from the second
pulse-wave filter circuit 44.

Next, the control device 40 carries out Steps S5 and S6
corresponding to the cuff-pressure regulating means 60.
First, at Step S5, the control device 40 judges whether the
pressure of the cuff 12 has reached a prescribed
measurement-end pressure P, which is sufficiently lower
than a diastolic BP value BP,,,, of the subject. If a negative
judgment is made at Step S5, Step S4 and S5 are repeated,
while the control device 40 continues reading in the cuff-
pressure signal SK, and the first and second pulse-wave
signals SM;, SM,,. On the other hand, if a positive judgment
is made at Step S5, the control goes to Step S6 to switch the
switch valve 24 to its quick-deflation position and thereby
quickly decrease the pressure of the cuff 12.

At Step S7 corresponding to the first amplitude determin-
ing means 62, the control device 40 determines a first
amplitude A, of each of successive heartbeat-synchronous
pulses of the first pulse wave M, represented by the first
pulse-wave signal SM; read in at Step S4, and stores, in a
prescribed memory area of the RAM 50, the thus determined
first amplitude A, of the each heartbeat-synchronous pulse,
with a cuff-pressure value PK, at the time of occurrence of
the each heartbeat-synchronous pulse having the determined
first amplitude A;. An amplitude of each pulse is defined as
the difference between a maximum magnitude and a mini-
mum magnitude of the each pulse.

At Step S8 corresponding to the second amplitude deter-
mining means 64, the control device 40 determines a second
amplitude A, of each of successive heartbeat-synchronous
pulses of the second pulse wave M, represented by the
second pulse-wave signal SM, read in at Step S4, and stores,
in another prescribed memory area of the RAM 50, the thus
determined second amplitude A, of the each heartbeat-
synchronous pulse, with a cuff-pressure value PK, at the
time of occurrence of the each heartbeat-synchronous pulse
having the determined second amplitude A..

At Step S9 corresponding to the amplitude-ratio calcu-
lating means 66, the control device 40 calculates a ratio r of
the first amplitude of each of the successive pulses of the
first pulse wave M,, to the second amplitude of a corre-
sponding one of the successive pulses of the second pulse
wave M,, i.e., r=A;/A,, as illustrated in FIGS. 4 and 5.

At Step S10 corresponding to the amplitude-ratio smooth-
ing means 68, the control device 40 smoothes, according to
the above-described median-filter method, the amplitude
ratios r calculated at Step S9, and provides the smoothed
amplitude ratios r', as illustrated in FIGS. 4 and 5.

At Step S11 corresponding to the range determining
means 70, the control device 40 determines a peak (ie.,
maximum value) of the curve C, i.e., the greatest one of the
first amplitudes A; determined at Step S7, determines a
rising range which is higher than a cuff pressure PK, at the
time of occurrence of the greatest first amplitude A,, and
selects the smoothed amplitude ratios r' obtained from the
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heartbeat-synchronous pulses of the first and second pulse
waves M,, M, that occurred while the cuff pressure PK;
decreased in the rising range.

At Step S12 corresponding to the BP determining means
72, the control device 40 determines a systolic BP value
BPg,. of the subject based on the smoothed amplitude ratios
r' selected at Step S11. For example, the control device 40
calculates a change ratio, d, of each (r;") of the selected
smoothed amplitude ratio r', to the following selected
smoothed amplitude ratio r' (r,"), i.e., d=r,'/r,', selects one or
more change ratios d greater than a reference change ratio,
dg;, determines one of the thus selected great change ratios
d such that the thus determined one great change ratio d
corresponds to the highest one of the cuff pressure values
PK, respectively corresponding to the selected great change
ratios d, and finally determines, as a systolic BP value BP,,¢
of the subject, the highest cuff pressure PK; corresponding
to the determined one great change ratio d. In addition, the
control device 40 determines, according to the common
oscillometric method, a mean BP value BP,,., and a
diastolic BP value BP,,,,, based on the first amplitudes A,
determined at Step S7 or the second amplitudes A, deter-
mined at Step S8.

At Step S13, the control device 40 operates the display
device 52 to display the systolic, mean, and diastolic BP
values BPgy., BP -4, and BP,,, determined at Step S12.
Thus, the present control routine is finished.

In the illustrated embodiment, the first amplitude deter-
mining means 62 (Step S7) determines the respective first
amplitudes A; of successive heartbeat-synchronous pulses
of the first pulse wave M; which is produced in the first
rubber bag 18 while the pressure of the first bag 18 is slowly
decreased; the second amplitude determining means 64
(Step S8) determines the respective second amplitudes A, of
successive heartbeat-synchronous pulses of the second pulse
wave M, which is produced in the second rubber bag 14
while the pressure of the first rubber bag 18 is slowly
decreased; the amplitude-ratio calculating means 66 (Step
S9) calculates the respective ratios r of the first amplitudes
A, to the second amplitudes A,; and the BP determining
means 72 (Step S12) determines the systolic BP value BP gy
of the subject based on the amplitude ratios r. Since the
amplitude ratios r significantly greatly changes at the sys-
tolic BP value BPgys, the BP determining means 72 (Step
S12) can determines the systolic BP value BP,., based on
the amplitude ratios r. Thus, the present BP measuring
apparatus 10 can obtain an accurate systolic BP value BP, ¢
of the subject.

In addition, in the illustrated embodiment, the pulse-wave
detecting device 46 includes the second rubber bag 14 which
is provided inside, and downstream of, the first rubber bag
18 and whose width is smaller than that of the first bag 18,
and detects the pulse wave which is produced in the second
bag 14. Thus, the BP measuring apparatus 10 can enjoy a
simple construction, and can be produced with ease and at
low cost.

In addition, in the illustrated embodiment, the range
determining means 70 (Step S11) determines, in advance,
the rising range of the cuff pressure PK,, so that a portion
(ie., not all the first or second amplitudes A;, A,) of
pre-selected ones of the first amplitudes A, or the second
amplitudes A, that falls within the determined rising range
are used to calculate the amplitude ratios r. Therefore, even
if the amplitude ratios r may greatly change in a range
different than the rising range, the BP determining means 72
does not erroneously determine a systolic BP value BPgy¢ in
the different range. In addition, even if the amplitude ratios
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r may temporarily greatly change in the rising range, the
amplitude-ratio smoothing means 68 (Step S10) smoothes or
eliminates the temporary great change of the amplitude
ratios r. Therefore, the BP determining means 72 does not
determine an erroneous systolic BP value BPgy, based on
the temporary change of the amplitude ratios r that occurred
in the rising range. Thus, the present BP measuring appa-
ratus 10 can obtain a more accurate systolic BP value BPsys
of the subject.

While the present invention has been described in detail
in its preferred embodiment, by reference to the drawings, it
is to be understood that the present invention may otherwise
be embodied.

For example, in the illustrated embodiment, the control
device 40 calculates, at Step S9 of the flow chart of FIG. 6,
the respective ratios r of the respective first amplitude A, of
all the successive heartbeat-synchronous pulses of the first
pulse wave M, to the respective second amplitude A, of all
the corresponding heartbeat-synchronous pulses of the sec-
ond pulse wave M, subsequently smoothes, at Step S10, all
the thus calculated amplitude ratios r, and then selects, at
Step S11, a portion of the smoothed amplitude ratios r' that
is to be used to determine the systolic BP value ..
However, the control device 40 may be so modified as to
calculate respective amplitude ratios r and/or respective
smoothed amplitude ratios r' for only a portion of the first or
second amplitudes A, or A, that falls within the rising range.

In addition, in the illustrated embodiment, the range
determining means 70 (Step S11) determines the rising
range, so that a portion of the first or second amplitudes A,
or A, that falls within the thus determined rising range is
used by the BP determining means 72 to determine the
systolic BP value BPg,. However, the range determining
means 70 may be omitted, and the systolic BP value BPy
may be determined as follows: The BP determining means
72 determines a change ratio d for each of the smoothed
amplitude ratios r' (or each of the amplitude ratios r) in an
order starting with the highest one of the cuff pressure values
PK, respectively corresponding to the ratios r' (or the ratios
r). In this case, the cuff pressure value PK, corresponding to
the smoothed amplitude ratio r' (or the amplitude ratio r) that
first exceeds the reference change ratio dg, may be deter-
mined as the systolic BP value BP¢y. Alternatively, the BP
determining means 72 compares each of the smoothed
amplitude ratios r' (or each of the amplitude ratios r) with a
prescribed threshold value TH in an order starting with the
highest one of the cuff pressure values PK, respectively
corresponding to the ratios r' (or the ratios r). In the last case,
the cuff pressure value PK, corresponding to the smoothed
amplitude ratio r' (or the amplitude ratio r) that first exceeds
the threshold value TH may be determined as the systolic BP
value BPgy.

In the illustrated embodiment, the cuff 12 is adapted to be
wound around the ankle 19. However, the cuff 12 may be so
modified as to be wound around a body portion other than
the ankle 19, such as a femoral portion or an upper arm.

In the illustrated embodiment, the lengthwise dimension
of the second rubber bag 14 is substantially the same as that
of the first rubber bag 18. However, since the second bag 14
is for detecting the pulse wave produced from the artery 20
of the body portion wound which the cuff 12 is wound, the
second bag 14 is just required to be located right above the
artery 20. Accordingly, the lengthwise dimension of the
second bag 14 may be shorter than that of the first bag 18.

In the illustrated embodiment, the BP determining means
72 (Step S12) determines the systolic BP value BPSYS by
processing the signals after the slow deflation of the cuff 12
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has been finished. However, the BP determining means 72
may be so modified as to determine the systolic BP value
BPSYS by processing the signals while the pressure of the
cuff 12 is slowly decreased. In the latter case, the pressure
of the cuff 12 may be quickly decreased when all the
necessary signals have been detected (e.g., when the signal
needed to determine the diastolic BP value BP,,, is
detected).

In the illustrated embodiment, since the branch piping 30
is thinner than the main piping 23, the piping 30 functions
as the restrictor. However, an orifice may be provided in a
branch piping 30 whose diameter is equal to that of the main
piping 23.

In the illustrated embodiment, the use of the thin piping
30 functioning as the restrictor enables the single air pump
28 and the single switch valve 24 to concurrently regulate
the first pressure P, of the first rubber bag 18 and the second
pressure P, of the second rubber bag 14. However, two air
pumps and two switch valves may be employed for the two
bags 18, 14, respectively.

In the illustrated embodiment, the second rubber bag 14
is located in the most downstream position of the cuff 12.
However, the second bag 14 may be located in a position
upstream of the most downstream position, within a
downstream-side half portion of the cuff 12.

In the illustrated embodiment, the pulse-wave detecting
device 46 includes the second rubber bag 14 provided in the
inside and downstream-side portion of the cuff 12, and
detects the pulse wave produced in the second bag 14.
However, the BP measuring apparatus 10 may employ a
different sort of pulse-wave detecting device. For example,
it is possible to employ such a pulse-wave detecting device
which is provided by (a) a light reflecting plate which is
provided, in a substantially middle portion of a cuff, inside
the cuff and right above an artery, and (b) an optical distance
detector including a light emitting element and a light
receiving element which are provided inside the cuff such
that those two elements are opposite to the reflecting plate
with respect to the artery. Since this pulse-wave detecting
device detects a pulse wave by detecting the distance
between the reflecting plate and the optical distance sensor
that changes because of the pulsation of the artery under the
cuff, the pulse wave detected by the pulse-wave detecting
device is influenced by the pressure oscillation produced in
the first rubber bag 18 as the pressing rubber bag.

It is to be understood that the present invention may be
embodied with other changes, improvements and modifica-
tions that may occur to one skilled in the art without
departing from the spirit and scope of the invention.

‘What is claimed is:

1. An apparatus for measuring a systolic blood pressure of
a living subject, comprising:

an inflatable cuff which is adapted to be wound around a
body portion of the subject and includes a first inflat-
able bag which is inflatable to press an artery of the
body portion;

a first amplitude determining means for determining a first
amplitude of each of a plurality of heartbeat-
synchronous pulses of a first pulse wave which is
produced in the first inflatable bag when a pressure in
the first bag is changed,

a pulse-wave detecting device which detects a second
pulse wave which propagates from the artery to a
downstream-side portion of the cuff as seen in a blood-
flow direction in which blood flows in the artery;

a second amplitude determining means for determining a
second amplitude of each of a plurality of heartbeat-
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synchronous pulses of the second pulse wave which is
detected by the pulse-wave detecting device when the
pressure of the first inflatable bag is changed;

a ratio calculating means for calculating a ratio of one of
each of the first amplitudes determined by the first
amplitude determining means and each of the second
amplitudes determined by the second amplitude deter-
mining means to the other of said each of the first
amplitudes and said each of the second amplitudes; and

a blood-pressure determining means for determining the
systolic blood pressure of the subject, based on the
ratios calculated by the ratio calculating means.

2. An apparatus according to claim 1, wherein the pulse-
wave detecting device includes a second inflatable bag
which is provided in the downstream-side portion of the cuff
wound around the body portion of the living subject, such
that the second inflatable bag is located on a downstream
side of a first portion of the first inflatable bag and on an
inner side of a second portion of the first bag, the second bag
having, in the blood-flow direction, a width smaller than a
width of the first bag, and wherein the pulse-wave detecting
device detects the second pulse wave which is produced in
the second bag.

3. An apparatus according to claim 1, wherein the blood-
pressure determining means determines the systolic blood
pressure of the subject, based on the ratios which are
calculated, by the ratio calculating means, based on a portion
of pre-selected ones of (a) the first amplitudes or (b) the
second amplitudes that falls within a predetermined pressure
range.

4. An apparatus according to claim 1, further comprising
a smoothing means for smoothing the ratios calculated by
the ratio calculating means, wherein the blood-pressure
determining means determines the systolic blood pressure of
the subject, based on the ratios smoothed by the smoothing
means.

5. An apparatus according to claim 4, wherein the smooth-
ing means smoothes the ratios which are calculated, by the
ratio calculating means, based on a portion of pre-selected
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ones of (a) the first amplitudes or (b) the second amplitudes
that falls within a predetermined pressure range, and
wherein the blood-pressure determining means determines
the systolic blood pressure of the subject, based on the ratios
smoothed by the smoothing means.

6. An apparatus according to claim 5, wherein the smooth-
ing means smoothes the ratios calculated by the ratio cal-
culating means, according to one selected from the group
consisting of a median-filter method, a moving-average
method, and a differentiation-smoothing method.

7. An apparatus according to claim 3, further comprising
a range determining means for determining, in advance, the
pressure range for the pre-selected ones of (a) the first
amplitudes or (b) the second amplitudes, wherein the blood-
pressure determining means determines the systolic blood
pressure of the subject, based on the ratios which are
calculated, by the ratio calculating means, based on said
portion of the pre-selected ones of (a) the first amplitudes or
(b) the second amplitudes that falls within the pressure range
determined by the range determining means.

8. An apparatus according to claim 7, further comprising
a pressure changing means for increasing the pressure of the
first inflatable bag toward a prescribed pressure value,
wherein the range determining means determines, for the
pre-selected ones of (a) the first amplitudes or (b) the second
amplitudes, the pressure range such that the determined
pressure range is between the prescribed pressure value and
a pressure value of the first bag at a time when a greatest one
of the pre-selected ones of (a) the first amplitudes or (b) the
second amplitudes occurs.

9. An apparatus according to claim 1, further comprising
a pressure changing means for changing the pressure of the
first bag.

10. An apparatus according to claim 1, wherein the
blood-pressure determining means determines, as the sys-
tolic blood pressure of the subject, a pressure value of the
first inflatable bag at a time when the ratios calculated by the
ratio calculating means significantly greatly changes.

# * * *® *®
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