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CENTRAL-ARTERY-PRESSURE-WAVEFORM 
ESTIMATING APPARATUS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to an apparatus for 
non-invasively estimating the Waveform of blood pressure in 
a central artery (e.g., an aortic artery or a carotid artery) of 
a living subject. 

[0003] 2. Discussion of Related Art 

[0004] There is knoWn a blood-pressure (BP) estimating 
device Which continuously estimates, by so-called tonom 
etry, BP of a living subject, such as a patient under a surgical 
operation, to monitor his or her BP. The BP estimating 
device includes a pressure-pulse-Wave (PPW) sensor Which 
is pressed via skin against a peripheral artery, such as a radial 
artery, to detect a peripheral PPW from the artery, and 
continuously estimates the BP of the subject based on the 
detected peripheral PPW. 

[0005] HoWever, the Waveform of the peripheral PPW 
detected by the PPW sensor differs from the Waveform of 
blood pressure in a central artery, in that the Waveform of 
peripheral PPW is distorted as compared With the Waveform 
of central-artery pressure and is time-Wise delayed from the 
same. Therefore, if the Waveform of central-artery pressure 
is continuously estimated based on the Waveform of periph 
eral PPW by the BP estimating device, then it Would be 
necessary to correct the Waveform of peripheral PPW in an 
appropriate manner. 

[0006] There has been proposed a method of correcting 
the distortion of the Waveform of peripheral PPW to estimate 
continuously the Waveform of central aortic pressure (i.e., 
blood pressure at the heart-side end of aorta) as a sort of 
central-artery pressure. This method includes determining 
an average transfer function betWeen the Waveform of 
central aortic pressure and the Waveform of peripheral PPW, 
and correcting the continuously detected peripheral PPW 
based on the transfer function. In addition, there has been 
also proposed a method of estimating the Waveform of 
central aortic pressure by (a) separating the Waveform of 
peripheral PPW into an estimated Waveform of forWard 
PPW and an estimated Waveform of backWard PPW, (b) 
estimating, based on the estimated Waveforms of forWard 
and backWard PPWs and a propagation time in Which the 
PPW propagates betWeen the heart-side end of aorta and a 
portion of the peripheral artery against Which the PPW 
sensor is pressed, the respective Waveforms of forWard and 
backWard PPWs at the heart-side end of aorta, and (c) 
estimating the Waveform of central aortic pressure by adding 
the estimated Waveforms of forWard and backWard PPWs at 
the heart-side end of aorta. (Stergiopulos N, Westerhof B E, 
Westerhof N: Physical basis of pressure transfer from 
periphery to aorta; a model-based study. American Journal 
of Physiology 1998; 274; H1386-H1392) 

[0007] HoWever, since the above-indicated former or ?rst 
method needs compleX calculations including Fourier trans 
formation and/or convolution integration, it is dif?cult to 
monitor the Waveform of central aortic pressure on a real 
time basis. In addition, though the latter or second method 
can accurately estimate, by simple calculations, the Wave 
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form of central aortic pressure, it has the disadvantage that 
it needs to measure blood How in the peripheral artery. 

[0008] Moreover, there has been proposed a third method 
of determining a transfer function based on a vascular 
system model, and estimating the Waveform of central aortic 
pressure based on the transfer function and BP measured 
from a ?nger. (Karamanoglu M, Feneley M P: On-line 
synthesis of the human ascending aortic pressure pulse from 
the ?nger pulse. Hypertension. 1997; 30; 1416-1424) 
[0009] HoWever, the third method has the disadvantage 
that it needs a parameter Which can be measured in an 
invasive manner only. 

SUMMARY OF THE INVENTION 

[0010] It is therefore an object of the present invention to 
provide an apparatus Which can estimate, With each and 
accuracy, a Waveform of blood pressure in a central artery of 
a living subject. 

[0011] The above object has been achieved by the present 
invention, Which provides an apparatus for non-invasively 
estimating a Waveform of a blood pressure in a central artery 
of a living subject, comprising a pressure-pulse-Wave detect 
ing device Which includes a pressure-pulse-Wave sensor 
adapted to be pressed, via a skin of the subject, against a ?rst 
portion of a peripheral artery located on a doWnstream side 
of the central artery and Which non-invasively detects, 
through the pressure-pulse-Wave sensor, a pressure pulse 
Wave produced from the ?rst portion of the peripheral artery; 
a blood-pressure-difference determining means for deter 
mining, according to a predetermined vascular-system 
model, a blood-pressure difference betWeen a blood pressure 
at the ?rst portion of the peripheral artery pressed by the 
pressure-pulse-Wave sensor and a blood pressure at an end 
of the peripheral artery, based on the pressure pulse Wave 
detected by the pressure-pulse-Wave detecting device; a 
peripheral-artery-blood-pressure-Waveform estimating 
means for estimating, based on the pressure pulse Wave 
detected by the pressure-pulse-Wave detecting device and 
the blood-pressure difference determined by the blood 
pressure-difference determining means, a Waveform of a 
forWard pressure pulse Wave at the ?rst portion of the 
peripheral artery pressed by the pressure-pulse-Wave sensor, 
and a Waveform of a backWard pressure pulse Wave at the 
?rst portion of the peripheral artery; a propagation-time 
determining means for determining a propagation time in 
Which the pressure pulse Wave propagates from a second 
portion of the central artery to the ?rst portion of the 
peripheral artery; and a central-artery-blood-pressure-Wave 
form estimating means for estimating, based on the respec 
tive Waveforms of the forWard and backWard pressure pulse 
Waves estimated by the peripheral-artery-blood-pressure 
Waveform estimating means and the propagation time deter 
mined by the propagation-time determining means, a Wave 
form of a forWard pressure pulse Wave at the second portion 
of the central artery and a Waveform of a backWard pressure 
pulse Wave at the second portion of the central artery, and 
estimating a Waveform of a blood pressure at the second 
portion of the central artery, by adding the respective esti 
mated Waveforms of the forWard and backWard pressure 
pulse Waves at the second portion of the central artery. 

[0012] In the present apparatus, the blood-pressure-differ 
ence determining means determines, according to the pre 
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determined vascular-system model, the blood-pressure dif 
ference between the blood pressure at the ?rst portion of the 
peripheral artery pressed by the pressure-pulse-Wave sensor 
and the blood pressure at the end of the peripheral artery, 
based on the pressure pulse Wave non-invasively detected by 
the pressure-pulse-Wave detecting device. In addition, the 
peripheral-artery-blood-pressure-Waveform estimating 
means estimates, based on the pressure pulse Wave detected 
by the pressure-pulse-Wave detecting device and the blood 
pressure difference determined by the blood-pressure-differ 
ence determining means, the Waveform of forWard pressure 
pulse Wave at the ?rst portion of the peripheral artery, and 
the Waveform of backWard pressure pulse Wave at the ?rst 
portion of the peripheral artery, and the central-artery-blood 
pressure -Waveform estimating means estimates, based on 
the respective Waveforms of the forWard and backWard 
pressure pulse Waves and the propagation time determined 
by the propagation-time determining means, the Waveform 
of blood pressure in the central artery. Thus, the present 
apparatus can easily estimate the Waveform of blood pres 
sure in the central artery, by just detecting the pressure pulse 
Wave from the peripheral artery and measuring the propa 
gation time. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The above and other objects, features, advantages 
and technical and industrial signi?cance of the present 
invention Will be better understood by reading the folloWing 
detailed description of preferred embodiments of the inven 
tion, When considered in connection With the accompanying 
draWings, in Which: 

[0014] FIG. 1 is a diagrammatic vieW of the construction 
of a central-aortic-pressure (CAP) Waveform estimating 
apparatus to Which the present invention is applied: 

[0015] FIG. 2 is an enlarged vieW of a pressure-pulse 
Wave (PPW) detecting probe of the apparatus of FIG. 1, 
With a portion of the probe being removed; 

[0016] FIG. 3 is a vieW shoWing a pressure pulse Wave 
(PPW) represented by a PPW signal supplied by a PPW 
sensor of the PPW detecting probe FIG. 2; 

[0017] FIG. 4 is a diagrammatic vieW of relevant control 
functions of a control device of the apparatus of FIG. 1; 

[0018] FIG. 5 is a vieW for explaining a manner in Which 
an optimum pressing force is determined by an optimum 
pressing-force determining means of the apparatus of FIG. 
1; 
[0019] FIG. 6 is a vieW for explaining a relationship 
Which is determined by a relationship determining means of 
the apparatus of FIG. 1; 

[0020] FIG. 7 is a vieW for explaining a model of a 
vascular system of a human being that is employed in the 
apparatus of FIG. 1; 

[0021] FIG. 8 is a How chart representing a control 
program according to Which the control device of FIG. 4 
controls the apparatus of FIG. 1; 

[0022] FIG. 9A is a graph shoWing a CAP Waveform 
detected using a catheter; FIG. 9B is a graph shoWing a 
radial-artery pressure Waveform detected using the PPW 
detecting probe; FIG. 9C is a graph shoWing a CAP Wave 
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form estimated from the detected radial-artery pressure 
Waveform by a conventional method using a transfer func 
tion; and FIG. 9D is a graph shoWing a CAP Waveform 
estimated from the detected radial-artery pressure Waveform 
in the invention method using the vascular-system model of 
FIG. 7; 

[0023] FIG. 10A is a scatter diagram of the radial-artery 
pressure Waveform detected using the PPW detecting probe, 
relative to the CAP Waveform detected using the catheter; 
FIG. 10B is a scatter diagram of the CAP Waveform 
estimated from the detected radial-artery pressure Waveform 
by the conventional method using the transfer function, 
relative to the CAP Waveform detected using the catheter; 
and FIG. 10C is a scatter diagram of the CAP Waveform 
estimated from the radial-artery pressure Waveform by the 
invention method using the vascular-system model of FIG. 
7,; relative to the CAP Waveform detected using the catheter; 
and 

[0024] FIG. 11 is a graph shoWing respective correlation 
coef?cients, r2, betWeen (A) respective CAP Waveforms 
detected from individual patients each using the catheter and 
(B)(a) respective radial-artery pressure Waveforms detected 
from the individual patients each using the PPW probe, 
(B)(b) respective CAP Waveforms estimated from the cor 
responding radial-artery pressure Waveforms by the conven 
tional method using the transfer function, or (B)(c) respec 
tive CAP Waveforms estimated from the corresponding 
radial-artery pressure Waveforms by the invention method 
using the vascular-system model of FIG. 7. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0025] Hereinafter, there Will be described an embodiment 
of the present invention, by reference to the accompanying 
draWings. 
[0026] FIG. 1 is a diagrammatic vieW for explaining a 
construction of a central-aortic-pressure (CPA) Waveform 
estimating apparatus 8 to Which the present invention is 
applied. The CAP-Waveform estimating apparatus 8 esti 
mates a CAP Waveform of a living subject as a sort of 
central-artery blood-pressure Waveform. The CAP-Wave 
form estimating apparatus 8, shoWn in FIG. 1, also functions 
as a non-invasive and continuous blood-pressure (BP) esti 
mating apparatus Which non-invasively and continuously 
estimates BP values of the subject. 

[0027] In FIG. 1, the CAP-Waveform estimating appara 
tus 8 includes an in?atable cuff 10 Which includes a rubber 
bag and a belt-like cloth bag in Which the rubber bag is 
accommodated. The cuff 10 is Wound around, e.g., an upper 
arm 12 of a patient as a living subject. The Waveform 
estimating apparatus 8 additionally includes a pressure sen 
sor 14, a sWitch valve 16, and an air pump 18 Which are 
connected to the cuff 10 via piping 20. The sWitch valve 16 
is selectively placed in three states, that is, a pressure-supply 
state in Which the valve 16 alloWs pressuriZed air to be 
supplied from the air pump 18 to the cuff 10, a sloW 
de?ation state in Which the valve 16 alloWs the pressuriZed 
air to be sloWly de?ated from the cuff 10, and a quick 
de?ation state in Which the valve 16 alloWs the pressuriZed 
air to be quickly de?ated from the cuff 10. 

[0028] The pressure sensor 14 detects an air pressure in 
the cuff 10, and supplies a pressure signal, SP, representing 
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the detected pressure, to a static-pressure ?lter circuit 22 and 
a pulse-Wave ?lter circuit 24. The static-pressure ?lter 
circuit 22 includes a loW-pass ?lter Which selects, from the 
pressure signal SP, a cuff-pressure signal, SK, representing 
a static pressure, Pc, contained in the pressure represented 
by the pressure signal SP. The cuff-pressure signal SK is 
supplied to an electronic control device 28 via an analog 
to-digital converter (“A/D”) converter 26. 

[0029] The pulse-Wave ?lter circuit 24 includes a band 
pass ?lter Which selects, from the pressure signal SP, a 
pulse-Wave signal, SMl, representing oscillatory compo 
nents contained in the pressure represented by the pressure 
signal SP, that is, a cuff pulse Wave produced in the cuff 10. 
The pulse-Wave signal SM1 is supplied to the control device 
28 via an A/D converter 30. The cuff pulse Wave represented 
by the pulse-Wave signal SM1 is an oscillatory pressure 
Wave that is produced from a brachial artery (not shoWn) of 
the patient in synchronism With the heartbeat of the patient 
and is transmitted to the cuff 10 Worn on the upper arm 12 
of the patient. Thus, the cuff 10, the pressure sensor 14, and 
the pulse-Wave ?lter circuit 24 cooperate With one another to 
provide a cuff-pulse-Wave sensor. 

[0030] The control device 28 is provided by a microcom 
puter including a central processing unit (CPU) 30, a read 
only memory (ROM) 32, a random access memory (RAM) 
34, and an I/O port (not shoWn). The CPU 30 processes, 
according to control programs pre-stored in the ROM 32, 
input signals While utiliZing a temporary-storage function of 
the RAM 34, and outputs, via the I/O port, drive signals to 
the sWitch valve 16 and the air pump 18 to control the same 
16, 18. In addition, the control device 30 controls a display 
device 36 to display various sorts of information. 

[0031] A pressure-pulse-Wave detecting probe 38 as a 
pressure-pulse-Wave detecting device detects a pressure 
pulse Wave produced from a peripheral artery of the patient, 
i.e., an artery located on a doWnstream side of a central 
artery of the patient. As illustrated in detail in FIG. 2, the 
probe 38 includes a casing 42 Which accommodates a 
housing 40 having a container-like shape; and a feed screW 
48 Which is threadedly engaged With the housing 40 and is 
rotated by an electric motor (not shoWn) provided in a drive 
section 46 of the casing 42, to move the housing 40 in a 
WidthWise direction of a radial artery 44. A fastening band 
50, attached to the casing 42, is used to Wear the casing 42 
on a Wrist 54 of a left arm of the subject that is opposite to 
the right arm on Which the cuff 10 is Worn, such that an open 
end of the container-like housing 40 is opposed to a body 
surface 52 of the patient. The housing 40 accommodates a 
pressure-pulse-Wave (PPW) sensor 58 via an elastic dia 
phragm 56, such that the PPW sensor 58 is movable relative 
to the housing 40 and is advanceable out of the open end of 
the housing 40. The elastic diaphragm 56 de?nes an airtight, 
pressure chamber 60 in the back of the PPW sensor 58. The 
diaphragm 40 is formed of a thin elastic sheet. The pressure 
chamber 60 is supplied With pressuriZed air from an air 
pump 62 via a pressure-control valve 64, so that the PPW 
sensor 58 is pressed against the body surface 52 With a 
pressing force corresponding to the air pressure in the 
chamber 60. 

[0032] The housing 40 and the diaphragm 56 cooperate 
With each other to provide a pressing device 66 Which 
presses the PPW sensor 58 against the radial artery 44 via the 
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body surface or skin 52. The pressing device 66 presses the 
PPW sensor 58 With an optimum pressing force, PHDPO, 
described later. The feed screW 48 and the electric motor (not 
shoWn) cooperate With each other to provide a press-position 
changing device or a WidthWise moving device Which 
changes a press position Where the PPW sensor 58 is 
pressed, by moving the sensor 58 in the WidthWise direction 
of the artery 44. 

[0033] The PPW sensor 58 has a press surface 70 Which is 
provided by, e.g., a semiconductor chip such as a monoc 
rystalline silicon, and has, in the pressure surface 70, a 
number of semiconductor pressure-sensing elements E (not 
shoWn) Which are arranged at a regular interval (e.g., 0.2 
mm) of distance in the WidthWise direction of the radial 
artery 44, i.e., in a direction Which is parallel to the feed 
screW 48 and in Which the PWB 58 is moved. In a state in 
Which the PWB sensor 58 is pressed against the radial artery 
44 via the body surface 52 of the Wrist 54, each of the 
pressure-sensing elements detects a pressure pulse Wave 
(PPW), P(RA), i.e., an oscillatory pressure Wave Which is 
produced from the radial artery 44 and is transmitted to the 
body surface 52, and supplies a PPW signal, SM2, repre 
senting the detected PPW P(RA), to the control device 28 via 
an AID converter 72. FIG. 3 shoWs a Waveform of the PPW 
P<RA> represented by the PPW signal SM2 produced by one 
of the pressure-sensing elements of the PPW sensor 58. 

[0034] The present CAP-Waveform estimating apparatus 8 
additionally includes a heart-sound microphone 74 Which is 
placed or Worn at a predetermined position on the chest of 
the subject, to detect hear sounds produced from the heart of 
the subject, and outputs a heart-sound signal, SH, represent 
ing the detected heart sounds. The heart-sound signal SH 
produced by the heart-sound microphone 74 is supplied to 
the control device 28 via an analog-to-digital (AID) con 
verter 76. The heart sounds detected by the microphone 74 
includes a ?rst heart sound I Which is produced When the 
aortic valve opens. When the aortic valve opens, an aortic 
pulse Wave is produced. Thus, the heart-sound signal SH 
representing the heart sounds provides a ?rst signal Which is 
produced in synchronism With the aortic pulse Wave at the 
heart-side end of the aorta; and the heart-sound microphone 
74 provides a ?rst sensor Which detects the ?rst signal. 

[0035] FIG. 4 is a diagrammatic vieW for explaining 
various functions of the control device 28 of the CAP 
Waveform estimating apparatus 8 constructed as described 
above. 

[0036] A cuff-pressure control means 82 quickly increases 
the pressing pressure of the cuff 10 Wound around the upper 
arm of the patient, up to a target pressure, PCM, (e.g., 180 
mmHg) and then sloWly decreases the cuff pressure at the 
rate of 3 mmHg/sec. During this sloW de?ation of the cuff 
10, a blood-pressure (BP) measuring means 80 collects a 
plurality of heartbeat-synchronous pulses represented by the 
pulse-Wave signal SM1 obtained from the cuff 10 via the 
pressure sensor 14 and the pulse-Wave ?lter circuit 24, 
calculates respective amplitudes of the collected pulses, and 
determines, in Well-knoWn oscillometric method, a systolic 
BP value, BPSYS, a mean BP value, BPMEAN, and a diastolic 
BP value, BPDIA, of the subject based on the variation of the 
amplitudes of the collected pulses. The thus determined BP 
values BPSYS, BPMEAN, BPDIA are displayed on the display 
device 36. 
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[0037] An optimum-pressing-position determining means 
84 carries out a press-position changing operation, When a 
prescribed press-position changing condition is satis?ed. 
The press-position changing condition is that one of the 
pressure-sensing elements, E, arranged in array in the press 
surface 70 Which one element is a maximum-amplitude 
detecting element (i.e., an active element), E0, is positioned 
Within a predetermined number of elements counted from 
each of opposite ends of the array of elements E, or Within 
a predetermined distance inWard from the each end. This 
condition may be satis?ed When the PPW detecting probe 38 
is initially Worn on the Wrist 54 of the patient. The press 
position changing operation includes moving the PPW sen 
sor 58 aWay from the body surface 52, operating the 
WidthWise-direction moving device 68 to move the pressing 
device 66 and the PPW sensor 58 relative to the radial artery 
44 by a predetermined incremental distance, and operating 
the pressing device 66 to press the sensor 58 against the 
surface 52 With a considerably small, ?rst hold-doWn pres 
sure, HDPl. In this state, it is judged Whether the press 
position changing condition is satis?ed again. The press 
position changing operation and the judging operation are 
continued or repeated till the PPW sensor 58 is brought into 
a state in Which the press-position changing condition is not 
satis?ed, more preferably, till the active element E0 is 
positioned or found at substantially the center of the array of 
elements E. Thus, the PPW sensor 58 is positioned at an 
optimum press position relative to the radial artery 44. 

[0038] An optimum-pressing-force determining means 86 
continuously changes the pressing force applied to the PPW 
sensor 58 positioned at the optimum press position, Within 
a suf?ciently Wide force range. During this pressing-force 
change, the determining means 86 continuously obtains the 
pressure pulse Wave P<RA> or the pulse-Wave signal SM2 
detected by the above-indicated active pressure-sensing ele 
ment E0 of the PPW sensor 58, determines, based on the 
continuously obtained pressure pulse Wave P RA , an opti 
mum pressing force PHDPO, and presses the PlSW)sensor 58 
against the radial artery 44, With the determined optimum 
pressing force PHDPO. The optimum pressing force PHDPO is 
so determined as to fall, as shoWn in FIG. 5, Within a 
pressure range Whose center corresponds to the greatest one 
of respective pulse amplitudes (indicated at solid line) of the 
pulse-Wave signal SM2 detected during the pressing-force 
change. Alternatively, the optimum force PHDPO may be so 
determined as to fall, as shoWn in FIG. 5, Within a pressure 
range Whose center corresponds to the center of a ?at portion 
of a curve (indicated at broken line) connecting the respec 
tive minimum magnitudes, SMmin, of heartbeat-synchronous 
pulses of the pulse-Wave signal SM2 detected during the 
pressing-force change. 

[0039] A relationship determining means 88 periodically 
determines, as shoWn in FIG. 6, a relationship betWeen 
monitor BP, MBP, and magnitude of pressure pulse Wave 
(i.e., magnitude of pulse-Wave signal SMZ), based on the BP 
values measured by the BP measuring means 80 and the 
pressure pulse Wave P(RA), i.e., the pulse-Wave signal SM2 
detected by the active element E0 of the PPW sensor 58. The 
relationship shoWn in FIG. 6 is expressed by the folloWing 
expression (1): 

MBP=A-P(RA)+B (1) 
[0040] Where A and B are constants. 

[0041] A monitor-blood-pressure (MBP) determining 
means 90 successively or consecutively determines, accord 
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ing to the above relationship, at least one of a monitor 
systolic BP value, MBPSYS, a monitor mean BP value, 
MBPMEAN, and a monitor diastolic BP value, MBPDIA, 
based on at least one of a maximum magnitude, S(RA)maX, a 
mean magnitude, and a minimum magnitude S<RA>rnin of 
each of successive heart-beat synchronous pulses of the 
pressure pulse Wave P(RA), i.e., the pulse-Wave signal SM2 
detected by the active element E0 of the PPW sensor 58. The 
thus determined monitor BP value or values MBP is or are 
successively displayed on the display device 36. 

[0042] A BP-difference determining means 92 continu 
ously calculates, according to a predetermined vascular 
system model 94 (FIG. 7), a BP difference, A, betWeen a BP 
value P<RA> at the portion of the radial artery 44 that is 
pressed by the PPW sensor 58, and a BP value, Pd, at the end 
of the radial artery 44, based on the magnitude (i.e., the BP 
value P<RA> of the pressure pulse Wave P<RA> (FIG. 3) 
continuously detected by the sensor 58. The vascular-system 
model 94, shoWn in FIG. 7, models a vascular system of the 
subject. In the model 94, a tube 96 is elastic and exhibits no 
pressure loss, and corresponds to an artery from the aorta 
(i.e., the central artery) to the portion of the radial artery 44 
(i.e., the peripheral artery) pressed by the PPW sensor 58. 
The tube 96 has a characteristic impedance, Zc. Aperipheral 
circuit 98 is connected to the peripheral end of the tube 96, 
and models a portion of the vascular system that is located 
on a peripheral side of the portion of the radial artery 44 
pressed by the PPW sensor 58. The peripheral circuit 98 
includes a resistor 99 Which represents a portion of the radial 
artery 44 that is located betWeen the portion thereof pressed 
by the PPW sensor 58 and the peripheral end thereof, and a 
resistor, R, 100 and a capacitor, C, 102 each of Which is 
connected in series to the resistor 99 and Which are con 
nected in parallel to each other. The resistor 99 has the same 
impedance With that Zc of the tube 96, because generally the 
impedance of a blood vessel is de?ned by the diameter, 
elasticity and Wall thickness thereof and the physical prop 
erties of blood and these variables do not largely change 
betWeen respective portions of the vessel (i.e., the radial 
artery 44) on upstream and doWnstream sides of the PPW 
sensor 58. 

[0043] The above-indicated BP difference A can be 
expressed as the product, A=Zc><Q(RA), of the characteristic 
impedance Zc of the resistor 99 and an amount, Q(RA), of 
blood that ?oWs in the tube 96. In addition, a relationship 
betWeen (a) the BP difference, A(t), at a time, t, (b) the 
pressure at the peripheral end of the tube 96 at the time t, i.e., 
the pulse pressure, P(RA)(t), at the portion of the radial artery 
44 pressed by the PPW sensor 58 at the time t, and (c) the 
pressure, Pd(t), at the peripheral end, i.e., point d, of the 
radial artery 44 can be expressed as folloWs: 

A(l)=P<RA)(l)-Pd(l) (2) 
[0044] In addition, since the amount of blood that ?oWs 
into the capacitor 102 can be expressed as A(t)/Zc, and the 
amount of blood that ?oWs out of the capacitor 102 can be 
expressed as Pd(t)/R, an amount of electric charge that is 
charged into the capacitor 102 in a suf?ciently short, pre 
determined time, T, (e.g., 1 msec) can be expressed as 
folloWs: 

[0045] The quotient obtained by dividing the above 
expression (3) by the capacitance C of the capacitor 102 
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means a voltage increase which is newly produced between 
the opposite ends of the capacitor 102 in the predetermined 
time T. Therefore, a voltage, Pd(t+T), at the point d after the 
time T can be expressed as follows: 

[0046] The above unknown values Zc/R and CR can be 
determined as follows: First, an actual central-aortic pres 
sure waveform, P(AO), and an actual radial-arterial pressure 
waveform, P(RA), are measured, and an actual transfer 
function is determined based on the two waveforms P(AO)) 
P(RA). This method is described in detail by Sugimachi et al. 
(Methods Inf Med 1997). In addition, a transfer function, 
H(u)), corresponding to the vascular-system model 94 can be 
expressed as follows: 

[0047] where u) is an angular frequency, A is a delay 
element, A=—u)~Td~j, l7=(Z—Zc)/(Z+Zc) (Z is the impedance 
of the peripheral circuit 98). 

[0048] Therefore, the unknown values Zc/R and CR can 
be determined as the combination of parameters which 
assure that the transfer function most faithfully rep 
resents, in the range of 0 to 8 HZ, the actually measured 
transfer function. However, in the present embodiment, a 
constant value (e.g., an average value) which is determined 
based on each of the thus determined values Zc/R and OR 
is employed. The average value is determined based on 
respective values Zc/R or C-R obtained from a number of 
living subjects. The reasons why the constant values Zc/R, 
C-R can be employed are that experiments show that though 
the respective values Zc/R, C-R may more or less differ 
among the subjects, the ?nally obtained central aortic pres 
sure values P<AO> are not in?uenced so greatly, and that the 
calculations needed are simpli?ed by using the constant 
values. In addition, in order to determine the current value 
Pd(t+T) from the above expression (4), it is needed to give 
an initial value to the variable Pd(t). A constant value, e.g., 
an average value of the peripheral-artery pressure, i.e., an 
average value of the radial-artery pressure P<RA> detected by 
the PPW sensor 58, is given as the initial value of the 
variable Pd(t). Thus, the variable Pd(t) and accordingly the 
variable A(t) can be continuously determined by replacing, 
in the expressions (2) and (4), the values Zc/R, C-R with the 
thus obtained constants, and giving the thus obtained con 
stant initial value to the variable Pd(t). Since a constant 
value is given as the initial value of the variable Pd(t), the 
obtained values Pd(t), A(t) are not accurate in a very initial 
period. However, the values Pd(t), A(t) will approach accu 
rate values as the expressions (2) and (4) are repetitively 
used. 

[0049] A radial-artery-pressure -waveform estimating 
means 104 as a peripheral-artery-pressure-waveform esti 

mating means continuously estimates, according to the 
following expressions (6) and (7), a waveform, Pf(RA)(t), of 
a forward pressure pulse wave and a waveform, Pb(RA)(t), of 
a backward pressure, each at the portion of the radial artery 
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44 pressed by the PPW sensor 58, based on the pressure 
pulse wave P(RA)(t) continuously detected by the sensor 58 
and the BP difference A(t) continuously determined by the 
means 92: 

[0050] The above expressions (6), (7) are known as those 
which can be used to estimate, based on a pressure pulse 
wave P<RA> and a blood ?ow wave Q(RA), a waveform 
Pf(RA)(t) of a forward pressure pulse wave and a waveform 
Pb(RA)(t) of a backward pressure, each of that pressure pulse 
wave P(RA). (Westerhof N, Sipkema P, Bos G C van, ElZinga 
G: Forward and backward waves in the arterial system. 
Cardiovasc Res 1972; 6: 648-656) 

[0051] A propagation-time determining means 106 suc 
cessively determines, as a propagation time Td, a time 
difference between a time when the ?rst sensor detects a 
predetermined characteristic point of each ?rst heartbeat 
synchronous signal successively produced from the prede 
termined portion of the central artery, and a time when the 
PPW sensor 58 detects a predetermined characteristic point 
of the pressure pulse wave P<RA> that corresponds to the 
predetermined characteristic point of the ?rst pulse-synchro 
nous signal. Since, in the present apparatus 8, the heart 
sound microphone 74 functions as the ?rst sensor, the means 
106 successively determines, as the propagation time Td, the 
time difference between the minimum-magnitude point of 
each ?rst heart sound I successively detected by the micro 
phone 74 and the minimum-magnitude point of each heart 
beat-synchronous pulse successively detected by the PPW 
sensor 58. 

[0052] A central-aortic-pressure (CAP) waveform esti 
mating means 108 as a central-artery-pressure-waveform 
estimating means continuously estimates, based on the for 
ward-pressure-pulse-wave waveform Pf<RA> and the back 
ward-pressure-pulse-wave waveform Pb(RA) continuously 
estimated by the means 104 and the propagation time Td 
successively determined by the means 106, a waveform, 
P(AO), of central aortic pressure in a manner described 
below, and continuously displays the thus estimated central 
aortic pressure waveform P(AO) on a predetermined portion 
of the screen image of the display device 36. According to 
the vascular-system model 94, the forward-pressure-pulse 
wave waveform PKRA) estimated for the radial artery 44 has 
the same shape as that of forward-pressure-pulse-wave 
waveform PKAO) at the heart-side end of the aorta but is 
delayed from the same by the propagation time Td; and the 
backward-pressure-pulse-wave waveform Pb(RA) estimated 
for the radial artery 44 has the same shape as that of 
backward-pressure-pulse-wave waveform Pb(AO) at the 
heart-side end of the aorta but is advanced from the same by 
the propagation time Td. Therefore, the forward-pressure 
pulse-wave waveform Pf(AO) is obtained by moving the 
estimated forward-pressure-pulse-wave waveform Pf(RA) by 
the propagation time Td in a positive direction, and the 
backward-pressure-pulse-wave waveform PMAO) is obtained 
by moving the estimated backward-pressure-pulse-wave 
waveform PMRA) by the propagation time Td in a negative 
direction. The central aortic pressure waveform P<AO> is 
continuously obtained by adding the thus obtained forward 
pressure-pulse-wave waveform Pf(AO) and backward-pres 
sure-pulse-wave waveform Pb(AO) to each other. 
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[0053] FIG. 8 is a How chart representing a control 
program according to Which the control device 28 controls 
the CAP-Waveform estimating apparatus 8. 

[0054] First, at Step S1, the control device 28 judges 
Whether a time Which has elapsed after the relationship is 
last updated at Step S7 has exceeded a predetermined 
calibration period (e.g., a time period from ten and several 
minutes to several tens of minutes). Usually, a negative 
judgment is made, and accordingly the control device 28 
proceeds With Step S2 to judge Whether a predetermined 
press-position changing condition (i.e., a predetermined 
“APS” starting condition) has been satis?ed. In the present 
embodiment, a positive judgment is made When the active 
element E0 of the PPW sensor 58 that detects the greatest 
amplitude is located in one of the opposite end portions of 
the array of elements E provided in the press surface 70 of 
the sensor 58. 

[0055] For example, When the PPW detecting probe 38 is 
initially Worn, or When the PPW sensor 58 is moved out of 
position relative to the radial artery 44, a positive judgment 
is made at Step S2. In this case, the control of the control 
device 28 goes to Step S4 to carry out an APS control 
routine. In the APS control routine, the control device 28 
controls the PPW detecting probe 38 such that the active 
element E0 of the PPW sensor 58 that produces the pulse 
Wave signal SM2 exhibiting the greatest amplitude is located 
at an optimum press position, i.e., substantially the middle of 
the array of elements E provided in the press surface 70 of 
the sensor 58. In this state, the active element E0 is posi 
tioned right above the radial artery 44. 

[0056] On the other hand, if the press position Where the 
PPW sensor 58 is pressed against the radial artery 44 via the 
skin is in a normal range, a negative judgment is made at 
Step S2, so that the control goes to Step S3. At Step S3, the 
control device 28 judges Whether a relationship updating 
condition or an optimum-pressing-force changing condition 
(i.e., a predetermined “HDP” starting condition) has been 
satis?ed, e.g., Whether such a physical motion of the subject 
has been detected Which Will change the current condition 
under Which the PPW sensor 58 is pressed, to such an extent 
that Will change the current relationship, shoWn in FIG. 6, 
or Whether the monitor BP value MBP has signi?cantly 
largely changed from the BP value measured in the last BP 
measurement using the cuff 10. 

[0057] If a positive judgment is made at Step S3, or after 
Step S4 is carried out, the control goes to Step S5 corre 
sponding to the optimum-pressing-force determining means 
86. At Step S5, the control device 28 carries out an HDP 
control routine in Which the control device 28 continuously 
increases the pressing force applied to the PPW sensor 58. 
During this pressing-force increase, the control device 28 
determines, as a neW optimum pressing force PHDPO, the 
pressing force at Which the amplitude of the pressure pulse 
Wave P(RA) detected by the active element EO becomes 
maximum, and updates the last optimum pressing force 
PHDPO to the thus determined neW one. In addition, the control 
device 28 maintains the pressing force applied to the sensor 
58, at the thus updated, neW optimum pressing force PHDPO. 
In the state in Which the PPW sensor 58 is pressed With the 
updated optimum pressing force PHDPO, the control device 
28 carries out Step S6 and the folloWing steps. 

[0058] If a positive judgment is made at Step S1 or after 
the control device 28 carries out Step S5, the control device 
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28 proceeds With Step S6 to perform a BP measurement 
using the cuff 10. Step S6 is folloWed by Step S7 to update 
the relationship shoWn in FIG. 6. More speci?cally 
described, ?rst, at Step S6 corresponding to the BP measur 
ing means 80, the sWitch valve 16 is sWitched to its 
pressure-increase position and the air pump 18 is operated, 
so that the air pressure in the cuff 10 is increased up to the 
predetermined target pressure (e.g., 180 mmHg) higher than 
an estimated systolic BP value of the patient, and subse 
quently the air pump 18 is stopped and the sWitch valve 16 
is sWitched to its sloW-de?ation position, so that the cuff 
pressure is sloWly decreased at the rate of 3 mmHg/sec. 
Based on the time-Wise change of respective amplitudes of 
successive heartbeat-synchronous pulses of the pressure 
pulse Wave represented by the pulse-Wave signal SM1 
continuously obtained during this sloW de?ation, the control 
device 28 determines, according to Well-known oscillomet 
ric BP determining algorithm, a systolic BP value BPSYS, a 
mean BP value BPMEAN, and a diastolic BP value BPDIA of 
the patient. The thus measured BP values are displayed on 
the display device 36, and then the sWitch valve 16 is 
sWitched to its quick-de?ation position to de?ate quickly the 
air pressure in the cuff 10. 

[0059] Next, at Step S7 corresponding to the relationship 
determining means 88, the control device 28 neWly deter 
mines a relationship betWeen monitor BP values MBP and 
pressure-pulse-Wave magnitude, based on the magnitudes of 
the pressure pulse Wave P(RA) (i.e., the magnitudes of the 
pressure-pulse-Wave signal SM2) detected by the PPW sen 
sor 58 and the systolic and diastolic BP values BPSYS, BPDIA 
measured using the cuff 10 at Step S6, and update the last 
relationship With the thus determined neW one. More spe 
ci?cally described, the control device 28 reads in one 
heartbeat-synchronous pulse of the pressure pulse Wave 
PM) detected by the PPW sensor 58 and determines a 
maximum magnitude, P(RA)maX, and a minimum magnitude, 
P(RA)min, of the one pulse, as illustrated in FIG. 3. Based on 
the thus determined maximum and minimum magnitudes 
P(RA)maX, P<RA>rnin and the systolic and diastolic BP values 
BPSYS, BPDIA measured at Step S6, the control device 28 
determines a relationship betWeen monitor BP values MBP 
and pressure-pulse-Wave magnitude P(RA), as shoWn in FIG. 
6. 

[0060] Step S7 is folloWed by Step S8 at Which the control 
device 28 reads in a predetermined number of heartbeat 
synchronous pulses (e.g., one pulse) of the pressure-pulse 
Wave signal SM2 outputted from the active element E0 of the 
PPW sensor 58 being pressed With the optimum pressing 
force PHDPO and a predetermined number of heartbeat 
synchronous pulses (e.g., one pulse) of the heart-sound 
signal SH outputted from the heart-sound microphone 74. 
Next, at Step S9 corresponding to the monitor-BP determin 
ing means 90, the control device 28 determines a maximum 
magnitude P(RA)rnaX and a minimum magnitude P<RA>rnin of 
each pulse of the pulse-Wave signal SM2 read in at Step S8, 
and determines, according to the relationship updated at 
Step S7, a monitor systolic BP value MBPSYS and a monitor 
diastolic BP value MBPDIA of the patient based on the 
determined maximum and minimum magnitudes P(RA)maX, 
P(RA)min, respectively. The thus determined monitor systolic 
and diastolic BP values MBPSYS, MBPDIA are displayed on 
the display device 36. 
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[0061] At Step S10 corresponding to the BP-difference 
determining means 92, the control device 28 replaces, in the 
expressions (2) and (4), the variable P(RA)(t) With the 
continuous magnitudes forming the one pulse of the pres 
sure-pulse-Wave signal SM2 that has been read in at Step S8, 
and gives a predetermined initial value to the variable Pd(t), 
and thereby determines continuous values Pd(t) and con 
tinuous values A(t) corresponding to the one pulse. In the 
expression (4), predetermined values, 0.0318 and 1.33, are 
used as the values Zc/R and CR, respectively. 

[0062] Next, the control device 28 carries out Steps S11 
and S12 corresponding to the radial-artery-pressure-Wave 
form estimating means 104. First, at Step S11, the control 
device 28 replaces, in the expression (6), the variable 
P(RA)(t) With the continuous magnitudes forming the one 
pulse of the pressure-pulse-Wave signal SM2 that has been 
read in at Step S8, and replaces the variable A(t) With the 
continuous values A(t) corresponding to the one pulse, 
determined at Step S10, and thereby estimates a continuous 
Waveform of one pulse of a forWard pressure pulse Wave 
P?R at the radial artery 44. Then, at Step S12, the control 
device 28 replaces, in the expression (7), the variable 
P(RA)(t) With the continuous magnitudes forming the one 
pulse of the pressure-pulse-Wave signal SM2 that has been 
read in at Step S8, and replaces the variable A(t) With the 
continuous values A(t) corresponding to the one pulse, 
determined at Step S10, and thereby estimates a continuous 
Waveform of one pulse of a backWard pressure pulse Wave 
Pb<RA> at the radial artery 44. 

[0063] At Step S13 corresponding to the propagation-time 
determining means 106, the control device 28 determines, as 
the propagation time Td, a time difference betWeen a time 
When the control device 28 ?nds the minimum-magnitude 
point of the one pulse of the pressure pulse Wave P<RA> 
represented by the signal SM2 read in at Step S8 and a time 
When the control device 28 ?nds the minimum-magnitude 
point of the ?rst heart sound I of the one pulse of the 
heart-sound signal SH read in at Step S8. 

[0064] Next, the control device 28 carries out Steps S14, 
S15 and S16 corresponding to the CAP-Waveform estimat 
ing means 108. First, at Step S14, the control device 28 
estimates a continuous Waveform of a forWard pressure 
pulse Wave P(AO) at the heart-side end of the aorta, by 
moving the continuous Waveform of forWard pressure pulse 
Wave Pf(RA) at the radial artery 44, estimated at Step S11, by 
the propagation time Td in a positive direction along the 
time axis. Subsequently, at Step S15, the control device 28 
estimates a continuous Waveform of a backWard pressure 
pulse Wave Pb<AO> at the heart-side end of the aorta, by 
moving the Waveform of backWard pressure pulse Wave 
PM“) at the radial artery 44, estimated at Step S12, by the 
propagation time Td in a negative direction along the time 
axis. Then, at Step S16, the control device 28 estimates a 
continuous Waveform of a central aortic blood pressure 
P at the heart-side end of the aorta, by adding the respec 
tive Waveforms of forWard and backWard pressure pulse 
Waves Pf(AO), Pb(AO) at the heart-side end of the aorta, 
estimated at Steps S14 and S15, to each other. The thus 
estimated continuous Waveform of central aortic blood pres 
sure P<AO> is displayed on the display device 36. 

[0065] Next, there Will be described an experiment in 
Which a CAP Waveform P(AO) Which is estimated using the 
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vascular-system model 94, as is estimated by the CAP 
Waveform estimating apparatus 8, is compared With respec 
tive central aortic pressure Waveforms P<AO> obtained in 
different methods. 

[0066] In the experiment, ?rst, a catheter method is 
employed to measure actually a central aortic pressure 
Waveform P<AO> from each of eight patients Who suffer 
arrhythmia. Second, the PPW detecting probe 38 is used to 
measure actually a radial-artery pressure Waveform P(RA) 
from each of the same patients, and then a central aortic 
pressure Waveform P(AO) of each patient is estimated, on an 
off-line basis, from the measured radial-artery pressure 
Waveform P(RA), using a transfer function Which is deter 
mined in the previously-described conventional method. 
Third, like the CAP-Waveform estimating apparatus 8, the 
vascular-system model 94 is used to estimate, on an off-line 
basis, a central aortic pressure Waveform P(AO) of each 
patient from the radial-artery pressure Waveform PaW mea 
sured using the PPW detecting probe 38. The third method 
in Which the model 94 is used differs from the illustrated 
embodiment in Which the CAP-Waveform estimating appa 
ratus 8 is operated, only in that the third method is carried 
out on the off-line basis and the the estimating apparatus 8 
is operated on an on-line basis. Therefore, it can be said that 
the CAP Wave form P<AO> estimated using the model 94 in 
the third method is substantially identical With the CAP 
Wave form P(AO) estimated by the estimating apparatus 8. 
The second, conventional method in Which the transfer 
function is used is described in the folloWing document: 
Sugimachi M, KaWada T, Shisido T, Matsumoto N, Alex 
ander J Jr, SunagaWa K: Estimation of arterial mechanical 
properties from aortic and tonometric arterial pressure Wave 
forms. Methods Inf Med 1997; 36: 250-253. 

[0067] FIGS. 9A, 9B, 9C, and 9D shoW respective CAP 
Waveforms P(AO) obtained in the above-described experi 
ment. FIG. 9A shoWs the CAP Waveform P(AO) actually 
measured in the ?rst, catheter method; FIG. 9B shoWs a 
radial artery pressure Waveform P(RA) actually measured by 
the PPW detecting probe 38; FIG. 9C shoWs the CAP 
Waveform P(AO) estimated from the measured radial artery 
pressure Waveform P(RA in the second, conventional 
method in Which the transfer function is used; and FIG. 9D 
shoWs the CAP Waveform P(AO) estimated from the mea 
sured radial artery pressure Waveform P<RA> in the third, 
invention method in Which the vascular-system model 94 is 
used. In addition, FIG. 10A shoWs a scatter diagram rep 
resenting a relationship betWeen the radial artery pressure 
Waveform P<RA> measured by the probe 38 and the CAP 
Waveform P(AO) measured in the ?rst, catheter method; FIG. 
10B shoWs a scatter diagram representing a relationship 
betWeen the CAP Waveform P(AO) estimated from the mea 
sured radial artery pressure Waveform P<RA> in the second, 
conventional method and the CAP Waveform P(AO mea 
sured in the ?rst, catheter method; and FIG. 10C shoWs a 
scatter diagram representing a relationship betWeen the CAP 
Waveform P(AO) estimated from the measured radial artery 
pressure Waveform P<RA> in the third, invention method and 
the CAP Waveform P(AO) measured in the ?rst, catheter 
method. As is apparent from FIGS. 9A to 9D and 10A to 
10C, the radial artery pressure Waveform P<RA> measured 
using the probe 38, that is, the Waveform P<RA> Which is not 
corrected considerably differs from the CAP Waveform 
PM) measured using the catheter, but the CAP Waveform 
P (A0) estimated in each of the second, conventional method 
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and the third, invention method considerably faithfully 
represents the CAP Waveform P(AO) measured using the 
catheter. 

[0068] FIG. 11 is a graph showing respective correlation 
coef?cients, r2, betWeen (A) respective CAP Waveforms 
P A0 measured from the eight patients each using the catheter 
and (B)(a) respective radial-artery pressure Waveforms P<RA> 
measured from the eight patients each using the PPW probe 
38 (indicated in a left portion of the graph), (B)(b) respective 
CAP Waveforms P<AO> estimated from the corresponding 
radial-artery pressure Waveforms P<RA> by the second, con 
ventional method using the transfer function (indicated in a 
middle portion of the graph), and (B)(c) respective CAP 
Waveforms P(AO) estimated from the corresponding radial 
artery pressure Waveforms P<AO> in the third, invention 
method using the vascular-system model 94 (indicated in a 
right portion of the graph). FIG. 11 shoWs that the invention 
method using the model 94 can estimate a CAP Waveform 
P(AO) With a high accuracy comparable With that of the 
conventional method using the transfer function. 

[0069] It emerges from the foregoing description that in 
the illustrated embodiment, the BP-difference determining 
means 92 (Step S10) continuously determines, according to 
the vascular-system model 94, the BP difference A(t) 
betWeen the BP P<RA> at the portion of the radial artery 44 
pressed by the PPW sensor 58 and the BP Pd(t) at the 
peripheral end of the radial artery 44, based on the radial 
artery pressure pulse Wave P<RA> non-invasively and con 
tinuously measured by the PPW sensor 58; the radial-artery 
pressure-Waveform estimating means 104 (Steps S11, S12) 
continuously estimates the radial-artery forWard pressure 
pulse Wave Waveform PRRA) and the radial-artery backWard 
pressure pulse Wave Waveform Pb(RA), based on the pressure 
pulse Wave P<RA> continuously measured by the PPW sensor 
58 and the BP difference continuously determined by the 
BP-difference determining means 92 (Step S10); and the 
CAP-Waveform estimating means 108 (Steps S14 to S16) 
continuously estimates the CAP Waveform P(AO), based on 
the radial-artery forWard and backWard pressure pulse Wave 
Waveforms PKRA) Pb<RA> and the propagation time Td suc 
cessively determined by the propagation-time determining 
means 106 (Step S13). Thus, the CAP-Waveform estimating 
apparatus 8 can continuously estimate the CAP Waveform 
P(AO), With accuracy and ease, by just measuring continu 
ously the radial-artery pressure Waveform P<RA> and the 
propagation time Td. 

[0070] While the present invention has been described in 
its preferred embodiment, it is to be understood that the 
invention may otherWise be embodied. 

[0071] For example, in the illustrated CAP-Waveform 
estimating apparatus 8 has the function of non-invasively 
and continuously estimating the BP of a living subject. 
HoWever, the apparatus 8 may be so modi?ed as not to have 
the function. In the latter case, the cuff 10 may be omitted. 

[0072] In addition, in the illustrated embodiment, the 
heart-sound microphone 74 Which detects the heart sounds 
of the subject is employed as the ?rst sensor. HoWever, a 
carotid-pulse-Wave sensor Which detects a pulse Wave from 
a carotid artery of the subject may be employed in place of 
the microphone 74. 

[0073] Moreover, in the illustrated embodiment, the PPW 
detecting probe 38 is Worn on the Wrist 54 of the subject so 
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that the PPW sensor 58 presses the radial artery 44 via the 
body surface or skin 52 and detects the radial-artery pressure 
Waveform P(RA) as a sort of peripheral-artery pressure Wave 
form. HoWever, since the carotid artery is located on a distal 
side of the central aorta, the probe 38 may be so modi?ed as 
to be Worn on the neck of the subject and detect a carotid 
artery pressure Waveform as a sort of peripheral-artery 
pressure Waveform. 

[0074] It is to be understood that the present invention 
may be embodied With other changes, modi?cations and 
improvements Which may occur to a person skilled in the art, 
Without departing from the spirit and scope of the invention 
de?ned in the appended claims. 

What is claimed is: 
1. An apparatus for non-invasively estimating a Waveform 

of a blood pressure in a central artery of a living subject, 
comprising: 

a pressure-pulse-Wave detecting device Which includes a 
pressure-pulse-Wave sensor adapted to be pressed, via 
a skin of the subject, against a ?rst portion of a 
peripheral artery located on a doWnstream side of the 
central artery and Which non-invasively detects, 
through the pressure-pulse-Wave sensor, a pressure 
pulse Wave produced from the ?rst portion of the 
peripheral artery; 

a blood-pressure-difference determining means for deter 
mining, according to a predetermined vascular-system 
model, a blood-pressure difference betWeen a blood 
pressure at the ?rst portion of the peripheral artery 
pressed by the pressure-pulse-Wave sensor and a blood 
pressure at an end of the peripheral artery, based on the 
pressure pulse Wave detected by the pressure-pulse 
Wave detecting device; 

a peripheral-artery-blood-pressure-Waveform estimating 
means for estimating, based on the pressure pulse Wave 
detected by the pressure-pulse-Wave detecting device 
and the blood-pressure difference determined by the 
blood-pressure-difference determining means, a Wave 
form of a forWard pressure pulse Wave at the ?rst 
portion of the peripheral artery pressed by the pressure 
pulse-Wave sensor, and a Waveform of a backWard 
pressure pulse Wave at the ?rst portion of the peripheral 
artery; 

a propagation-time determining means for determining a 
propagation time in Which the pressure pulse Wave 
propagates from a second portion of the central artery 
to the ?rst portion of the peripheral artery; and 

a central-artery-blood-pressure-Waveform estimating 
means for estimating, based on the respective Wave 
forms of the forWard and backWard pressure pulse 
Waves estimated by the peripheral-artery-blood-pres 
sure-Waveform estimating means and the propagation 
time determined by the propagation-time determining 
means, a Waveform of a forWard pressure pulse Wave at 
the second portion of the central artery and a Waveform 
of a backWard pressure pulse Wave at the second 
portion of the central artery, and estimating a Waveform 
of a blood pressure at the second portion of the central 
artery, by adding the respective estimated Waveforms 
of the forWard and backWard pressure pulse Waves at 
the second portion of the central artery. 




