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HEART-RELATED PARAMETERS MONITORING
APPARATUS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a reissue of application Ser. No.
105,803, filed Oct. 8, 1987, now U.S. Pat. No. 4,834,107,
which application is a continuation-in-part application
Ser. No. 059,520, filed June 8, now abandoned which is
a continuation-in-part application Ser. No. 807,693, filed
Dec. 11, 1985, now abandoned which is a continuation-
in-part of parent application Ser. No. 608,955, filed May
10, 1984, now all abandoned.

BACKGROUND OF INVENTION

I. Field of the Invention

The invention relates to a non-invasive method of
measuring arterial blood pressure and cardiac output.
The invention also relates to an apparatus for carrying
out the method.

2. Description of Prior Art

Non-invasive methods and apparatus for measuring
arterial blood pressure and cardiac output are known in
the art. Once such method and apparatus is illustrated in
U.S. Pat. No. 4,030,485, Warner, issued June 21, 1977,
A second such method and apparatus is taught in U.S.
Pat. No. 4,418,700, Warner, issued Dec. 6, 1983. The
present invention constitutes an improvement and re-
finement of the method and apparatus as taught in the
latter patent.

SUMMARY OF INVENTION

The invention relates to a non-invasive method, and
an apparatus for determining heart-related parameters
in patients. The method and apparatus determine pulse
pressure, time constant of the arterial system, systolic
and diastolic pressure, peripheral resistance, and cardiac
output and means arterial blood pressure.

BRIEF DESCRIPTION OF DRAWINGS

The invention will be better understood by an exami-
nation of the following description together with the
accompanying drawings in which:

F1G. 11s a block diagram of the apparatus for carry-
ing out the inventive method:;

FIG. 2 is a typical sensor output of the system as
illustrated in FIG. 1;

FIG. 3 illustrates arterial blood pressure pulses;

FIGS. 4, 4a and 4b illustrate a blood volume pulse;

FIG. § illustrates a blood volume pulse and a blood
pressure puise to illustrate the ratio g; and

FIG. 6 is a simplified flowchart for a computer pro-
gram for performing calculations in accordance with
the invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

As seen in FIG. 1, an apparatus in accordance with
the invention comprises 2 volume sensor such as a
photo-electric plethysmograph S, an amplifier Aj, an
analog to digital converter A;, a microcomputer M and
~ a display device D. The plethysmograph sensor S is
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attached to, for example, the earlobe of a subject. The
sensor could also be attached to other suitable parts of
the body such as the forehead, fingertips or toes.

As i1s known, the plethysmograph, detects changes in
blood volume of the region to which it is attached. A
typical sensor output signal is shown in FIG. 2. As seen
in FIG. 2, the output signal has a pulsating component
and a DC component.

The output of the sensor is applied to the plethysmo-
graph amplifier A where it is amplified and filtered and
the DC component is discarded. The output of A; has a
DC component, but this is not directly related to the
sensor DC component.

The output of Ais fed to the analog to digital (A/D)
converter Az which digitizes the signal. In a preferred
embodiment, the sampling rate is 100 per second.

Microcomputer M accepts signals from Aj and pro-
cesses them according to the instructions it contains.
These instructions are schematically. representcd in the
simplified flowchart of FIG. 6.

The computer quantities are then displayed on a CRT
monitor D or other suitable display means.

THEORY

Arterial blood pressure pulses are shown in FIG. 3.
The shape of these curves vary according to the site
where they are measured. The highest pressure reached
during a cycle i is called the artenial systolic blood pres-
sure, Py, The lowest pressure reached during the same
cycle is called the arterial diastolic blood pressure, Pg;.
The pressure rise from Py; to ps;in the same cycle is the
pulse pressure, pp;.

By definition

Psi— Pdi= Ppi (1)

To find Pp;

A plethysmographic pulse is shown in FIG. 4. The
minimum value at the beginning of the pulse is Vi m,n.
The maximum value of the pulse is V;,qx. As the pulse
volume rises from Vs t0 Vimax, the time rate of vol-
ume change reaches a maximum Vg at time t;Pm. The
pulse volume at time t;Py, 1s Vipm.
let
AV ivm (2)
AV,

Viem — Vimin

R;

Vimax — Vimin

In addition to finding the values of Vivm correspond-
ing to V,m. see U.S, Pat. No. 4,418,700, Warner, val-
ues of V;ym are also found corresponding to ?,,,m-— 3
Vimax—2 - . . Vimax—X, where k is a function of Vimax.

All of the values of V;ym corresponding to the time
rates of volume change lying between and including
Vimax and ¥imax—* are averaged and used to compute
AV ipm.

The average value of V;pm is

n0 nl nk
N f Viomn0o + % Vithmat + + }I: V ivkmmnk
Virm = n0 + nl + + nk
where
n0=number of values of V;pm corresponding to
Vimax
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nl = number of values of Vym corresponding 10 Vimax — |

nk=number of values of V;yym corresponding to
Vimax™
k=(Vimax/m) (integral values only)+1
m=constant . . . a preferred value of m=20
|=constant . . . a preferred value of =1
(4a)
Ri — 1y
Foi = Kor ('(T-T-"T:‘FT ; )
K, =constant determined by a first calibration
ri=constant . . . preferably equal to O
r;=constant . . . preferably equal to O
O0=a=1

Rii can now be defined, as per equation (2) above, but
using the average value of Vp, so that equation (2)
can be rewritten

-V_f;m — Vimin AV iim (2)
|t — = R;
V:‘ma.t - V:‘mm .'.'LV,'
From FIG. 4
AV'; = AV — AV ym
AV _ o, _ AVi— AVim . AVim | g,
wheren
R';=1—-R;
or
R,=1-R’;

No other calibration should be required with differ-
ent subjects. However, if desired, K;, can be deter-
mined for each subject.

To find mean blood pressure

The mean blood pressure Ppn,;during a cycle i is given
by

— 43 (5)

AV
Pomi = K4 m

Pmi = Pmmi + Po (6)

by=exponent . . . the preferred value of b3 is equal to
0.5

K4 =constant determined at calibration for each sub-
ject. It is only necessary to find this constant once
for each subject. The measurements carried out at
different times on the same subject do not require
separate calibration

Po=constant . . . preferred 25 mmHg

A";’fm maximum time rate of change of AV;

»
VImax
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-continued

P.tf = Prm’ -+ (l e g;}PP} (7}

where
gi=(AViqy/AV))
AV 4y=average value of AV, over the time interval
Tf
Pai=Py— Ppu’ (8)
The variable g;can take on a constant value go whose
preferred value 1s 0.333.
Alternatively, mean blood pressure can be deter-
mined using the following expression:
- b3 (5)
AV,
R4 ﬁvfmu[G(t)]

W(£)

(for definition of r; see Equation 10 below);
where

G(t)=a function of t, in a particular case,

G(t)=(Pc/d))

o= [(J0/A00DYY

¢i=L[Q(1/7aH DY

Ate=(At'ipc

Ati=At ;s

Pomi =

where
[T.=T at calibration] Az.=At at calibration Al (-
see FIG. 4B)
[t =t at calibration At';¢. (see FIG. 4B)}
Ld.=(T/te)=(T/t) at calibration] ¢.=(//AtY at
calibration
y =constant
The remainder of the terms in equation 5° are the
same as similar terms in equation J.
Determination of ratio R (FIG. 4b)
From FIG. 4b, the ratio R s
R;=(AV;,/AV))
where
AV ;=change in volume at predetermined time ti
AV ;=total volume change during cycle 1
t;=time such that At;=K7rAt';y
K r=constant -
Estimation of pulse pressure, PP

| — oK ThPP R,
| — e— kPP~

where
PP;=pulse pressure=p;— Py
P;=systolic blood pressure
Ps=diastolic blood pressure
k =constant
K'r=constant =~ K7
In FIG. 4B

AV';=AV,~ AV

ﬁV'r = ﬁVj —_ AV,*;

AV; AV; — AV | AVi I _ R = R
AV, = AV, =iy, — T TR
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-continued

LAV AV - AV

AV AV,

| —

wherein from the above equation:

multiply numerator and denominator by e4fFi

~1 + akPPi o — KTkPPi

. =] - R;
ckPP'—-l .

akppi(1—KT) _ |

ekPPl — l = l — Rl’l= R,i.

Determination of r
From FIG. 4

ti=(V imax/ AV )G(1)

where
Vimax=maximum time rate of volume increase in
cycle
AV ;=total volume increase during cycle 1
From FIG. 4b

[ri=(ViAV)G(1)])
ri={(Va/V)G(t)

Vi =time rate of increase of volume V) at time t;

[AV;=total volume increase of volume during}
AVi=total increase of volume during time interval
Atie

Estimation of Mean Blood Pressure

(1) P/ =Kqri

K 1=calibration constant

Pmi =(Ps+Pqg)/2-P,

P;;=systolic blood pressure, in cycle i
Pmi=(P;+Pg)/2

P4;=diastolic blood pressure, in cycle i

a=constant
P,=constant
F'(2) ekPmi=K;R ;b1 (2) ekPmi=K»r;*
where
K2=constant (calibration)
b=constant
(K1) e — M Pmo—jdli) _ a—k(Pmo+d2)) (9)

e—'ﬂFMﬂ""‘bll‘} — E‘HPMH+¢ZI) =u

where
Pmo=constant at calibration
d1;4 d2;=PP;=pulse pressure during cycle 1
k =constant
j=constant

10

15

20

23

30

35

40

45

33

6

6

solve equation by making LHS=RHS by varying &,

and ¢2(d2;=PP;— 1))
then

Pi=Pmo+ P2+ Po

Pai=Pmo—d1i+Po

Ppi=(Psi+ Paj)/2

Pg=constant

r;i=ratio of exponentials

K3;=coefficient (variable or constant)

Correction for r;

r; (corrected) =r;.=r; eM($Po—&i)

m = constant

$o= PP; at calibration

¢;=current value of PP;.

Equation (9) above is only one form which this par-
ticular equation can take. By simple mathematical ma-
nipulations, the invention may take two other forms as
per (10) and (11) below. What follows is the manipula-
tions as well as the two other forms of the equation:

As above noted

$2;+d1i=PPi=Py— Py

&2+ D1i=(Ps— Po)— (Pai— Py)

Let
P's.r' - Psf - Pﬂ
p'di=Pai—Po

;i +O1i=P'5i— Py
add and subtract P,,, on RHS above

$2i+P1i=Psi—Pmo+Pmo—P'gi (A)
¢$2:and ¢y;can take on any values in satisfying the above
equation (A)

Put ¢2§ =P'si— Pmo

and ¢y1;=Pmo— P'q; 1n equation (9)
then |

o

simplifying the denominator

<[

To solve equation 11:
(1) Set P'4i=P’';;— PP, and solve for P’y
P mi=(Psi+ Pgi)/2— P,

(2) Set P'si=P'4;— PP; and solve for P'y;

Although particular embodiments have been illus-
trated, this was for the purpose of descnbing, but not
limiting, the invention. Various modifications, which
will come readily to the mind of one skilled in the art,
are within the scope of the invention as defined in the
appended claims.

Ppj=(Psi+ Pq;)/ 2

I claim:

1. Apparatus for determining the magnitude of heart-
related parameters 1n a patient;

comprising;

10
e—ﬂpma—ﬂpma—f’dﬂ} — g—ﬂPma+ﬁPsi—Pr]G)) ( )

a— K(Pmo—(Pmo—Pdi)} _ o—k(Pmo+(Psi— Prio))

JRE

e-t{Pmn—-ﬁPmn— Pad) _ c—ﬂpma*l*ﬂpﬂ** PriQ))

(1)
-
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means for detecting blood volume, and thereby
blood volume variation, in said patient, and for
providing a signal representative of said blood
volume, and thereby said blood volume varia-

volume, and thereby said blood volume varia-
tion;

said means for detecting being attachable to said
patient to thereby detect said blood volume, and

tion; 3 thereby said blood volume variation;
said means for detecting being attachable to said said blood volume variation being cyclic 1n nature
patient to thereby detect said blood volume, and whereby said signal comprises a cyclic curve
thereby said blood volume vanation; having, in each cycle of variation, a variable
said blood volume variation being cyclic in nature slope, a maximum amplitude representative of
whereby said signal comprises a cyclic curve 10 the maximum amount of blood volume, a mini-
having, in each cycle of variation, a variable mum ampiitude representative of the minimum
slope, a maximum amplitude representative of amount of blood volume, a first time interval
the maximum amount of blood volume, a mini- between said minimum amplitude and said maxi-
mum amplitude representative of the minimum mum amplitude, a maximum rate of change of
amount of blood volume, a first time interval 1’ said signal being representative of the maximum
between said minimum amplitude and said maxi- rate of increase of blood volume, a second time
mum amplitude, a maximum rate of change of interval between the minimum amplitude and the
said signal being representative of the maximum time of the maximum rate of change of said sig-
rate of increase of blood volume, a second time nal, a first difference in amplitude between said
interval between the minimum amplitude and the 20 maximum amplitude and said minimum ampli-
time of the maximum rate of change of said sig- tude, a second difference in amplitude between
nal, a first difference in amplitude between said the maximum amplitude and the amplitude at the
maximum amplitude and said minimum ampli- time of maximum rate of change of said signal
tude, a second difference in amplitude between being representative of the difference in volume
the maximum amplitude and the amplitude at the 25 between the maximum amount of blood volume
time of maximum rate of change of said signal and the volume at the time of maximum rate of
being representative of the difference in volume change of said blood volume, and a pulse repeti-
between the maximum amount of blood volume tion penod;
and the volume at the time of maximum rate of 30 means for measuring said maximum amplitude, said
change of said blood volume, and a pulse repeti- minimum [aplitude, ] amplitude, said maximum
tion period,; rate of change of said signal, said first difference,
means for measuring said maximum amplitude, said said second [different,} difference, said first
minimum aplitude, said maximum rate of change time interval, and said second time interval; and
of said signal, said first difference, said second 38 means for calculating the magnitude of selected
different, said first time interval, and said second ones of said parameters, said means for calculat-
time interval; and ing being connected to both said means for de-
means for calculating the magnitude of selected tecting and means for measuring;
ones of said parameters, said means for calculat- wherein means for calculating [calculates} calcu-
ing being connected to both said means for de- ,, lates the magnitude of the mean arterial blood
tecting and means for measuring; pressure, P,,; parameter in accordance with the
wherein means for calculating calculates the mag- following expression:
nitude of the pulse pressure parameter in accor-
dance with the following expression; Pi= P, + Pmi
45 ., b3
‘ [
wherein AV,
Ppyi=pulse pressure during cycle 1 - P i = K‘[ AVmadGOT ™ ™3
K, =constant determined by a first calibration
rj=constant where
rz=constant K4 =constant determined for each subject
Ri=(AViym/AV) 55 biy=constant
where AV;Pm=volume change at time tiym Pmmi=pseudo mean arterial blood pressure during
during cycle i corresponding to maximum rate cycle:
of volume change, Vimax [A;] AV;=maximum volume change during cycle
AV;=maximum volume change during cycle 1 |
At;Pm=time interval from start of cycle 1 to g
time of maximum rate of volume change o
Vimax. AV imax = maximum time rate of change of AV
2. Apparatus for determining the magnitude of heart- = Vimax
related parameters in a patient;
comprising; 65 where
means for detecting blood volume, and thereby b,
blood volume variation, in said patient, and for G) ===

providing a signal representative of said blood
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4. Apparatus for determining the magnitude of heart-
related parameters in a patient;
cCOmprising:
means for detecting blood volume, and thereby
5 blood volume variation, in said patient, and for
y providing a signal representative of said blood
volume, and thereby said blood volume vana-
tion;
said means for detecting being attachable to said
patient to thereby detect said blood volume, and
thereby said blood volume vanation;
said blood volume variation being cyclic in nature
whereby said signal comprises a cyclic curve
having, in each cycle of variation, a variable
slope, a maximum amplitude representative of
the maximum amount of blood volume, a mini-
mum amplitude representative of the minimum
amount of blood volume, a first time interval
between said minimum amplitude and said maxi-
mum amplitude, a maximum rate of change of.

-continued

where 10
At, = At at calibration = A,
Aty = Aty

y = constant. 15

3. Apparatus for determining the magnitude of heart-
related parameters in a patient;
comprising;
means for detecting blood volume, and thereby ,,
blood volume variation, in said patient, and for

providing a signal representative of said blood
volume, and thereby said blood volume varna-
tion;

said signal being representative of the maximum
rate of increase of blood volume, a second time
interval between the minimum amplitude and the
time of the maximum rate of change of said sig-

said means for detecting being attachable to said 35 _ : . ) | .
patient to thereby detect said blood volume, and nal, ':n i’::gﬁi:?:: ::1 ;ms:iléturg?n?:ltltl&:msgll?
. . t- . lllaxl _ : | -
Sai:lcﬁ;f";aeld 3m:§ h:en:l; ar;:‘;ﬁz, in nature tude, a second difference in amplitude between
whereby said signal comprises a cyclic curve the maximum amplitude and the amplitude at the
having, in each cycle of variation, a variable 30 time of maximum rate of change of said signal
slope g,a maximum amplitude repr ;s entative of being representative of the difference in volume
. . between the maximum amount of blood volume
the maximum amount of bl?ﬂd volume, 2 min- and the volume at the time of maximum rate of
mum amplitude representative of tpe minimum change of said blood volume, and a pulse repeti-
amount of blood volume, a first time interval Hon ge riod: ’ |
1 - » - " I-- 35 3 ] ‘
;el:::e:nms?;?usl;ngm;lzx?;nsitt::cag? Zil:ngc c:f means for measuring said maximum amplitude, said
<ai d i | alj bein ’ renresen taﬁve of the maximum minimum {[aplitude,} amplitude, said maximum
. f“ & felgl ood vol d. " rate of change of said signal, said first difference,
ralc OF mctease o G VOTUINE, & Second Hime said second [different,] difference, said first
u_ltcwal betweeq the minimum amplitude af"d t.h < 40 time interval, and said second time interval; and
time of the Maximum rate of F:hangc of said " means for calculating the magnitude of selected
nal, a first difference in amplitude between said ones of said parameters, said means for calculat-
maximum amplltju de and sal d UL ampli- ing being connected to both said means for de-
tude, a second difference in amplitude between tecting and means for measuring;
t!‘e ma;umun? amplitude afndhthe ampt!ltuFle at ﬂ“: 45 wherein means for calculating calculates the mag-
tm}e of maximum rate Of change O s.ald signa nitude of the systolic pressure (P;;) parameter in
being representative of the difference in volume accordance with the following expression:
between the maximum amount of blood volume
and the volume at the time of maximum rate of Psim=P i+ {1 — g)Ppi
change of said blood volume, and a pulse repeti- 50
tion period; wherein:
means for measuring said maximum amplitude, said gi=(AVi4y/AV))
minimum [aplitude, ] amplitude, said maximum P,i==pulse pressure during cycle i
rate of change of said signal, said first difference, AV =represented by said first difference
said second [different,} difference, said first ss AViqsv=represented by the difference between

time interval, and said second time interval; and

means for calculating the magnitude of selected
ones of said parameters, said means for calculat-
ing being connected to both said means for de-
tecting and means for measuring;

wherein means for calculating calculates the mag-
nitude of the systolic pressure (P;;) parameter in
accordance with the following expression:

Pgi=Pmj+ (1 —g0)Pp;

wherein
go=constant.

said minimum amplitude and an amplitude equal
to the average value of a pulse 1n a cycle 1.

5. Apparatus for determining the magnitude of heart-
related parameters in a patient;

60 comprising;

65

means for detecting blood volume, and thereby
blood volume variation, in said patient, and for
providing a signal representative of said blood
volume, and thereby said blood volume varia-
tion;

said means for detecting being attachable to said
patient to thereby detect said blood volume, and
thereby said blood volume variation;
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said blood volume variation being [cycle] cyclic
in nature whereby said signal comprises a cyclic
curve having, in each cycle of variation, a van-
able slope, a maximum amplitude representative
of the maximum amount of blood volume, a
minimum amplitude representative of the mini-
mum amount of blood volume, a first time inter-
val between said minimum amplitude and said
maximum amplitude, a maximum rate of change
of said signal being representative of the maxi-
mum rate of increase of blood volume, a second
time interval between the minimum amplitude

and the time of the maximum rate of change of

said signal, a first difference in amplitude be-
tween said maximum amplitude and said mini-
mum amplitude, a second difference in amplitude
between the maximum amplitude and the ampli-
tude at the time of maximum rate of change of
said signal being representative of the difference
in volume between the maximum amount ©

maximum rate of change of said blood volume,
and a pulse repetition period;

means for measuring said maximum amplitude, said
minimum [aplitude,] amplitude, said maximum
rate of change of said signal, said first difference,
said second [different,] difference, said first
time interval, and said second time interval; and

means for calculating the magnitude of selected 10

ones of said parameters, said means for calculat-
ing being connected to both said means for de-
tecting and means for measuring;

wherein means for calculating calculates the mag-
nitude of the arterial blood pressure, P, parame-
ter in accordance with the following expression:

Pmi = Py + Pmmr’

— b1
ﬁVI'
il Ry voms 7

AV

R o

where
Kas=constant determined for each subject
by =constant
Pmmi=pseudo mean arterial blood pressure during
cycle 1
AV =maximum volume change during cycle i

Vim:

maximum time rate of change of V;

[
Vim

P, = constant
where
G(t)=a function of t.
- 6. A method for determining the magnitude of heart-
related parameters in a patient;
comprising:
detecting blood volume, and thereby blood volume
variation, in said patient and providing a signal
representative of said blood volume, and thereby
said blood volume variation;

fZD

blood volume and the volume at the time of

25

12

said blood volume variation being cyclic in nature
whereby said signal comprises a cyclic curve
having, in each cycle of variation, a variable
slope, a maximum amplitude representative of
3 the maximum amount of blood volume, a mini-
mum amplitude representative of the minimum
amount of blood volume, a first time interval
between said maximum amplitude and said mini-
mum amplitude, a maximum rate of change of
said signal being representative of the maximum
rate of change of blood volume, a second time
interval between the minimum amplitude and the
time of the maximum rate of change of said sig-
nal, a first difference in amplitude between said
maximum amplitude and said minimum ampli-
tude, a second difference in amplitude between
the maximum amplitude and the amplitude at the
time of maximum change of rate of said signal
being representative of the difference in volume
between the maximum amount of blood volume
and the volume at the time of maximum rate of
change of said blood volume, and a pulse repeti-
tion period;
measuring said maximum amplitude, said minimum
amplitude, said maximum rate of change of said
signal, said first difference, said second differ-
ence, said first time interval, and said second
tirne interval; and
calculating the magnitude of the pulse pressure
parameter in accordance with the following ex-

pression:

10

15

P — K Rit — 11
p= P (L + 12— Ry

35
wherein
P,i=pulse pressure during cycle I
40 K,,=constant determined by a first calibration
rj=constant
r;=constant
Ri=(AVifm/AV )
where
45 FAV,ym=volume change at time t;yy during
cycle i corresponding to maximum rate of
volume change, V max)
AViym=volume change at time tjym during cycle i
corresponding to maximum rate of volume
0 change, Vimax

AV ;=maximum volume change during cycle i
At;Pm=time interval from start of cycle 1 to time
of maximum rate of volume change V max.
7. A method for determining the magnitude of heart-
55 related parameters in a patient;
comprising:
detecting blood volume, and thereby blood volume
variation, in said patient and providing a signal
representative of said blood volume, and thereby
said blood volume vanation;
said blood volume variation being cyclic in nature
whereby said signal comprises a cyclic curve
having, in each cycle of variation, a variable
slope, a maximum amplitude representative of
the maximum amount of blood volume, a mini-
mum amplitude representative of the minimum
amount of blood volume, a first time interval
between said maximum amplitude and said mini-

65
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mum amplitude, a maximum rate of change of
said signal being representative of the maximum

rate of change of blood volume, a second time

interval between the minimum amplitude and the
time of the maximum rate of change of said sig-
nal, a first difference in amplitude between said
maximum amplitude and said minimum ampli-
tude, a second difference in amplitude between
the maximum amplitude and the amplitude at the
time of maximum change of rate of said signal
being representative of the difference in volume
between the maximum amount of blood volume
and the volume at the time of maximum rate of
change of said blood volume, and a pulse repeti-
tion period;

measuring said maximum amplitude, said minimum
amplitude, said maximum rate of change of said
signal, said first difference, said second differ-
ence, said first time interval, and said second

10

15

14

slope, a maximum amplitude representative of
the maximum amount of blood volume, a mini-
mum amplitude representative of the minimum
amount of blood volume, a first time interval
between said maximum amplitude and said mini-
mum amplitude, a maximum rate of change of
said signal being representative of the maximum
rate of change of blood volume, a second tirne
interval between the minimum amplitude and the
time of the maximum rate of change of said sig-
nal, a first difference in amplitude between said
maximum amplitude and said minimum ampii-
tude, a second difference in amplitude between
the maximum amplitude and the amplitude at the
time of maximum change of rate of said signal
being representative of the difference in volume
between the maximum amount of blood volume
and the volume at the time of maximum rate of

change of said blood volume, and a pulse repeti-
tion period; '

measuring said maximum amplitude, said minimum
amplitude, said maximum rate of change of said
signal, said first difference, said second differ-
ence, said first time interval, and said second
time interval; and

calculating the magnitude of the systolic pressure
(P5; parameter in accordance with the following

time interval; and 20
calculating the magnitude of the mean [artial]
arterial pressure P in accordance with the fol-

lowing expression:

Pmi = Po + Pmmi 25

- b3

+ A Vf
Prmi = | Ke TP 1G]

expression:
30
AV,
o = K| Tt |- ™ PP (180
X wherein
where
- _ _ go = constant.
Ks=constant determined for each subject 35 9. A method for determining the magnitude of heart-

b3 =constant

P nmi=pseudo mean arterial blood pressure dur-
ing cycle 1

AV ;=maximum volume change during cycle i

AV imax =_maximum time rate of change of
AVi=Vmax

related parameters in a patient;
comprising:

detecting blood volume, and thereby blood volume
variation, in said patient and providing a signal
40 representive of said blood volume, and thereby

said blood volume variation;
b said blood volume variation being cyclic in nature
G(1) = d; whereby said signal comprises a cyclic curve
having, in each cycle of vanation, a variable
45 slope, a maximum amplitude representative of
the maximum amount of blood volume, a mini-
mum amplitude representative of the minimum
amount of blood volume, a first time interval

T between said maximum amplitude and said mini-

¢ = ['A_t,'] >0 mum amplitude, a maximum rate of change of
said signal being representative of the maximum

where rate of change of blood volume, a second time

interval between the minimum amplitude and the

At. = At at calibration = At . . Cy s
¢ " e time of the maximum rate of change of said sig-

Ay = Aty >3 nal, a first difference in amplitude between said

= constant maximum amplitude and said minimum ampli-

y o= SR tude, a second difference in amplitude between

8. A method for determining the magnitude of heart- t?'e ma?lmun} ampht;.:de and ;hc ampt}ltu%e at ﬂ“i
related parameters in a patient; 60 time of maximum change of rate of said signa

being representative of the difference in volume
between the maximum amount of blood volume
and the volume at the time of maximum rate of
change of said blood volume, and a pulse repeti-
tion period,

measuring said maximum amplitude, said minimum
amplitude, said maximum rate of change of said
signal, said first difference, said second differ-

comprising:

detecting blood volume, and thereby blood volume
variation, in said patient and providing a signal
representative of said blood volume, and thereby
said blood volume variation; 65

said blood volume variation being cyclic in nature
whereby said signal comprises a cyclic curve
having, in each cycle of variation, a variable
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ence, said first time interval, and said second
time interval; and

calculating the magnitude of the systolic pressure
(Psi) parameter in accordance with the following
expression: 5

Psi=Pmi+ (1 —g)Pp,

16

b3i=constant

P»mi=pseudo mean arterial blood pressure dur-
ing cycle i

AV ;=maximum volume change during cycle i

AV jmax=maximum time rate of change of V,=-
mem:

Po,=constant

((t)=a function of t and T.

wherein: 11. Apparatus for determining the magnitude of
gi=(AV qy/AV ) | | 10 heart-related parameters in a patient:

Ppi=pulse pressure during cycle i comprising:

AV =represented by said first difference means for detecting blood volume, and thereby

AV 4y=represented by the difference between
said minimum amplitude and an amplitude
equal to the average value of a pulse in a cycle 15
1.

10. A method for determining the magnitude of heart-
related parameters in a patient;
compnsing:
detecting blood volume, and thereby blood volume 20
variation, in said patient and providing a signal
representative of said biood volume, and thereby
said blood volume variation;
said blood volume variation being cyclic in nature

whereby said signal comprises a cyclic curve 23

having, in each cycle of variation, a variable

slope, a maximum amplitude representative of

the maximum amount of blood volume, a mini-

mum amplitude representative of the minimum

amount of blood volume, a first time interval -°
between said maximum amplitude and said mini-
mum amplitude, a maximum rate of change of
said signal being representative of the maximum
rate of change of blood volume, a second time
interval between the minimum amplitude and the
time of the maximum rate of change of said sig-
nal, a first difference in amplitude between said
maximum amplitude and said minimum ampli-
tude, a second difference in amplitude between
the maximum amplitude and the amplitude at the
time of maximum change of rate of said signal
being representative of the difference in volume
between the maximum amount of blood volume

35

blood volume vanation, in said patient, and for
providing a signal representative of said blood
volume, and thereby said blood volume varia-
tion;

said means for detecting being attachable to said

patient to thereby detect said blood volume, and
thereby said blood volume variation:

said blood volume variation being cyclic in nature

whereby said signal comprises a cyclic curve
having, in each cycle of variation, a variable
slope, a maximum amplitude representative of
the maximum amount of blood volume, a mini-
mum amplitude representative of the minimum
amount of blood volume, a first time interval
between said minimum amplitude and said maxi-
mum amplitude, a maximum rate of change of
said signal being representative of the maximum
rate of increase of blood volume, a second time
interval between the minimum amplitude and the
time of the maximum rate of change of said sig-
nal, a first difference in amplitude between said
maximum amplitude and said minimum ampli-
tude, a second difference in amplitude between
the maximum amplitude and the amplitude at the
time of maximum rate of change of said signal
being representative of the difference in volume
between the maximumn amount of blood volume
and the volume at the time of maximum rate of
change of said blood volume, and a pulse repeti-
tion period;

and the volume at the time of maximum rate of means for measuring said maximum amplitude, said

change of said blood volume, and a pulse repeti- 45

tion period;
measuring said maximum amplitude, said minimum
amplitude, said maximum rate of change of said

minimum [aplitude,} amplitude, said maximum
rate of change of said signal, said first difference,
said second [different,] difference, said first
time interval, and said second time interval: and

signal, said first difference, said second differ- 50 means for calculating the magnitude of selected

ence, said first time interval, and said second
time interval: and
calculating the magnitude of the arterial blood

ones of sail parameters, said means for calculat-
ing being connected to both said means for de-
tecting and means for measuring;

pressure, P,,; parameter in accordance with the wherein means for calculating calculates the mag-

following expression: 55

Pmi = Py + Puem;

-3

AV;
il Ry Ve (o1 60

[ AV;
Prmi = Ks | T¥mtGoT |~ Py

65

where
K4=constant determined for each subject

nitude of the pulse pressure parameter in accor-
dance with the following expression:

Pz K Rip — 11
= 0P| (1T + 12 — Ry

wherein

P,i=pulse pressure during cycle i

K,y =constant determined by a first calibration
ry=constant

r»=constant

Ri=AVpm/AV;
where
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AV ;ym=volume change at preselected time t;pn,
during cycle 1
AV ;=maximum volume change during cycle i
At;ym = time interval from start of cycle 1 to pre-

means for detecting blood volume, and thereby
blood volume variation, in said patient, and for
providing a signal representative of said blood

18

volume, and thereby said blood volume varia-
tion;

said means for detecting being attachable to said
patient to thereby detect said blood volume, and

selected time of tiym. 3 thereby said blood volume vanation;
12. A method for determining the magnitude of heart- said blood volume variation being cyclic in nature
related parameters in a patient; whereby said signal comprises a cyclic curve
comprising: having, in each cycle of vanation, a vgriable
detecting blood volume, and thereby blood volume slope, a maximum amplitude representative Qf
variation, in said patient and providing a signal '° the maximum amount of blood volume, a mini-
representative of said blood volume, and thereby mum amplitude representative of the mimmum
said blood volume variation: amount of blood volume, a first time _1.ntervgl
said blood volume variation being cyclic in nature between said minimum amplitude and said maxi-
whereby said signal comprises a cyclic curve mum amplitude, a maximum rate of change of
having, in each cycle of variation, a variable said signal being representative of the maximum
slope, a maximum amplitude representative of ?atc of increase of blor.?d‘ volume, a_second me
the maximum amount of blood volume, a mini- 19terva1 between the minimum amplitude and the
mum amplitude representative of the minimum time of the maximum rate of _change of said S8
amount of blood volume, a first time interval ,, nal, a first dtfference n amp.htud*e between said
between said maximum amplitude and said mini- maximum amplitude and said minimum ampl-
mum amplitude, a maximum rate of change of tude, a second difference in amphtuc!e between
said signal being representative of the maximum the maximum amplitude and the amplitude at the
f [charge] change of blood volume, time of maximum rate of change of said signal
::m{:l e inferv ol betfv een the minimum a’m- . being representative of the difference in volume
. . _ | between the maximum amount of blood volume
plitude and the time of the maximum rate of and the volume at the time of maximum rate of
changeofid sgal, i diffree o ampl - changeof i oo vlume and  ulc rpe
o ‘ ; _ tion period;
minimum amplitude, a second difference in am- means for measuring said maximum amplitude, said
plitude between the maximum amplitude and the 30 minimum amplitude, said maximum rate of
amplitude at the time of maximum change of rate change of said signal, said first difference, said
of said signal being representative of the differ- second different, said first time interval, and said
ence in volume between the maximum amount of second time interval; and
blood volume and the volume at the time of means for calculating the magnitude of selected
maximum rate of change of said blood volume, 33 ones of said parameters, said means for calculat-
and a pulse repetition period; ing being connected to both said means for de-
measuring said maximum amplitude, said minimum tecting and means for measuring;
amplitude, said maximum rate of change of said wherein the means for caiculating calculates the
signal, said first difference, said second differ- magnitude of the mean pressure parameter in
ence, said first time interval, and said second 40 accordance with the following expression:
time interval; and (D) Pmi=Kiri?
calculating the magnitude of the pulse pressure where
parameter in accordance with the following ex- K =calibration constant
pression: [P mi=(Ps+Pg)/2—-Py]
43 P.;=systolic blood pressure, in cycle 1
[Pmi=(Ps+P4)/2]
Ry — 1 P4 =diastolic blood pressure, in cycle 1
Foi = Kpp [m] a=constant
P,=constant.
wherein 50 14. A method for determining the magnitude of heart-
P,i=pulse pressure during cycle i rel:;‘(:pﬁ%‘;:‘:_ﬂem In a patient;
51;-:;11;3:“: determined by a first calibration detec;_in_g blopd vglume‘, and thereby blood vo!ume
r,=constant variation, in said patient and medmg_ a signal
Ri=(AVPm/V)) 55 [ representation } representative of said blood
where ::olume, and thereby said blood volume vana-
: 1on;
ﬁ‘:if::'u\;itz;n;;cil?nge at preselected time said blood vol_umq variation bejng cyclic i}l nature
AV ;=maximum volume change during cyclei ¢ whgreby_ said signal comprises 3 cyche carve
At;ym=time interval from start of cylcle 1 to hlavmg, n eq,ch cycle ﬁ-f variation, A vgnable
pedetermined tme of e e i
13. Apparatus for determining the magnitude of mum amplitude representative of the minimum
heart-related parameters in a patient; amount of blood volume, a first time interval
comprising; 63 between said maximum amplitude and said mini-

mum amplitude, a maximum rate of change of
said signal being representative of the maximum

rate of change of blood volume, a second time
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interval between the minimum amplitude and the second [different,] difference, said first time
time of the maximum rate of change of said sig- interval, and said second time interval; and
nal, a first difference in amplitude between said means for calculating the magnitude of selected
maximum amplitude and said minimum ampli- ones of said parameters, said means for calculat-
tude, a second difference in amplitude between 5 ing being connected to both said means for de-
the maximum amplitude and the amplitude at the tecting and means for measuring;
time of maximum change of rate of said signal wherein the means for calculating calculates im-
being representative of the difference in volume plicitly the magnitude of the mean pulse pressure
between the maximum amount of blood volume in accordance with the following expression:

and the volume at the time of maximum rate of 10

change of said blood volume, and a pulse repeti-

tion period; (K3)
measuring said maximum amplitude, said minimum

amplitude, said maximum rate of change of said ‘ i Prot b2

signal, said first difference, said second differ- 15 txsl:..'fip'“_‘"'_.!u

ence, said first time interval, and said second

time interval; and |

e~ Pmo—jdldd _ - Pmo+$2i) | (3)
e—K(Pmo—&ly _ ,—~k(Pmo+$2) — i

e—K(Pmo—dl)) __ o= KPmo+ d2i) B ”]

calculating the magnitude of mean pulse pressure where
in accordance with the following expression: Pmo=constant at calibration
[(1) Pni=K ;9] 20 &1:+ ¢2;=PP;=pulse pressure during cycle i
(1) P mi=Kirica k =constant
where J=constant
K| =calibration constant Psi=Pmo+ 2+ Py
[P’mf=(Pj+ Pd')/z—“Pﬂ] Pd:‘:Pmo"“bli'l' Pﬂ'
P i=(Psi+ Pgi)/2— P, 25 Pmi=(Psi+Pg;)/2
Ps;=systolic blood pressure, in cycle i P,=constant
[Pmi=(Ps+Pg)/2] ri=ratio of exponentials
Pmi=(Psi+ Pq;)/2 K3=coefficient (variable or constant).
P4i=diastolic blood pressure, in cycle i 16. A method for determining the magnitude of heart-
a=constant 30 related parameters in a patient;
P,=constant. comprising;
15. Apparatus for determining the magnitude of detecting blood volume, and thereby blood volume
heart-r f'-'l?t?d parameters in a patient; variation, in said patient and providing a signal
comprising; representative of said blood volume, and thereby
means for detecting blood volume, and thereby 35 said blood volume variation:

blood volume variation, in said patient, and for
providing a signal representative of said blood
volume, and thereby said blood volume varia-
tion;

said means for detecting being attachable to said 40

patient to thereby detect said blood volume, and
thereby said blood volume variation;

sald blood volume variation being cyclic in nature

whereby said signal comprises a cyclic curve
having, in each cycle of vanation, a variable 45
slope, a maximum amplitude representative of
the maximum amount of blood volume, a mini-
mum amplitude representative of the minimum
amount of blood volume, a first time interval
between said minimum amplitude and said maxi- 50
mum amplitude, a maximum rate of change of
said signal being representative of the maximum
rate of increase of blood volume, a second time
interval between the minimum amplitude and the
time of the maximum rate of change of said sig- 55
nal, a first difference in amplitude between said
maximum amplitude and said minimum ampli-
tude, a second difference in amplitude between
the maximum amplitude and the amplitude at the
time of maximum rate of change of said signal 60
being representative of the difference in volume
between the maximum amount of blood volume
and the volume at the time of maximum rate of
change of said blood volume, and a pulse repeti-
tion period; 65
means for measuring said maximum amplitude, said
minimurmn amphlitude, said maximum rate of
change of said signal, said first difference, said

sald blood volume variation being cyclic in nature
whereby said signal comprises a cyclic curve
having, in each cycle of variation, a variable
slope, a maximum amplitude representative of
the maximum amount of blood volume, a mini-
mum amplitude representative of the minimum
amount of blood volume, a first time interval
between said maximum amplitude and the said
minimum amplitude, a2 maximum rate of change
of said signal being representative of the maxi-
mum rate of change of blood volume, a second
time interval between the minimum amplitude
and the time of the maximum rate of change of
said signal, a first difference in amplitude be-
tween said maximum amplitude and said mini-
mum amplitude, a second difference in amplitude
between the maximum amplitude and the ampli-
tude at the time of maximum change of rate of
said signal being representative of the difference
in volume between the maximum amount of
blood volume and the volume at the time of
maximum rate of change of said blood volume,
and a pulse repetition peniod;

measuring said maximum amplitude, said minimum
amplitude, said maximum rate of change of said
signal, said first difference, said second differ-
ence, said first time interval, and said second
time interval; and

wherein the means for calculating calculates im-
plicitly the magnitude of mean pulse pressure in
accordance with the following [expressure]]
expression:;
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o — " Pmo~pbli) _ e—ﬂan+¢2ﬂ ‘ 3)
o~ KPmo—®l _ g— KMPmotd2)

(K3)

[I{ a— K Pmo—jbli) _ o~k Pmo+dLi}
3

e~ K(Pmo—ol) _ o—k(Pmo+®li) '

where
P, =constant at calibration
®1i+ d2;i=PP;=pulse pressure during cycle i
k =constant
J=constant
[PZE'—' Pmo+ b1+ Pa]
Psi=Pmo+P2i+ P
Pai=Pmo—P1i+ P,
Pmi=(Psi+Paj)/2
P,=constant
r;=ratio of exponentials
K ;=coefficient (variable or constant).
17. Apparatus for determining the magnitude of heart-
related parameters in a patient;
comprising:
means for detecting blood volume, and thereby blood
volume variation, in said patient, and for providing a
signal representative of said blood volume, and
thereby said blood volume variation,
said means for detecting being attachable to said patient
to thereby detect said blood volume, and thereby said
blood volume variation;
sard blood variation being cyclic in nature whereby said
signal comprises a cyclic curve having, in each cycle of
variation, a variable slope, a maximum amplitude
representative of the maximum amount of blood vol-
ume, a minimum amplitude representative of the
minimum amount of biood volume, a first time inter-
val between said minimum amplitude and said maxi-
mum amplitude, a maximum rate of change of said
signal being representative of the maximum rate of
increase of blood volume, a second time interval be-
tween the minimum amplitude and the time of the
maximum rate of change of said signal, a first differ-
ence in amplitude between said maximum amplitude
and said minimum amplitude, a second difference in

10

15

20

30

35

40

amplitude between the maximum amplitude and the 45

amplitude at the time of maximum rate of change of
sarid signal being representative of the difference in
volume between the maximum amount of blood vol-

ume and the volume at the time of maximum rate of

change of said blood volume, and a pulse repetition
period;

means for measuring said maximum amplitude; said
minimum ampiitude, said maximum rate of change
of said signal, said first difference, said second differ-
ence, said first time interval, and said second time
interval; and

means for calculating the magnitude of selected ones of
said parameters, said means for calculating being
connected to both said means fBr detecting and means
for measuring;

>0

335

60

65
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wherein means for calculating calculates the magnitude
of the pulse pressure parameter in accordance with the

following expression,

] — ¢— KT PP

] — kPPi = R

where

PP;= Pulse Pressure—P,— P,
P,=Systolic blood pressure
Pya=diastolic blood pressure
k=constant

K'=constant.
18. A method for determining the magnitude of heart-

related parameters in a patient,

comprising:

detecting blood volume, and thereby blood volume varia-
tion, in said patient and providing a signal representa-
tive of said blood volume, and thereby said blood

volume variation,

said blood volume variation being cyclic in nature

whereby said signal comprises a cyclic curve having, in
each cycle of variation, a variable slope, a maximum
amplitude representative of the maximum amount of
blood volume, a minimum amplitude representative of
the minimum amount of blood volume, a first time
interval between said maximum amplitude and said
minimum amplitude, a maximum rate of change of
said signal being representative of the maximum rate
of change of blood volume, a second time interval
between the minimum amplitude and the time of the
maximum rate of change of said signal, a first differ-
ence in amplitude between said maximum amplitude
and said minimum amplitude, a second difference in
amplitude between the maximum amplitude and the
amplitude at the time of maximum change of rate of
said signal being representative of the difference in
volume between the maximum amount of blood vol-
ume and the volume at the time of maximum rate of
change of said blood volume, and a pulse repetition
period,

measuring said maximum amplitude, said minimum
amplitude, said maximum rate of change of said
signal, said first difference, said second difference,
said first time interval, and said second time interval;
and

calculating the magnitude of the mean arterial pressure
Pm; in accordance with the following expression:

] — e~ KT PP
] — kPPi T
where
PP;= Pulse Pressure=P;— Py

P;=Systolic blood pressure
Py= Diastolic blood pressure
k =constant

K" =constant.
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