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DEVICE FOR CONTINUOUS, NON-INVASIVE
MEASUREMENT OF ARTERIAL BLOOD
PRESSURE AND USES THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. provi-
sional patent application 60/888,845, filed Feb. 8, 2007. This
application also claims priority to Austrian application
A2043/2006, filed Dec. 11, 2006.

FIELD OF THE INVENTION

[0002] The invention relates to a signal processing device,
in particular a method and device for the continuous, non-
invasive measuring of arterial blood pressure.

BACKGROUND OF THE INVENTION

[0003] The continuous monitoring of blood pressure in an
artery in a non-invasive way (Continuous Non-invasive Arte-
rial Pressure CNAP) has for many years been a topic for
scientists and researchers. In 1942 R. Wagner in Munich
presented a mechanical system for recording the arterial pres-
sure in the A. radialis by means of the so-called “Vascular
Unloading Technique”—the principle of the unloaded arte-
rial wall. (Wagner R. “Methodik and Ergebnisse fort-
laufender Blutdruckschreibung am Menschen”, Leipzig,
Georg Thieme Verlag, 1942; Wagner R. et al. “Vereinfachtes
Verfahren zur fortlaufenden Aufschrift des Blutdrucks beim
Menschen”, Zschr. Biol. 112, 1960). The method of non-
invasive determination of blood pressure presented by J.
Penaz 1973 in Dresden (Digest of the 10? International Con-
ference on Medical and Biological Engineering, 1973, Dres-
den) also uses the vascular unloading technique. This allows
for the first time a continuous recording of intra-arterial blood
pressure by means of an electro-pneumatic control loop. In
this method light is shone through a finger, and via a finger
cuff and a servo-mechanism pressure is applied to the finger
in such a way that the originally pulsating flow detected by the
transmitted light is held constant.

[0004] In principle the method is as follows. Light from at
least one light source is passed through a limb or part of the
human body containing an artery, such as a finger, the wrist,
orthe temple. The light, which is transmitted through the limb
(e.g. the finger) or is reflected from a bone (e.g. wrist or
temple), is registered by a suitable light detector and serves as
a measure for the volume of blood in the limb or body part
(plethysmographic signal s(t)), or more precisely for the
blood flow in the limb, which is defined as the volume change
per time. The more blood there is in the limb, the more light
is absorbed and the smaller is s(t). The mean value s, , 18
subtracted from s(t) and the resulting As(t) is fed into a con-
troller. The control signal output by the controller is ampli-
fied, added to a constant set-point value SP and applied to a
servo- or proportional valve, which generates pressure in a
cuff placed over or on the limb or body part exposed to the
light.

[0005] The control mechanism is such that As(t) is kept
constant over time by the applied pressure. When the heart
pumps more blood into the limb during the systole and As(t)
decreases, the controller will increase the control signal and
pressure in the cuff enclosing the limb will rise until the
excess blood is pushed out of the limb and As(t) assumes its
former value. On the other hand, when less blood flows into
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the limb during diastole, because the heart is in its fill-up
phase, and when therefore As(t) increases, the controller will
decrease the control signal and thus reduce the pressure on the
finger. Again As(t) is kept constant. Due to the control mecha-
nism described (As(t) and thus the arterial blood volume in the
limb remain constant over time), the pressure difference
between intra-arterial pressure and applied external pressure
(the so called transmural pressure) is zero. Thus the applied
external pressure equals the intra-arterial pressure in the limb,
which therefore can be measured continuously and non-inva-
sively by means of a manometer.

[0006] The above description of the Penaz principle
assumes the control loop to operate in “closed loop” mode.
The control loop may also be opened (“open loop™), i.e. with
the control signal not being added to the set-point value SP. In
this case the cuff pressure will not depend on As(t), but is
determined by SP. In this operating mode the optimum SP for
the limb is found. According to Penaz this SP corresponds to
the mean arterial blood pressure in the limb and is character-
ized by maximal pulsations of As(t).

[0007] The tacit assumption is that the pulsating signal
As(t) obtained from the transmitted light corresponds exactly
to the arterial blood flow as a function of time in the body part
(usually the finger) measured. This is only the case, however,
if the blood in the sensor area flows uniformly through the
capillary bed and if the venous return flow is constant. The
arterial-venous blood flow is quite variable, however.
Changes in venous light absorption are therefore a significant
source of error in the vascular unloading signal and the arte-
rial blood pressure measured with the use of this signal.
[0008] The photoplethysmographic method according to
Penaz, which is also known as “vascular unloading tech-
nique” or in some publications as “volume clamp method”,
has been further improved. EP 0 537 383 Al (TNO), for
instance, shows an inflatable finger cuff for non-invasive,
continuous blood pressure monitoring. The inflatable cylin-
drical chamber of the cuff is pneumatically connected to a
fluid source. An infrared light source and a detector are posi-
tioned inside the rigid cylinder on opposite sides of the finger.
A valve for filling the cylinder with gas is provided. Electrical
leads for the infrared light source and the detector are passed
through the cylinder wall. U.S. Pat. No. 4,510,940 A (Wes-
seling) and U.S. Pat. No. 4,539,997A (Wesseling) show
devices for the continuous, non-invasive measurement of
blood pressure. A fluid-filled cuff, a light source, a light
detector and an amplifier for the pressure difference are pro-
vided. U.S. Pat. No. 4,597,393 (Yamakoshi) also discloses a
variant of the Penaz principle.

[0009] In WO 00/59369 A2 improvements in valve control
or rather in the pressure generating system and variants of the
pressure cuffs (e.g. a double cuff) for diverse limbs or body
parts are shown. WO 04/086963 A2 contains a description of
how the double cuff can be used to measure blood pressure
according to the Penaz principle in one cuff, while the other
cuff is used for optimised control of the set-point SP. WO
05/037097 A1 describes an improved control system for the
vascular unloading technique, where interior control loops
provide quasi optimised conditions for succeeding exterior
control loops.

[0010] While the publications cited above represent
improvements of the vascular unloading technique they still
tacitly assume that the pulsatile component As(t) of the
plethysmographic signal s(t) corresponds to the arterial signal
component, or rather the arterial blood flow.
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[0011] From pulsoximetry (an optical method for the non-
invasive determination of oxygen saturation) it is known that
motion artefacts corrupting the arterial signal a(t), can be
eliminated by suitable measures. In U.S. Pat. Nos. 4,653,498
A, 5,025,791A, 4,802,486A, 5,078,136A, 5,337,744A, and
6,845,256 A methods are cited which may be employed to
remove such motion artefacts from the measured signals.
Separation of the arterial signal a(t) from the venous signal
v(t), however, cannot be based on these methods, and they are
not an object of the present invention.

[0012] In the patents and patent applications U.S. Pat. No.
5,769,785A, U.S. Pat. No. 6,036,642A, U.S. Pat. No. 6,157,
850A, U.S. Pat. No. 6,206,830A, U.S. Pat. No. 6,263,222 A,
WO 92/15955, EP 0 574 509 Bl1, DE 692 29 994, WO
96/12435 A2 novel methods of signal analysis are described,
which are used to eliminate from two or more plethysmo-
graphic signals the unwanted signals, such that a favored
signal for the measurement of oxygen saturation via pul-
soximetry remains. In these publications methods for signal
analysis such as “Linear Relationship”, “Adaptive Filter”,
“Adaptive Signal Processor”, “Adaptive Noise Canceler”,
“Self Optimizing Filter” and “Kalman Filter” are described
among others. These signal analysis methods are employed
not only in electronics but also in medicine for medical or
physiological signals. (A. F. M. Smith and M. West: “Moni-
toring Renal Transplants: An Application for the Multipro-
cess Kalman Filter”, Biometrics 39 (1983) p. 867-878; K.
Gordon: “The Multi State Kalman Filter in Medical Moni-
toring”, Computer Methods and Programs in Biomedicine 23
(1986), p. 147-154).

SUMMARY OF THE INVENTION

[0013] The present invention provides improved signal
processing devices that provide a clear separation between
favored and supplementing signals of one first and at least one
second, time-varying quantity, and in particular a device and
a method for the continuous, non-invasive measurement of
arterial blood pressure, by which a clear separation can be
achieved between the (favored) arterial signal a(t) and the
(supplementing) venous signal v(t) of blood volume or blood
flow.

[0014] In one embodiment A, the invention provides a sig-
nal processing device comprising:

[0015] (a)atleast one detector for generating at least one
measurement signal from at least one measurement
radiation, wherein the measurement radiation propa-
gates along a propagation medium starting from at least
one radiation source;

[0016] (b) an air pressure generator, one or more valves,
a manometer and a cuff for applying a pressure on the
propagation medium;

[0017] (c) a reference signal generator that accepts the
signals generated by the detector and the pressure gen-
erated by the pressure generator to compute a reference
signal; and

[0018] (d) a filter receiving the reference signal as an
input, wherein the filter essentially separates a supple-
menting signal and a favored signal from the signals
generated by the detector,

[0019] wherein the favored signalis a measure of the physi-
ological characteristics.

[0020] In aspect according to embodiment A, each of the
measurement radiation of (a) is of different wavelength. In
one other aspect, the measurement radiation of (a) propagates
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wholly or partially along a propagation path situated in the
propagation medium. The propagation medium can be a
human body part. In still another aspect, the pressure of (b) is
a time-variable pressure.

[0021] In another embodiment B, the invention provides a
device for measuring one or more physiological characteris-
tics, the device comprising

[0022] (a) at least one radiation source for generating at
least one measurement radiation, wherein the measure-
ment radiation propagates through a body part;

[0023] (b) atleast one detector for generating at least one
measurement signal from the measurement radiation;

[0024] (c) an air pressure generator, one or more valves,
a manometer, and a cuff for applying a pressure to the
body part;

[0025] (d) a reference signal generator, which computes
a reference signal from the signal generated by the
detector and the pressure signal from the pressure gen-
erator; and

[0026] (e) a filter receiving the reference signal, wherein
the filter essentially separates a supplementing signal
and a favored signal from the signals measured by the
detector,

[0027] wherein the favored signalis a measure of the physi-
ological characteristics.

[0028] In one aspect according to embodiment B, each of
the measurement radiation of (a) is of different wavelength, or
mutually differing wavelengths. In another aspect, the mea-
surement radiation of (a) propagates wholly or partially along
a propagation path situated in the body part. In one other
aspect, the pressure of (¢) is a time-variable pressure. In still
another aspect, the physiological characteristics comprise
blood characteristics, arterial and venous characteristics,
blood pressure characteristics, arterial oxygen saturation, or
venous oxygen saturation.

[0029] In one other embodiment C, the invention provides
a device comprising:

[0030] (a)at least one detector providing a first measure-
ment signal s,(t) from a measurement radiation of
defined wavelength, which propagates along a propaga-
tion path starting from a first radiation source, and at
least one other measurement signal s,(t) from another
measurement radiation of different wave-length, which
propagates wholly or partially along the propagation
path starting from at least one other radiation source,
wherein at least a portion of the propagation path is
situated in a propagation medium, wherein the first sig-
nal s, (t) comprises a favored signal a,(t) and a supple-
menting signal v (t) and the at least one other signal s,(t)
comprises a favored signal a,(t) and a supplementing
signal v,(t), wherein the signals a, (t) to a,(t) result from
a first, time-variable quantity a(t) in the propagating
medium and the signals v, (t) to v,{t) result from a sec-
ond, time-variable quantity v(t) in the propagation
medium;

[0031] (b) anair pressure generator, one or more valves,
amanometer and a cuff for applying time-variable pres-
sure on the propagation medium, with a pressure signal
p(t) being a function of the first, time-variable quantity
a(t) of the propagation medium or a function of one or
more signals s, (t) to s,(t) measured by the detector;

[0032] (c)areference signal generator, which accepts the
signals s, (t) to s,(t) measured by the detector and the
pressure signal p(t) as inputs and computes from these
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inputs a reference signal An'(t), whichis a functionof the
second, time-variable quantity v(t) or of the supplement-
ing signals v, (t) to v,At); and

[0033] (d) a filter receiving the reference signal An'(t) as
an input, wherein the frequency properties of the filter
essentially correlate with the reference signal An'(t), and
wherein the filter essentially separates from at least one
of the signals s, (t) to s,(t) measured by the detector the
supplementing signal v,(t) to v,(t) from the favored
signal a, (1) to a,(1).

[0034] In apreferred embodiment D, the signal processing
of the invention comprises a device for the continuous, non-
invasive measurement of arterial blood pressure, the device
comprising:

[0035] (a) a first radiation source and at least one other
radiation source for generating a first and at least one
other measurement radiation of defined, mutually dif-
fering wavelengths;

[0036] (b) at least one detector for generating a first
measurement signal s,(t) from the first measurement
radiation and at least one other measurement signal s,(t)
from the at least one other measurement radiation of
different wavelength, wherein the measurement radia-
tions propagate wholly or partially along a propagation
path and wherein at least a portion of this propagation
path is located in a body part traversed by arterial and
venous blood flows, and wherein the first signal s (t) has
a first arterial signal component a, (t) and a first venous
signal component v, (t) and wherein the at least one other
signal s,(t) has at least one other arterial signal compo-
nent a,(t) and at least one other venous signal compo-
nent v,(t), and wherein arterial signal components a, ()
to ax(t) result from a time-varying arterial blood flow
a(t) in the body part, and the venous signal components
v, (1) to V(1) result from a time-varying venous blood
flow v(t) in the body part;

[0037] (c) an air pressure generator, one or more valves,
a manometer and a cuff for applying a time-varying
pressure to the body part, wherein a pressure signal p(t)
corresponding to an arterial blood pressure, is a function
of the arterial blood flow a(t) in the body part or a
function of one or more of the signals s,(t) to s,(t)
measured by the detector;

[0038] (d) a reference signal generator, which has as
inputs the signals s, (t) to s,{t) measured by the detector
and the pressure signal p(t), and which computes from
these inputs a reference signal An'(t), which is a function
of the venous blood flow v(t) or of the venous signal
components v, (t) to v,{t); and

[0039] (e) a filter receiving the reference signal An'(t) as
an input, where the frequency properties of the filter
essentially correlate with the reference signal An'(t), and
wherein the filter essentially separates from at least in
one of the signals s,(t) to s,{t) measured by the detector
the venous signal component v,(t) to v,(t) from the
arterial signal component a, (t) to a,(t), wherein the arte-
rial signal component is proportional to the arterial
blood flow a(t).

[0040] The device according to the invention achieves a
clear separation between the arterial (favored) signal compo-
nent (e.g. a,(1)) and the venous (supplementing) signal com-
ponent (e.g. v,(t)) of the measurement signal. Thus it is pos-
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sible to use exclusively the signal component of the arterial
blood a(t) as the input variable for the vascular unloading
technique.

[0041] The filtered-out venous signal component v(t) may
for instance be used to correct another disadvantage implicit
in the conventional version of the vascular unloading tech-
nique. By the counter-pressure on the body part measured the
venous out-flow from the sensor area is impeded and the
finger turns blue—local cyanosis occurs. By monitoring the
venous signal component and the venous oxygen saturation
the system may be switched off or switched over to another
sensor before the measuring situation is turning unpleasant
for the patient. Due to the separation of arterial and venous
signals the oxygen saturation of arterial as well as venous
blood may be measured and displayed.

[0042] Separating the favored from the supplementing sig-
nal as such is known from modermn communication engineer-
ing and electronics, butin the present context it is necessary to
know further characteristic attributes of the two signals. The
invention makes use of the fact that arterial blood has an
absorption coefficient differing from that of venous blood ata
certain wavelength of light. Furthermore the characteristic
feature of the vascular unloading technique must be consid-
ered in the separation process, i.e. that the signal obtained
from the passing or reflected light is minimized by the
counter-pressure applied.

[0043] Inoneother embodiment E, the invention provides a
pulse oximeter comprising

[0044] (a) at least one radiation source for generating at
least one measurement radiation, wherein the measure-
ment radiation propagates through a body part;

[0045] (b) atleast one detector for generating at least one
measurement signal from the measurement radiation;

[0046] (c) an air pressure generator, one or more valves,
a manometer, and a cuff for applying a time-varying
pressure to the body part;

[0047] (d) a reference signal generator, which computes
a reference signal from the signal generated by the
detector and the pressure signal from the pressure gen-
erator; and

[0048] (e) a filter receiving the reference signal, wherein
the filter essentially separates a supplementing signal
and a favored signal from the signals measured by the
detector,

[0049] wherein the favored signalis a measure of the physi-
ological characteristics.

[0050] Inoneother embodiment F, the invention provides a
pulse a method for measuring one or more physiological
characteristics, the device comprises

[0051] (a) providing a first and at least one other mea-
surement radiation;

[0052] (b) detecting a first measurement signal from the
first measurement radiation and at least one other mea-
surement signal from the at least one other measurement
radiation of different wavelength, where the two mea-
surement radiations propagate wholly or partially along
the same propagation path in a body part;

[0053] (c) applying a pressure to the body part;

[0054] (d) computing a reference signal from the first
and the at least one measurement signals of (b) and the
pressure of (c); and

[0055] (e) separating a supplementing signal component
and a favored signal component from the measurement
signals of (b) by using a filter that receives a reference
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signal as an input, wherein the reference signal is com-

puted from the measurement signal of (b) and the pres-

sure signal of (¢),
[0056] wherein the favored signal component is a measure
of the physiological characteristics.
[0057] In one aspect according to embodiment F, each of
the measurement radiation of (a) is of different wavelength or
mutually differing wavelengths. In another aspect, the mea-
surement radiation of (a) propagates wholly or partially along
a propagation path situated in the body part. In one other
aspect, the pressure of (¢) is a time-variable pressure. In still
another aspect, the physiological characteristics comprise
blood characteristics, blood characteristics, arterial and
venous characteristics, blood pressure characteristics, arterial
oxygen saturation, or venous oxygen saturation. The inven-
tion also provides a method for a continuous, non-invasive
measurement of arterial blood pressure in a body part tra-
versed by arterial and venous blood flows comprising:

[0058] (a) providing a first and at least one other mea-
surement radiation of defined, mutually differing wave-
lengths;

[0059] (b)detecting a first measurement signal s, (t) from
the first measurement radiation and at least one other
measurement signal s,(t) from the at least one other
measurement radiation of different wavelength, where
the two measurement radiations propagate wholly or
partially along the same propagation path and wherein
part of this propagation path is located in the body part in
which arterial and venous blood flows, and wherein the
first signal s, (t) has afirst favored signal component a, (t)
and a first supplementing signal component v,(t), and
wherein the at least one other signal s, (t) has a favored
signal component a,{t) and a supplementing signal
component v,(t), and wherein the first and all other
favored signal components a,(t) to a,(t) result from a
time-varying arterial blood flow a(t) in the body part and
the first and all other supplementing signal components
v, (1) to V(1) result from a time-varying venous blood
flow v(t) in the body part;

[0060] (c) applying a time-varying pressure to the body
part, wherein a pressure signal p(t) corresponding to the
arterial blood pressure is a function of the arterial blood
flow a(t) in the body part or a function of one or more of
the signals s, (1) to s,(1);

[0061] (d) computing a reference signal An'(t) from the
signals s, (1) to s,(1) and the pressure signal p(t), which is
a function of venous blood flow v(t) or of the supple-
menting signal components v,(t) to v,(t); and

[0062] (e) separating the supplementing signal compo-
nent v,(t) to v,(t) from the favored signal component
a,(t) to a,{t) of the signals s, (t) to s5,(t) measured by a
detector by means of a filter receiving the reference
signal An'(t) as an input, wherein the frequency propet-
ties of the filter essentially correlates with the reference
signal An'(t), and wherein the favored signal component
a,(1) to a,(t) is proportional to the arterial blood flow

a(t).
BRIEF DESCRIPTION OF THE DRAWINGS

[0063] FIG. 1shows a device according to the invention for
the continuous, non-invasive measurement of arterial blood
pressure.

[0064] FIG. 2 shows the device of FIG. 1 with a first variant
of the filter.

Jul. 21,2016

[0065] FIG. 3 shows the device of FIG. 1 with a second
variant of the filter.

[0066] FIG. 4 shows the relationship between optical den-
sity ratio r and oxygen saturation SpO2 in the form of a
calibration curve.

[0067] FIGS. 54 to 5¢ show variants of the output-power
diagrams of the filters.

[0068] FIGS. 6a to 6¢ show further variants of the output-
power diagrams of the filters.

DESCRIPTION OF THE INVENTION

[0069] The invention relates to methods and devices for
continuous, non-invasive measurement of arterial blood pres-
sure.

[0070] The term “physiological characteristics” comprises
any type of physiological parameter. For example, physi-
ological characteristics include, but are not limited to blood
characteristics, arterial blood flow characteristics, venous
blood flow characteristics, blood pressure characteristics,
arterial oxygen saturation, or venous oxygen saturation.
Physiological characteristics also include blood glucose con-
centration, blood CO, concentration, arterial blood glucose
concentration, arterial blood CO, concentration, venous
blood glucose concentration, and venous blood CO, concen-
tration.

[0071] The term “measurement radiation” or “radiation”
comprises any type of energy form such as waves or moving
subatomic particles. Radiation includes, but not limited to,
visible light, electromagnetic waves, sound, ultrasound, and
ionizing or non-ionizing radiation.

[0072] The term “measurement signal” is the radiation
detected by a detector after passage through a propagation
medium.

[0073] Theterm “propagation medium” comprises any part
of the human or animal body. For example, a propagation
medium is a portion of a finger, ear, or arm.

[0074] Inoneembodiment, the invention provides methods
for continuous, non-invasive measurement of arterial blood
pressure comprising a device as illustrated in FIG. 1. The
device comprises(a) a first radiation source (1) and at least
one other radiation source (2), which provides a first and at
least one other measurement radiation of defined mutually
differing wavelengths; (b) at least one detector (4), which
provides a first measurement signal s,(t) from the first mea-
surement radiation and at least one other measurement signal
s,{1) from another measurement radiation of different wave-
length, the two measurement radiations propagating wholly
or partially along the same propagation path, part of the
propagation path being located in a body part (3) with arterial
and venous blood flow, where the first signal s, (t) consists of
a favored signal a, (t) and a supplementing signal v, (t) and the
at least one further signal s,(t) consists of a favored signal
a\(t) and a supplementing signal v,(t), with the first and
further favored signals a, (t) to a,(t) being the result of the
time-variable arterial blood flow a(t) in the body part (3), and
the first and further supplementing signals v, (t) to v,(t) being
the result of the time-variable venous blood flow v(t) in the
body part (3); (c) an air pressure generator, one or more
valves, a manometer and a cuff (9, 10, 11, 12) for applying
time-variable pressure on the body part, wherein a pressure
signal p(t), which corresponds to the arterial blood pressure,
being a function of the arterial blood flow a(t) in the body part
or a function of one or more signals s,(t) to sy{t); (d) a
reference signal generator (6), which accepts the signals s, (t)
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to s,(t) and the pressure signal p(t) as inputs and computes
from the inputs a reference signal An'(t); and (e) a filter (7),
which receives the reference signal An'(t) as an input, wherein
the filter essentially separates from at least in one of the
signals s, (1) to s,{t) the supplementing signal v,(t) to v {t)
from the favored signal a, (t) to a,(t).

[0075] In one embodiment of the method, the frequency
properties of the filter are adaptively modified during signal
analysis by means of the reference signal. In another embodi-
ment, from the frequency properties obtained by measuring
the blood pressure, the arterial oxygen saturation aSpO2 and/
or the venous oxygen saturation vSpQ2, are derived and
displayed. In yet another embodiment, the red light is used as
the first measurement radiation and infrared light is used as
the second measurement radiation. In still another embodi-
ment, the red light is of wavelength 660 nm and the infrared
light is of wavelength 940 nm.

[0076] The essential difference between the present inven-
tion and the state of the art as regards oxygen saturation, lies
in the fact that the element for separating the arterial (favored)
signal component from the venous (supplementing) signal
component (e.g. a filter or other suitable means for signal
analysis) is located in a control loop. This control system
applies energy, 1.e. pressure on the body part measured, which
pressure corresponds to the arterial blood pressure. This pres-
sure changes the measured plethysmographic signals of all
wavelengths at the said body part and minimizes the arterial
signal component a(t). Ideally, this signal approaches zero.
[0077] The applied pressure furthermore depends directly
on the favored signal. This arterial (favored) signal a(t) influ-
ences the measuring of the desired signal—the arterial blood
pressure—, whose equivalent is applied to the body part as
counter-pressure. The plethysmographic signals necessary
for generating and controlling this pressure—i.e. the signals
measured by the light sensors—act back on themselves via
the control loop. This will necessarily also influence the
working of the signal analysis procedures, since the applied
pressure modulates also the venous (supplementing) signal
v(t), which will thus be no longer independent of the arterial
signal a(t). The fact that a(t) and v(t) no longer are indepen-
dent signals must be taken into account in a suitable way. This
requires yet another degree of freedom in the control loop,
which might for instance be achieved by utilizing the fact that
the arterial signal a(t) is minimized if the control loop is in the
optimal state, and ideally will even tend to zero.

[0078] The filter used to separate the arterial (favored) sig-
nal a(t) from the venous (supplementing) signal v(t) needs a
reference signal n(t) to determine the filter properties, which
will be described in more detail later on. In the patents of Diab
et al. this reference signal is obtained from light signals and
their correlations. For the present invention, however, it is
indispensable that the pressure p(t) applied at the body part
measured be considered in the building of the reference signal
n(t). This constitutes a further essential difference between
the invention and the state of the art.

[0079] The pressure applied to the body part will also lead
to physiological changes. The arterial blood supply of the
body part will always be ensured since the artery is not
clamped by the externally applied pressure, but only the
diameter of the artery and thus the blood volume measured
via the plethysmographic signal, is kept constant. Due to this
fact the vascular unloading technique is also termed “volume
clamp method”. The situation is different for the capillary bed
and the venous blood flow, which will be impeded by the
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pressure applied, until pressure in the system of venous blood
vessels is equal or greater than the applied pressure. Only in
this case venous back-flow will set in. The circumstance
mentioned above, i.e. that the venous signal is modulated by
the pressure, which in turn is generated by the arterial signal,
thus is not only a computational fact, but occurs in reality. Due
to the impeded venous back-flow the respective body part in
most patients assumes a blue colour (cyanosis), which how-
ever is harmless, since the supply with oxygen-rich arterial
blood will always be ensured. Increased pressure in the cap-
illary bed and in the veins has as anecessary consequence that
more erythrocytes release their oxygen molecules, since they
remain longer at the site of exchange. and thus oxygen satu-
ration of the venous blood will decrease in the area of mea-
surement. This circumstance as such is harmless for the
patient but must be considered when oxygen saturation is to
be measured; it can furthermore be utilized to implement a
safety measure in the system. If the arterial blood supply is
interrupted due to a malfunction, this can be detected by
monitoring oxygen saturation, and the system will automati-
cally close down or resume measuring at another part of the
body. This safety monitoring function is another advantage of
the present invention.

[0080] Determination of the oxygen saturation of arterial
and venous blood by means of the same sensor used for
measuring arterial blood pressure is a further advantageous
development of the present invention. Conventional pul-
soximetry, which determines the ratio of optical density r and,
consequently, the oxygen saturation SpO2 from the two pul-
satile plethysmographic signals, will not work here. The fact
that the arterial signal as such but also the venous signal via
the applied pressure contribute to the pulsatile signal compo-
nents, would corrupt the determination of the optical density
r. A filter or another suitable signal analysis procedure for
separating arterial from venous blood must be provided for
oxygen saturation measurement. Furthermore, it must be
taken into account that the arterial (favored) signal is mini-
mized by the control loop. The filter, which is already present
in the control loop for measuring arterial blood pressure, will
take care of these points, thus making oxygen saturation
measurement an advantageous side product of the present
invention.

[0081] JP 06-063024 A2 (Igarashi et al.) and JP 02305555
(Yamakoshi) describe an instrument for the simultaneous
determination of blood pressure and oxygen saturation SpO2
in one sensor. The Penaz method is simply extended in that
instance by providing a second light source with different
wavelength. While the pulsatile components of one light sig-
nal are used for the vascular unloading technique of blood
pressure measurement, the oxygen saturation is found from
the ratio of the two pulsating components. No filter or other
suitable procedure of signal analysis is provided to separate
arterial blood components from venous blood components in
the two signals of differing wavelengths. Furthermore no
measures are proposed which would take into account the
changes in the plethysmographic signals due to the pressure
applied, as described above. Corruption of the measured val-
ues is to be expected due to the changed venous back-flow,
which is modulated via the control loop by the arterial signal.
To put it simply; the SpO2-value will be significantly cor-
rupted by the counter-pressure applied and the resulting
venous congestion at the measuring site. The existing oxygen
saturation is underestimated.
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[0082] U.S. Pat. No. 5,485,838 A (Ukawa et al.) is not a
device for continuous blood pressure measurement and does
not have reference signal generators. Further, the filters cor-
respond to different criterias than in the present application.
[0083] U.S. Pat. No. 5,111,817 A (Clark et al.) also
describes a system and a method for the simultaneous deter-
mination of blood pressure and oxygen saturation. Once more
a cuff is provided with a second light source of different
wavelength. A control loop, which would be necessary for
continuous determination of blood pressure by the Penaz or
vascular unloading method, is lacking, however. Blood pres-
sure is determined by obtaining the plethysmographic signals
at certain defined constant pressures in the cuff From the
pressure-volume ratios a so-called Hardy model is computed,
which will then be responsible for determining the blood
pressure from the plethysmographic signals. The system is
further marked not only by the absence of the control loop but
also by the lack of a filter for separating arterial and venous
signal components.

[0084] U.S. Pat. No. 4,927,264 A (Shiga et al.) also dis-
closes a cuff and a second light source with different wave-
length in the same sensor. In that case the object is a method
and device for measuring venous oxygen saturation, a control
loop and a filter for separating arterial from venous signal
components again being absent.

[0085] It is to be noted that all circuits mentioned in the
context of the present invention can be implemented both as
hardware, e.g. as an electronic printed circuit, and as soft-
ware, €.2. as a program in a computer or a digital signal
processor DSP.

[0086] The invention will now be described in more detail
with reference to the enclosed, partly schematic drawings.
[0087] FIG.1 shows a general control loop of the device of
the invention for continuous, non-invasive measurement of
arterial blood pressure, which comprises a filter 7 for sepa-
rating the signal components. A radiation source or light
source 1 and at least one further radiation or light source 2 of
a different wavelength transmit light through a body part 3
containing an artery. This is preferably done with light emit-
ting diodes (LEDs) or laser diodes emitting red or infrared
light. A suitable body part is for instance a finger with its A.
digitalis or the temple with the A. temporalis, where light is
reflected by the temporal bone. The body part 3 absorbs light
in differing degrees depending on arterial or venous blood
flow. The absorption at differing wavelengths also depends on
the oxygen content of the blood. It is well known that oxygen-
rich blood is red, while blood deficient in oxygen is bluish.
The absorbed radiation ofat least two different wavelengths is
measured at a suitable site by one or more detectors 4 (for
instance photodiodes). In order to distinguish between the
signals of the different wavelengths a demultiplexer 5 is pref-
erably provided. This device also controls the switching-on of
the light sources 1 and 2, and thus generates two or more
signals (e.g. s,(t). s,(t) to sy{1)), which correspond to the
absorption of radiation at the individual wavelengths. The
two signals also serve as ameasure of the blood volume which
is present in the body part 3 at each moment, or as a measure
of the blood flow, which is defined as volume change AV per
unit of time.

[0088] The at least two signals s,(t) and s,(1) to s,(t) are
now passed to a reference signal generator 6, which generates
from the signals s (t), s5(1) to s,(t) together with the pressure
signal p(t), which will be described later on, a signal An'(t)
having the same frequency properties as one of the signals a(t)
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or v(t). This reference signal is used by the following filter 7
to adapt itself according to the prevailing frequency propet-
ties. Thus the filter 7 can distinguish between arterial and
venous blood volume or flow a(t) and v(t) in the body part 3.
The two signals a(t) and v(t) are fed to a controller 8, which,
by means of an assembly comprising one or more valves 9, an
air pressure generator or a pump 10 and a cuff 12, will gen-
erate a pressure p(t) measured by a manometer 11. This pres-
sure p(t) will act in the cuff 12 covering the body part 3 to be
monitored. The control mechanism of the controller 8 is such
that the arterial signal or the arterial blood flow a(t) is kept
constant over a period of time by means of the pressure p(t).
The characteristic of the controller 8 will also influence ret-
roactively the characteristic of the reference signal generator
6 and hence the filter 7.

[0089] FIG. 2 shows a possible variant of the filter and the
diverse influences on the determination of the filter charac-
teristics N or the controller transfer function h. While two or
more signals of differing wavelengths may be used for the
present invention, it is practical to use one signal of red light
and one signal of infrared light. In the following the designa-
tion s, (t) and s,(t) to s,(t) for the signals will be replaced by
sg(t) and s;x(1) for better understanding.

[0090] A so-called “bi-color LED” could for instance be
used, which can be switched with high frequency between a
first wavelength of e.g. 600 nm and a second wavelength of
e.g. 940 nm. The two light sources 1 and 2 are aligned with the
detector 4 along a single optical axis in this case, resulting in
coinciding propagation paths of the two measuring radia-
tions, and thus improving the measurement result.

[0091] In FIG. 2 the mean values of the signals s(t) and
sz(1) output by the demultiplexer 5 are suppressed at first,
which can be achieved by two high-pass filters 13 and 14, for
instance. From the two signals Asy(t) and As(t) the refer-
ence signal generator 6 derives J different reference signals n;
to 1. The necessary r-values are generated by the r-selector
15. A further filter 16, which has a characteristic inverse to
that of the controller 8, generates a filtered pressure signal,
which is also required for the generation of the reference
signals. From the J reference signals J filter characteristics for
a filter matrix 17 are derived. Thus J different filters are
produced, which can be used to filter the signals sg(t) and
s;z(). A decision matrix 18 selects from these J filters in the
filter matrix 17 the ones suitable for generating a(t) and v(t),
by means of the selector switches 19 and 20. The selected
filters correspond to the r-values matching the arterial oxygen
saturation aSpO2 or r, and the venous oxygen saturation
vSpO2 or r,. In this way aSpO2 and vSpO2 are determined
and can be displayed by the displays 21 and 22.

[0092] FIG. 3 shows a further variant of the filter and the
diverse influences on the determination of the filter charac-
teristics N or the controller transfer function h as regards the
time-optimised determination of a(t) and v(t). In this case,
instead of obtaining a(t) and v(t) with correctly selected filters
having characteristics indicated by r, and r,, the circumstance
is utilised that the two signals a(t) and v(t) correspond to
certain formulae, which will be described below. In this vari-
ant the selector switches 19 and 20 are replaced by the com-
putation units 23 and 24. These units compute a(t) and v(t)
from the given values r, and r,. The r-values r, and r, can be
obtained from the filter matrix 17 or the r-selector 15 without
time constraints, whereas the computation units can compute
a(t) and v(t) in real time.
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[0093] FIG. 4 shows a typical calibration curve relating
optical density ratio r and oxygen saturation SpO?2.

[0094] FIGS. 5a to 5¢ show diverse possibilities for output
power diagrams. FIG. 5a shows typical output power of the J
filters, for arterial oxygen saturation aSpO2=96% (r,=0.612)
and venous oxygen saturation vSp02=72% (r,=1.476). At
r=1(Sp02=86.7%) alocal peak of output power occurs due to
the feedback of pressure on the body part 3, which acts on the
signals s,(t) and s,.(t) obtained by LEDs 1 and 2. The deci-
sion matrix 18 can distinguish precisely between aSpO2 (r,)
and vSpO2 (r,).

[0095] FIG. 5b shows filter behaviour when venous blood
flow is small or only influenced by the pressure p(t), which is
the case at r=1. There is very little variable venous blood flow
caused for instance by movement of the body part 3. But
arterial blood flow at the site aSp02=96% (r,=0.612) and the
feed-back peak can be clearly seen. The decision matrix 18
recognizes that no corrupting influence due to venous blood
flow is present and is able to compute a(t) directly from one of
the two unfiltered signals sz(t) and s;x(t). Only aSpO2 can be
displayed, however, which is usually sufficient for the user.
[0096] FIG. 5¢ shows the same kind of behaviour—here
too the influence of venous blood flow on output power is
small. In this instance oxygen saturation aSp02=87% (r,=0.
989) and thus the output power for r, is superimposed on that
for r=1. For the decision matrix 18 this signifies that
aSp02=87% is displayed and that no corrupting influence
due to venous blood flow is present (same as in FIG. 55).
[0097] FIGS. 6a to 6¢ show diverse possibilities of output
power diagrams for weighted distances between the different
r-values. The same phenomena as in FIGS. 5a to 5¢ can be
observed, although the filters are better resolved at the rel-
evant sites with high output power, thus permitting more
accurate measurement of r or SpO2. It should be noted that the
x-axis in these diagrams does not carry an equidistant scale,
but that resolution of SpO2 changes with the amount of output
powetr.

Control Mechanism of the Conventional Vascular Unloading
Technique

[0098] As described initially it is assumed in the vascular
unloading technique that the arterial component of the vol-
ume signal or of the so-called plethysmographic measure-
ment signal s(t) corresponds to the pulsatile component
As(t)—the constant component s, thus corresponds to the
mean arterial volume, the venous back flow, the capillary
component, and those portions of the light signal that are due
to tissue properties. The pulsatile component is now used to
control the counter-pressure p(t), the constant component of
the volume signal, i.e. the mean value s, being first deter-
mined and subsequently subtracted.

[0099] Assumption of the vascular unloading technique

S()=As(t)r+s,

mearn

with As(t) supposed to be the arterial blood component a(t).
[0100] Behaviour of the Controller
PO=SPI(S()=S proan)=SPHI(AS S =S pmoan) =SP+H
(As(),

if'8,=S,,,,, and SP corresponds to mean blood pressure p,=SP.
[0101] The pressure p(t) now acts in the cuff and changes
s(t), or to be more precise, As(t). The control condition states
that As(t)=>0and thus that the pulsatile (=arterial) component
is eliminated from the volume signal s(t).
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s@O=Ds(O)+s5-glp @)

where g describes the relationship between cuff pressure and
finger. Ideally As(t)=g(p(1)), or rather

Ppt=g {(As(1)+s0)=SP+h(As(?)) or

PO)-pO=g {As(t))=hiAs(2))

and thus in the ideal case g~'=h.

[0102] This however is theoretically only the case if no
phase delay occurs and if the amplification of the controller h
can become infinite. In reality phase delays occur and the
amplification cannot approach infinity. Quite the opposite is
the case; a control deviation i.e. a minimized but not elimi-
nated arterial volume signal As(t) must always exist, failing
which no correct pressure signal p(t) can be obtained. This is
important as regards the control mechanism of the present
invention as described below.

Control Mechanism of the Present Invention

[0103] Theassumption ofthe vascular unloading technique
that only arterial blood is responsible for the pulsatile com-
ponent of the plethysmographic measurement signal s(t) is
wrong. Capillary blood as well as venous blood can be pul-
satile, especially if the patient moves the body part measured
or if oxygen saturation of the blood is low. Therefore

s(t=a(t)+v(t)+s,

where a(t) is the arterial blood flow, v(t) designates the cap-
illary and venous blood flow and s, subsumes all other con-
stant components which cannot be separated (mean arterial
volume, constant venous back-flow, tissue absorption). If at
least two or more light frequencies are used for measurement,
ideally red and infrared light, there results:

red light measured signal
infrared light measured signal

sg(t) = ag(t) + va(t) +sgo
szr(t) = azr() + vir(t) + szre

[0104] For different wavelengths of the light different
absorption coefficients corresponding optical densities will
exist for the arterial and the venous signal component, such
that one may write:

ag(t)=r,*aplt)=r,*a(t)
V(=1 V(D)= (D)
and thus:
$RO=at)+V()+Szo

spO)=r g alt)+r, Vit +spro

r, and r, designate the optical density ratio r of arterial and
venous blood. By means of empirically determined calibra-
tion curves the oxygen saturation SpO2 of arterial blood may
be found from r, the oxygen saturation of venous blood from
r,. If both ratios are known, the filter to be described in more
detail below can resolve the infrared light signal s,,(t) and the
red light signal s4(t) into an arterial signal component a(t) and
a venous component v(t).

First the constant part is eliminated from both signals, retain-
ing only the pulsatile signal components:

As z(t=a(D)+v(h)

Asp(D=r,*a(D)+r, (1)
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One may write:

Asg(O)=r* (As p(D)-V(D)+r,*v(0)

Asp(D)=r N @)=+, * V(6= V(D)

And thus:
Asp(D) = ra - Asir(D)
V(i) = —
Fy—ra
alt) = Asg(f) - Asg(1) =1 - Asip(D) or
Ty =1g
Asp(®) —ry - AsiR(D)
a(t) = —
ra - r\/
[0105] The arterial signal a(t) is now used for controlling

the vascular unloading condition, i.e. it is the input signal for
the controller. It is of no importance whether the controller is
of the single-stage type described by Penaz and all the other
groups, or a multi-stage controller as in WO 00/59369 A2
(Fortin et al.) is employed. The controller is designed such
that the input signal a(t) is reduced to zero by increasing or
decreasing the output pressure in the cuff. In the case of an
optimal controller, a(t)=0 and p(t), which is generated by the
controller, corresponds to the arterial pressure in the finger

P
p(O=SP+h(a(t)

[0106] Pressure in the cuff also acts on the measured
plethysmographic signals sz(t) and s,g(1):

SR 5020 (0)
spO=r (D)1, V(D) +Spe-g(p (1)
and further:
SRO=aEHVD)+3720-2(SP+(a(D))

SRUO=1G Ay, VD+Spo=g(SP+Ia(1)))

where g again describes the transfer function of cuff pressure
on the finger. From the above formulae it can be seen that the
plethysmographic measurement signals sy(t) and sg;(t)
depend on a(t) via the response of the control loop g(SP+h(a

).
Properties of the Filter

[0107] The problem of separating the two signals a(t) and
v(t) lies in the fact that both signals share the same frequency
band. If this were not the case separation could be effected by
relatively simple frequency filters (high-pass, low-pass,
band-pass or band-stop filters). A further problem is posed by
the fast changes the venous signal may undergo. This sug-
gests the preferential use of an “adaptive filter”, i.e. a filter
which can adapt its frequency characteristic to the given
circumstances. It should be pointed out that such a filter in
theory could also be built as a hardware device from conven-
tional analog electronic elements. Preferably, however, this
filter will be realized as a digital filter and implemented as
software in a computer. The present invention does not dis-
cern between an analog filter and the digital version.

[0108] The present invention utilizes the fact that arterial
blood at a certain wavelength has an absorption coefficient
differing from that of venous blood. The separation process
also must take into account the characteristic property of the
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vascular unloading technique, viz. that the signal derived
from the transmitted or reflected light is minimized by the
counter-pressure applied.

[0109] A reference signal n(t) is generated from the signals
sz(1), s;z(1) and p(t), which has the same frequency charac-
teristics as the venous signal v(t). Ideally r, is chosen for the
determination of n(t):

n(t)=sg()-15*s (1)

n(t=r,*a@)+r, V(D)+sgo-g(SP+h(a(0))-r *(a(O)+v(t)}+
Siro=8(SP+h(a(1)))

1ty V(D) +spo—&USP+I(a(0)) -1 ™) ~12 Siro*7a"8

\

(SP+h(a(1))
Suppressing mean values one has:

A=A (ry=ra )+ (SP+R(a(9))*(r-1)

A=) *(r,~r)+g(SPp(1)* (1,-1)

Since g~'=h (the controller transfer function) and vice versa
h™'=g, and since SP+Ap(t) is known, g(SP+Ap(t))*(r -1)
may be computed and subtracted and there remains:
AR(E=V(D* (7,1 g (SPHAP(E))* (= )~ (SP+Ap
@)*¢.-1)

A(=v)* (r,-12)

An'(t) now has the same frequency properties as v(t). This
signal may now be used to adjust an adaptive digital filter in
such a way that it has the same frequency properties. The
computation of such an “adaptive, autoregressive filter” in an
other context has for instance been described in “Fortin J.,
Hagenbacher W., Gruellenberger R., Wach P., Skrabal F.:
Real-time Monitor for Hemodynamic Beat-to-beat Param-
eters and Power Spectra Analysis of the Biosignals. Proceed-
ings of the 20” Annual International Conference IEEE Engi-
neering in Medicine and Biology Society, Vol 20, No 1, 360-
3, 1998” or in “Schloegl A., Fortin J., Habenbacher W., Akay
M.: Adaptive Mean and Trend Removal of Heart rate Vari-
ability using Kalman Filtering. Proceedings of the 23™
Annual International Conference of the IEEE Engineering in
Medicine and Biology Society, Istanbul, 25-28 Oct. 2001,
Paper #1383, ISBN 0-7803-7213-1..

[0110] Ifone ofthe two original plethysmographic signals
sz(1) or s.(t) is filtered by this filter the arterial signal a(t)
results, since it is known that in signal analysis there is no
distinction between frequency properties and temporal
changes (equality of the time domain and the frequency
domain). An'(t) is computed continuously and determines or
adapts the filter coefficients for one of the two signals s4(t) or
s;x(t), and the resulting a(t) in turn serves as input signal for
the controller.

Determination of the Absorption Coefficients

[0111] To compute a(t), v(t), and n(t) r, and r, must be
known. This is not the case as the oxygen saturation of the
patient is not known initially. The trick used in this context is
to obtain r by a series of trials. It is known that r is a function
of oxygen saturation. The function SpO2=f(r) has been found
empirically. At r=1 one has for instance an oxygen saturation
of 87% (to be exact, 86.69%). Furthermore oxygen saturation
(venous and arterial) must lie in the physiological range, i.e.
at the most between 30% and 100%. This gives a natural range
of r-values of r=[2.46, 0.4]. A sufficiently accurate determi-
nation of SpO2 will be possible if measurement is exact to
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+/=1%. Thus there will result e.g. J=71 possible r-values
when SpO2 lies in [30%-100%] or r=[2.46, 0.40].

[0112] A certain r is initially selected and the reference
signal n(t) in the time domain or N(f) in the frequency domain
is computed, which corresponds to the relevant filter transfer
coefficient:

n(=sg()-r*sx(1)
(0=, *a()+r, V() +sgo-g (SP+Ap()-r*(a(D+v(1)+
sro=g(SP+AP (1))
After means have been suppressed one has:
An()=(r - *a(O)+r ~P) () +{r-1)*g(SP+Ap(1)))
If (r=1)*h~" (SP+p(t)) is again subtracted from the reference
signal one has:
An'(O)=(r ~ry*a(t)+(r, - VO +(r-1)*g(SP+p (D) -(r-
1 (SP+p(9))
AR'(Q)=(r ~rY*a(t)+(r -r)*v({D)

If the operation with (r-1)*h™"(SP+Ap(t)) is not completely
successful, because the physiological transfer function g is
yet somewhat different from the controller transfer function
h, a small residual part (factor c) of the g(SP+Ap(t)) signal
will also remain, which vanishes only at r=1:

AR (O=(r 1 al )+ 1) V(D)+c* (= 1)*g(SP+Ap(D))
It should be remembered that An'(t) is measured from:
An'(D)=sg(f)-r*s;(f)-mean(sp()-r*s z(H)-(r=1y*h~"
(SP+Ap(D))
An'(Ey=Asg(t)-r*As (O -(r- 1% (p(2))

[0113] Often it is easier to invert the frequency character-
istic h of the controller, respectively to filter p(t) with the
inverse frequency characteristic of the controller. In this case
the reference signal would be obtained as:

An' (D =ASR(1-7 A8z (D-(r=1)*H Y (p(2))
[0114] By letting r sequentially assume values from the

range r=>[30%-100%] SpO2, one distinguishes the follow-
ing four cases:

Dr=r, An'(D) = (1, - ) * v + ¢ * (1, - 1) * g(p(®)
2r=r, An'(t) = (r, - r,) *a(t) + ¢ * (r, - 1) * g(p(t))
3r=1 An') =(r,- 1) *alt) + (1, - 1) * v(t)

4) r=r,, 21, 121 An't) = (r,-r)*at) + (r,-0) *vit) +c* (- 1) *

g(p(0)

[0115] If filtering as described above is now carried out
sequentially for all [i=1 to J] r-values, the respective output
power P of the adaptive filter can be computed. It will be
maximal in cases 1-3 above, in the fourth case, where r is not
equal to one of the special values r_, r, or 1, the output power
is small. By plotting the output power for all ] consecutive
r-values or SpO2-values the correct values for r, and r, can be
identified. r, or arterial saturation corresponds to the highest
oxygen saturation present, or rather to the highest occurring
local maximum of output power. At the point r=1 or
Sp02=87% a local maximum occurs, which corresponds to
the residual g(p(t)). The local maximum lying below these
two r-values or SpO2-values corresponds to venous satura-
tion. It is possible that the arterial saturation is precisely 87%
and thus coincides with the local maximum. This can also be
recognized by suitable logical queries. Furthermore, the
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maxima for venous saturation and g(p(t)) may be absent. The
maximum for arterial saturation will always be present, how-
ever, and only this maximum is important for determining the
correct reference signal and for SpO2-determination.

[0116] Once the arterial oxygen saturation and the corre-
sponding r-value have been found, the correct filter for sepa-
rating arterial from venous blood has also been determined.
That filter which delivers the highest output power below the
SpO2-value of 100%, or whose local maximum of output
power has the highest oxygen saturation value, is the filter to
select. It will separate a(t) and v(t) as computed from one of
the original plethysmographic signals sg(t) or s;x(t).

Optimizing the Controller

[0117] A further advantage of the present invention lies in
the optimisation of the control mechanism. Here two values
are of interest—the amplitude of a(t), which is minimized by
the controller, and the output power at r=1. This corresponds
to the degree of matching between the physiological transfer
fanction g and the controller transfer function h.

[0118] For optimising a(t) the power of a(t) may be com-
puted, which must be minimized by a suitable choice of h—or
to be more precise—of the amplification of the controller. If
the amplification of h is chosen too high the system starts to
oscillate. In general control amplification is determined in the
so-called “open loop phase”. By measuring the power of a(t)
the amplification may now also be optimised during continu-
ous blood pressure measurement.

[0119] Again, measuring the output power of the filter at
r=1 may be used for that. This output power normally corre-
sponds to that of any other filter at r1. If the power is higher
there, however, h=g™". By adjusting h this may be compen-
sated.

Speed Optimization

[0120] The values forr, or r, are determined from the out-
put power of the J (adaptive) filters, and fromr, and r, a(t) and
v(t) are subsequently determined via the formulae given
above. Since there will inevitably occur a certain time delay in
the filters, this can cause problems for the control of pressure
p(t). It would be of advantage, if especially a(t), which is
needed as input variable for the control system, could be
determined in optimal time. Since one may assume that r, and
r,, respectively the arterial and venous oxygen saturation, will
not change during very short time intervals (e.g. in millisec-
onds), a variant of the present invention may be proposed. r,,
and r,, are determined as described above from the set of J
filters for the r values, taking the time required. Oncer, andr,
are given a(t) and v(t) may however be computed in real time
from sg(t) and sz(t) using the formulae already described
above.

Asp(t) = ry - Asjr(7)

Ya— 1y

a(l) =

_ Asg(i) = ra- Asjp(D)

rv_ra

V(1)

Optimization of the J Filters, Respectively the r-Values

[0121] A further variant of the invention arises from the
following consideration. According to the description above
the J filters are plotted for instance over the range [30%-
100%)] of oxygen saturation at equal intervals of 1%. Over a
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certain region this is probably a too high resolution, while in
the interesting region, where the output power forr,, r, and 1
is located, a higher resolution might be desirable. The situa-
tion may be improved by weighting the intervals between
successive r-values corresponding to SpO2-values in depen-
dence of the output power. The higher the output power of the
filter, the smaller the interval to the next filter and, vice versa,
the smaller the output power the greater the interval. At the
beginning of measurement, when the output power values are
stillunknown, an equidistant scale could be used, which in the
course of measurement might be adjusted to provide better
resolution.

[0122] It should be understood that the foregoing disclo-
sure emphasizes certain specific embodiments of the inven-
tion and that all modifications or alternatives equivalent
thereto are within the spirit and scope of the invention as set
forth in the appended claims.

ABBREVIATIONS

[0123] s(t) plethysmographic measurement signal or vol-
ume signal

[0124] a(t) arterial signal component of s(t)—favored sig-
nal

[0125] v(t) venous signal component of s(t)—supplement-
ing signal

[0126] As(t) pulsatile component of the s(t)

[0127] s, mean value of s(t)

[0128] s,,.,, mean value of s(t) as computed by the system

[0129] sx(t) Measurement or volume signal of red light

[0130] s.(t) Measurement or volume signal of infrared
light

[0131] p(t) time-varying pressure signal—blood pressure

[0132] SP set point of pressure

[0133] h or H transfer function (time-vs. frequency
domain)

[0134] g or G transfer function (time-vs. frequency
domain)

[0135] SpO2 oxygen saturation

[0136] aSpO2 arterial oxygen saturation

[0137] vSpO2 venous oxygen saturation

[0138] r optical density ratio

[0139] r, optical density ratio for arterial blood r, optical

density ratio for venous blood

[0140] J number of filters

[0141] n(t) reference signal in the time domain

[0142] N({) reference signal or filter transfer function
[0143] An'(t) pulsatile reference signal, with H suppressed

1. A signal processing device for continuous measurement
of a physiological characteristic of a body part, the device
comprising:

(a) at least one detector for generating at least one mea-
surement signal from at least one measurement radia-
tion, wherein the measurement radiation propagates
along a propagation medium starting from at least one
radiation source wherein the propagation medium is a
body part having at least one artery and at least one vein
therein;

(b) anair pressure generator, one or more valves, a manom-
eter and a cuff for applying a continuous time-variable
pressure on the propagation medium corresponding to
the arterial blood pressure, thereby generating a continu-
ous pressure signal measured by the manometer;

(c) areference signal generator that accepts the at least two
measurement signals generated by the detector and the
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continuous pressure generated by the pressure generator
to compute a reference signal; and

(d) an adaptive filter receiving the reference and the at least
two measurement signals as an input, wherein the adap-
tive filter essentially separates a supplementing signal
and a favored signal from the at least two measurement
signals,

wherein the favored signal is a continuous measure of the
physiological characteristic.

2. The signal processing device according to claim 1,
wherein each of the measurement radiation of (a) is of differ-
ent wavelength.

3. The signal processing device according to claim 1,
wherein the measurement radiation of (a) propagates wholly
or partially along a propagation path situated in the propaga-
tion medium.

4. (canceled)

5. The signal processing device according to claim 1,
wherein the propagation medium is a human body part.

6. A device for measuring one or more physiological char-
acteristics, the device comprising

(a) at least one radiation source for generating at least one
measurement radiation, wherein the measurement radia-
tion propagates through a body part;

(b) at least one detector for generating at least one mea-
surement signal from the measurement radiation;

(c) an air pressure generator, one or more valves, a manom-
eter, and a cuff for applying a pressure to the body part;

(d) a reference signal generator, which computes a refer-
ence signal from the signal generated by the detector and
the pressure signal from the pressure generator; and

(e) a filter receiving the reference signal, wherein the filter
essentially separates a supplementing signal and a
favored signal from the signals measured by the detec-
tor,

wherein the favored signal is a measure of the physiologi-
cal characteristics.

7-15. (canceled)

16. A signal processing device comprising:

(a) at least one detector providing a first measurement
signal s,(t) from a measurement radiation of defined
wavelength, which propagates along a propagation path
starting from a first radiation source, and at least one
other measurement signal s,(t) from another measure-
ment radiation of different wave-length, which propa-
gates wholly or partially along the propagation path
starting from at least one other radiation source, wherein
at least a portion of the propagation path is situated in a
propagation medium, wherein the first signal s, (t) com-
prises a favored signal a, (t) and a supplementing signal
v, (1) and the at least one other signal s,(t) comprises a
favored signal a,(t) and a supplementing signal v,(t),
wherein the signals a,(t) to a,(t) result from a first,
time-variable quantity a(t) in the propagating medium
and the signals v, (t) to v(t) result from a second, time-
variable quantity v(t) in the propagation medium;

(b) an air pressure generator, one or more valves, a manom-
eter and a cuff for applying time-variable pressure on the
propagation medium, with a pressure signal p(t) being a
function of the first, time-variable quantity a(t) of the
propagation medium or a function of one or more signals
s, (1) to sp(t) measured by the detector;

(c) a reference signal generator, which accepts the signals
s,(t) to s,(t) measured by the detector and the pressure
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signal p(t) as inputs and computes from these inputs a
reference signal An'(t), which is a function of the second,
time-variable quantity v(t) or of the supplementing sig-
nals v, (1) to v,{t); and

(d) a filter receiving the reference signal An'(t) as an input,
wherein the frequency properties of the filter essentially
correlate with the reference signal An'(t), and wherein
the filter essentially separates from at least one of the
signals s, (t) to s,(t) measured by the detector the supple-
menting signal v, (t) to v,{t) from the favored signal a, ()
10 ax(t).

17. A device for the continuous, non-invasive measurement

of the arterial blood flow comprising:

() a first radiation source and at least one other radiation
source for generating a first and at least one other mea-
surement radiation of defined, mutually differing wave-
lengths;

(b) at least one detector for generating a first measurement
signal s,(t) from the first measurement radiation and at
least one other measurement signal s,(t) from the at least
one other measurement radiation of different wave-
length, wherein the measurement radiations propagate
wholly or partially along a propagation path and wherein
at least a portion of this propagation path is located in a
body part traversed by arterial and venous blood flows,
and wherein the first signal s, (t) has a first arterial signal
component a,(t) and a first venous signal component
v, (1) and wherein the at least one other signal s,{t) has at
least one other arterial signal component a,(t) and at
least one other venous signal component v,(t), and
wherein arterial signal components a, (1) to a,ft) result
from a time-varying arterial blood flow a(t) in the body
part, and the venous signal components v,(t) to va(t)
result from a time-varying venous blood flow v(t) in the
body part;

(¢) anair pressure generator, one or more valves, a manom-
eter and a cuff for applying a time-varying pressure to
the body part, wherein a pressure signal p(t) correspond-
ing to an arterial blood pressure, is a function of the
arterial blood flow a(t) in the body part or a function of
one or more of the signals s, (t) to sy{t) measured by the
detector;

(d) a reference signal generator, which has as inputs the
signals s,(t) to s,(t) measured by the detector and the
pressure signal p(t), and which computes from these
inputs a reference signal An'(t), whichis a functionof the
venous blood flow v(t) or of the venous signal compo-
nents v, (t) to v,{t); and

(e) a filter receiving the reference signal An'(t) as an input,
where the frequency properties of the filter essentially
correlate with the reference signal An'(t), and wherein
the filter essentially separates from at least in one of the
signals s, (1) to s,(t) measured by the detector the venous
signal component v, (t) to v,{t) from the arterial signal
component a,(t) to a,(t), wherein the arterial signal
component is proportional to the arterial blood flow a(t).

18. A pulse oximeter comprising

() at least one radiation source for generating at least one
measurement radiation, wherein the measurement radia-
tion propagates through a body part;

(b) at least one detector for generating at least one mea-
surement signal from the measurement radiation;
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(c) an air pressure generator, one or more valves, a manom-
eter, and a cuff for applying a time-varying pressure to
the body part;

(d) a reference signal generator, which computes a refer-
ence signal from the signal generated by the detector and
the pressure signal from the pressure generator; and

(e) a filter receiving the reference signal, wherein the filter
essentially separates a supplementing signal and a
favored signal from the signals measured by the detec-
tor,

wherein the favored signal is a measure of the physiologi-
cal characteristics.

19. A method for measuring one or more physiological

characteristics, the device comprises

(a) providing a first and at least one other measurement
radiation;

(b) detecting a first measurement signal from the first mea-
surement radiation and at least one other measurement
signal from the at least one other measurement radiation
of different wavelength, where the two measurement
radiations propagate wholly or partially along the same
propagation path in a body part;

(¢) applying a pressure to the body part;

(d) computing a reference signal from the first and the at
least one measurement signals of (b) and the pressure of
(c); and

(e) separating a supplementing signal component and a
favored signal component from the measurement sig-
nals of (b) by using a filter that receives a reference
signal as an input, wherein the reference signal is com-
puted from the measurement signal of (b) and the pres-
sure signal of (¢),

wherein the favored signal component is a measure of the
physiological characteristics.

20-29. (canceled)

30. A method for the continuous, non-invasive measure-
ment of arterial blood pressure in a body part with arterial and
venous blood flow comprising:

(a) providing a first and at least one other measurement
radiation of defined, mutually differing wavelengths;
(b) detecting a first measurement signal s, (t) from the first
measurement radiation and at least one other measure-
ment signal s,(t) from the at least one other measure-
ment radiation of different wavelength, where the two
measurement radiations propagate wholly or partially
along the same propagation path and wherein part of this
propagation path is located in the body part in which
arterial and venous blood flows, and wherein the first
signals, (t) has a first favored signal componenta, (t) and
a first supplementing signal component v,(t), and
wherein the at least one other signal s,(t) has a favored
signal component a,{t) and a supplementing signal
component v,(t), and wherein the first and all other
favored signal components a,(t) to a,(t) result from a
time-varying arterial blood flow a(t) in the body part and
the first and all other supplementing signal components
v, (1) 10 V(1) result from a time-varying venous blood

flow v(t) in the body part;

(c) applying a time-varying pressure to the body part,
wherein a pressure signal p(t) corresponding to the arte-
rial blood pressure is a function of the arterial blood flow
a(t) in the body part or a function of one or more of the

signals s,(t) to sp{t);
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(d) computing a reference signal An'(t) from the signals
$,(t) to sp(t) and the pressure signal p(t), which is a
function of venous blood flow v(t) or of the supplement-
ing signal components v, (1) to v,(t); and

(e) separating the supplementing signal component v, (t) to
v (1) from the favored signal component a, (t) to a,{t) of
the signals s, () to s,(t) measured by a detector by means
of a filter receiving the reference signal An'(t) as an
input, wherein the frequency properties of the filter
essentially correlates with the reference signal An'(t),
and wherein the favored signal component a, (t) to a,(t)
is proportional to the arterial blood flow a(t).

31-36. (canceled)

37. The device according to claim 17, wherein the filter is
an adaptive filter which can adapt its frequency characteristic
during signal analysis by means of the reference signal.

38. The device according to claim 17, wherein said device
comprises means for deriving and displaying arterial oxygen
saturation aSpQO2 and/or venous oxygen saturation vSpO2
from frequency properties obtained by measuring pressure
signal p(t).

39. The device according to claim 17, wherein the first
radiation source generates red light and the at least one other
radiation source generates infrared light as measurement
radiations.

40. The device of claim 39 wherein said red light is of a
wavelength of 660 nm.

41. The device of claim 39 wherein said infrared light is of
a wavelength of 940 nm.

® % % % %
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