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1
SIGNAL PROCESSING METHOD, SIGNAL
PROCESSING APPARATUS, AND PULSE
PHOTOMETER USING THE SAME

BACKGROUND OF THE INVENTION

The present invention relates to signal processing where a
common signal component is extracted by processing two
homogeneous signals which are extracted substantially
simultaneously from one medium and, and more particularly
to an improvement of signal processing in a pulse photometer
which is used in the medical field, particularly in the diagno-
sis of the circulatory system.

As a method of separating signal and noise components
from two signals which are extracted substantially simulta-
neously from one medium, various methods have been pro-
posed.

The methods are performed through frequency domain
processing and time domain processing.

Also in medical practice, for example, a so-called photop-
lethysmograph which measures a pulse waveform and a pulse
rate, and apparatuses for measuring the concentration of a
light-absorbing material contained in the blood, such as an
apparatus for measuring the oxygen saturation SpO2, that for
measuring the concentration of dyshemoglobin such as car-
boxyhemoglobin or methemoglobin, and that for measuring
the dye concentration injected in the blood are known as a
pulse photometer.

Among such apparatuses, an apparatus for measuring the
oxygen saturation SpO?2 is called a pulse oximeter.

A pulse photometer operates on the following principle.
Light beams of plural wavelengths which are different in light
absorbency to the target substance are transmitted through or
reflected from living tissue, the intensity of reflected or trans-
mitted light is continuously measured, and the concentration
of the target substance is obtained from a pulse wave data
signal obtained in the measurement.

When noises are mixed into the pulse wave data signal,
there is the possibility that the concentration cannot be cor-
rectly calculated and erroneous treatment may be caused.

In order to reduce the noise level in a pulse photometer,
methods such as that where the frequency band is divided and
attention is paid on signal components, and that where a
correlation between two signals is determined have been pro-
posed. However, the methods have a problem that the analysis
requires a prolonged time period.

Therefore, the assignee of the present invention has pro-
posed an art in Japanese Patent No. 3,270,917 where light
beams having two different wavelengths impinge on living
tissue, two pulse wave signals are obtained from transmitted
light beams, a graph is formed while using the level of the two
pulse wave signals as the ordinate and abscissa, respectively
to obtain a regression line, and the oxygen saturation of arte-
rial blood or the concentration of a light-absorbing material is
obtained on the basis of the gradient of the regression line.
According to the related art, the measurement accuracy is
improved, and the power consumption is reduced. In order to
obtain a regression line or the gradient thereof by using many
sampling data with respect to pulse wave signals of the wave-
lengths, however, a large computation processing power is
required.

Furthermore, the assignee of the present invention has
proposed a method in JP-A-2003-135434 where, although a
frequency analysis is used, a pulse wave signal itself is not
extracted in the analysis unlike a related art, but fundamental
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frequency of the pulse wave signal, and the pulse wave signal
is filtered by using a filter using harmonic frequencies thereof
to enhance the accuracy.

In the use at home, particularly, it is supposed that a pulse
oximeter is used in various manners. Therefore, a wide vari-
ety of artifacts exist, and a higher anti-artifact property is
requested in the case of SpO2 which is used in a hospital.

When an artifact is contained, the measurement system is
disturbed, and there is a case where SpO2 is erroneously
displayed.

A typical artifact is body motion. For example, such an
artifact is caused by a phenomenon where a probe which is
attached to the subject to be measured is moved by body
motion, and the optical path between the light source and a
light-receiving face is changed, or living tissue is deformed
by a force applied to the tissue.

In the case of a neonatal infant or an infant child, particu-
larly, an artifact is often contained, and a motion of a hand or
a foot, bitter sobbing, shiver, cough, and the like function as
an artifact source.

SUMMARY

It is therefore an object of the invention to provide a signal
processing method, signal processing apparatus, and pulse
photometer using the same in which, even in the case where a
large artifact such as motion of ahand or a foot, bitter sobbing,
shiver, or cough is contained, SpO2 can be measured more
correctly.

In order to achieve the object, according to the invention,
there is provided a method of processing first and second
signals obtained by measuring a medium, to obtain a pulse
wave signal and an artifact signal which are separated, the
method comprising:

separating vectors of the first and second signals by using
a separation matrix into a vector of the pulse wave signal and
a vector of the artifact signal, the separation matrix including
a norm ratio of a stable zone of the pulse wave signal and a
compensated norm ratio of an artifact zone.

The compensated norm ratio may be obtained by the fol-
lowing expression:

Rl
MRy, 1=~
\ Nputse
_ IR,
MRl = il
V Npoise
R puell
MR putsell, = —m
 Nputse
e M Rusisellz
Roisellz :=
vV Nooise
T2 AT T2
ot o || Rooisel)” = Ruselly
N = e I e —
(MRusisel2)” = (MRl
where

T — )
(MR nisell)” # (R pusell,)

A moving average process with a predetermined number of
points may be performed on the pulse wave signal.

In order to achieve the object, according to the invention,
there is also provided a biological signal processing apparatus
comprising;
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a measuring unit measuring the first and second signals;
and

aprocessing unit processing the first and second signals by
using the above method.

In order to achieve the object, according to the invention,
there is also provided a pulse photometer including the bio-
logical signal processing apparatus according to claim 4, and
calculating at least one of an oxygen saturation of arterial
blood, a dyshemoglobin concentration, and dye concentra-
tion injected in the blood,

wherein the first and second signals are electric signals into
which lights obtained by causing two kinds of light beams,
which are emitted from a light emitter and which have differ-
ent wavelengths, to be transmitted through or reflected from
living tissue corresponding to the medium are converted, and

wherein a component of the artifact signal is removed by
using the compensated norm ratio to obtain the pulse wave
signal.

In order to achieve the object, according to the invention,
there is also provided a method of processing first and second
signals obtained by measuring a medium, to obtain a pulse
wave signal and an artifact signal which are separated, the
method comprising:

separating vectors of the first and second signals by using
a separation matrix into a vector of the pulse wave signal and
a vector of the artifact signal, the separation matrix including
a norm ratio of a stable zone of the pulse wave signal and a
successively-compensated norm ratio of an artifact zone.

The successively-compensated norm ratio may be
obtained by the following expression:

- — R pusell
TR putsell = 2
Nputse
e Ryl
MR ey ielly 2= ﬁ
f = IR puusel
MRptsell, 1=~z
\ Nputse
R S
R e siclly == ﬁ
(R, radlly)” = (Rl
SOLU) = ka4l ] putsell, i
(MR e ielly)” = R pasell )
where

2 2
(R el # (R -+ 1l2)

When the successively-compensated norm ratio satisfies a
condition, the successively-compensated norm ratio may be
replaced with a prescribed value.

In order to achieve the object, according to the invention,
there is also provided a biological signal processing apparatus
comprising:

a measuring unit measuring the first and second signals;
and

aprocessing unit processing the first and second signals by
using the above method.

In order to achieve the object, according to the invention,
there is also provided a pulse photometer including the above
biological signal processing apparatus, and calculating at
least one of an oxygen saturation of arterial blood, a dyshe-
moglobin concentration, and dye concentration injected in
the blood,
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wherein the first and second signals are electric signals into
which lights obtained by causing two kinds of light beams,
which are emitted from a light emitter and which have differ-
ent wavelengths, to be transmitted through or reflected from
living tissue corresponding to the medium are converted, and

wherein a component of the artifact signal is removed by
using the compensated norm ratio to obtain the pulse wave
signal.

When the successively-compensated norm ratio satisfies a
condition, the successively-compensated norm ratio may be
replaced with a value.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram showing the configuration of a pulse
oximeter which measures the oxygen saturation of arterial
blood.

FIGS. 2A and 2B are views showing a measurement
example of variations in light absorbance (light attenuation)
of a light-absorbing material in blood.

FIG. 3 shows observation signals which are measured by
attaching a two-wavelength probe to a fingertip of a healthy
male subject, and by artificially mixing an artifact.

FIG. 4 is a correlation diagram of the infrared and red light
observation signals shown in FIG. 3.

FIG. 5 is a diagram in which the example of FIG. 3 is
modeled for the signal process.

FIGS. 6A, 6B, and 6C are views showing results of three
kinds of simulations which were performed while changing
relationships between the amplitudes of a pulse wave signal
(pulse) and an artifact signal (Artifact).

FIGS. 7A and 7B are views showing a waveform which is
obtained by separating an observation signal by a separation
matrix S.

FIGS. 8A and 8B are views showing results of processes in
which pulse waves that are obtained by separating the obser-
vation signals of FIG. 3 by the separation matrix S are further
subjected to a 17-point moving average process.

FIGS. 9A to 9D are views showing correlations after sepa-
ration.

FIG. 10 is a view showing results of evaluation of separa-
tion of the pulse wave and the artifact by an evaluation func-
tion H.

FIG. 11 is a view showing results of separation of the
observation signal with using “successively-compensated
norm ratio”, “norm ratio”, and “compensated norm ratio”.

FIG. 12 is a view showing artifacts separated by separation
methods due to “successively-compensated norm ratio”,
“norm ratio”, and “compensated norm ratio”.

FIG. 13 is a view showing results of evaluation by the
evaluation function H.

FIGS. 14A, 14B, and 14C are views showing a trend of a
successive norm ratio at a sample number k=10 which is
obtained from observation waveforms of IR and R.

FIG. 15 is a view showing relationships between a noise
magnification direction and a noise magnification coefficient.

FIGS. 16A and 16B are views showing results of a simu-
lation in which ¢S and ¢N of the separation matrix are set as
$S=0.55 and ¢N/pS=1.3.

FIG. 17 is a chart showing the flow of processes of pro-
cessing parameters related to the artifact.

FIGS. 18A to 18D are views showing results of separation
in which the pulse wave is separated from the observation
waveforms in FIGS. 14A and 14B.

FIG. 19 is a view showing results of a process in which the
pulse wave is separated with other parameters from the obser-
vation waveforms in FIGS. 14A and 14B.
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FIGS. 20A to 20D are views showing trends of the pulse
wave and “gated successively-compensated norm ratio”
while the time axis is expanded.

FIGS. 21A and 21B are views showing results of relaxation
of ill conditions by a regularization parameter in the inven-
tion.

FIGS. 22A to 22C are views showing other process
examples of a pulse wave which is buried in a tapping artifact.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

In the description of an embodiment of the invention, the
principle will be described by exemplifying a pulse oximeter
which measures the oxygen saturation of arterial blood.

The technique of the invention is not restricted to a pulse
oximeter, and can be applied also to an apparatus (pulse
photometer) which measures a light-absorbing material con-
tained in the blood such as dyshemoglobin (carboxyhemo-
globin, methemoglobin, and the like), and dye injected in the
blood, with using the principle of pulse photometry.

FIG. 1 which is a schematic block diagram shows the
configuration of a pulse oximeter which measures the oxygen
saturation of arterial blood.

Photo emitters 1, 2 which respectively emit light beams of
different wavelengths are driven by a driving circuit 3 so as to
alternately emit the light beams.

Preferably, the light beams emitted from the photo emitters
1, 2 are infrared light (for example, 940 [nm]) which is less
affected by the oxygen saturation of arterial blood, and red
light (for example, 660 [nm]) which is highly sensitive to a
change of the oxygen saturation of arterial blood, respec-
tively.

The light beams emitted from the photo emitters 1, 2 are
transmitted through living tissue 4, and then received by a
photodiode 5 to be converted into electric signals.

In FIG. 1, the transmitted light beams are received. Alter-
natively, reflected light beams may be received.

The converted signals are amplified by an amplifier 6, and
separately supplied by a multiplexer 7 to filters 8-1, 8-2
respectively corresponding to the light wavelengths.

The signals separately supplied to the filters are filtered by
the filters 8-1, 8-2 so that noise components are reduced, and
then digitized by an A/D converter 9.

The digitized signal trains corresponding to the infrared
light and the red light form the pulse wave signals, respec-
tively.

The digitized signal trains are inputted to a processor 10,
and processed by a program stored in a ROM 12. The oxygen
saturation SpO?2 is measured, and the value of the saturation
is displayed on a display 11.

First, measurement of variations in light absorbance (light
attenuation) of a light-absorbing material in blood will be
described with reference to FIGS. 2A and 2B. FIGS. 2A and
2B show pulse wave data which are obtained by transmitting
the light beams emitted from the photo emitters 1, 2 through
the living tissue 4, receiving the transmitted light beams on
the photodiode 5, and converting the light beams into electric
signals. FIG. 2A shows pulse wave data in the case of the red
light, and FIG. 2B shows those in the case of the infrared light.

In FIG. 2A, assuming that the abscissa indicates the time
and the ordinate indicates the power of received light, the
power of light received by the photodiode 5 has a waveform in
which the DC component (R') of the red light and the pulsa-
tion component (AR') are superimposed to each other.

In FIG. 2B, assuming that the abscissa indicates the time
and the ordinate indicates the power of received light, the
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6
power of light received by the photodiode 5 has a waveform in
which the DC component (IR') of the infrared light and the
pulsation component (AIR") are superimposed to each other.

Each of the measurement waveforms of FIGS. 2A and 2B
contains an artifact (noises) due to body motion. There is a
frequency band which is common to the frequency compo-
nent of the artifact and that of the signal. Therefore, it is
difficult to correctly obtain the signal component by remov-
ing the artifact component.

In the examples of FIGS. 2A and 2B, the degree of the
artifact is small. In the following, the description will be made
based on an measurement example in which a large artifact
corresponding to a large artifact such as a motion of a hand or
a foot, bitter sobbing, shiver, cough, or the like is artificially
applied.

FIG. 3 show observation signals which are measured by
attaching a two-wavelength probe to a fingertip of a healthy
male subject.

The upper portion of the figure shows an observation signal
corresponding to the infrared light (IR), and the lower portion
shows that corresponding to the red light (R).

The wavelengths are 940 nm (infrared light) and 660 nm
(red light), respectively.

The solid line zones shown in the upper portions of the
figures of FIG. 3 indicate a tapping zone where an artifact is
artificially applied. In the tapping zone, a table surface is
tapped with a fingertip on the side where the probe is attached,
quickly (for example, about 3 Hz) and repeatedly.

In the example of FIG. 3, with respect to both the observa-
tion signals of the infrared light and the red light, a pulse wave
is not seen in the artifact zone.

The observation signals are normalized by respective DC
transmitted light components, and then filtered by a six-pole
Butterworth filter having a bandwidth of 0.5 to 5 Hz. The
sampling interval is 16 ms.

FIG. 4 is a correlation diagram of the infrared and red light
observation signals shown in FIG. 3.

The abscissa indicates the infrared light, and the ordinate
indicates the red light.

The gradient of FIG. 4 is given as a norm ratio of the
infrared light to the red light in the artifact zone. From the
gradient, the norm ratio “¢N” of the artifact is known.

Next, asignal process of separating a pulse wave signal and
noises (artifact signal) will be described with reference to
FIG. 5.

FIG. 5 is a diagram in which the example of FIG. 3 is
modeled for the signal process.

A pulse wave signal p at time tn is transmitted with a
coefficient of 1 to an IR terminal, and transmitted with coef-
ficient ¢S to an R terminal.

Similarly, an artifact signal n at time tn is transmitted with
the coefficient of 1 to the IR terminal, and transmitted with
coefficient ¢N to the R terminal.

The coefficient ¢S of the pulse wave signal is $S:=Rp,
tn/IRp, tn, and the coefficient N of the artifact signal is
¢N:=Rn, tn/IRn, tn.

When the observation time is prolonged to tn: tn+k, p, n,
IR, and R are formed as vectors.

s: :HRpulseHZ/HIRpulseH2 [Exp. 1]

P =R oisel AR el

Hereinafter, it is assumed that a bold face indicates a vector.
A suffix “pulse” means the stable zone of the pulse wave,
and a suffix “noise” means the artifact zone.

[Exp. 2]



US 8,437,820 B2

7

The stable zone of the pulse wave and the artifact zone are
different both in time and zone length from each other.

TR puisel ulsel .
Os: =R puursell MR pvisell2 [Exp. 1]

On =R soisell MR oisell2

Next, FIGS. 6A 6B, and 6C show results of three kinds of
simulations which were performed while changing the rela-
tionships between the amplitudes of the pulse wave signal
(pulse) and the artifact signal (Artifact).

In FIGS. 6A, 6B, and 6C, the abscissa indicates the IR
signal, and the ordinate indicates the R signal.

In the simulations, the pulse wave was set to have a saw-
tooth waveform, and the artifact to have a sinusoidal wave-
form.

With respect to the relationships between the amplitudes of
the pulse wave signal and the artifact signal, in FIG. 6A, the
amplitudes of the pulse wave signal (pulse) and the artifact
signal (Artifact) are (0.25:0.75).

In FIG. 6B, the amplitudes of the pulse wave signal (pulse)
and the artifact signal (Artifact) are (0.33:0.66).

In FIG. 6C, the amplitudes of the pulse wave signal (pulse)
and the artifact signal (Artifact) are (0.5:0.5).

When the norm ratio ¢S indicated by Exp. 1 is $S=0.55, is
the true value of the norm ratio indicated by Exp. 2 above:

[Exp. 2]

N [Exp. 3]

is 1.

All of the correlation diagrams shown in FIGS. 6A to 6C
have a shape of a parallelogram. When artifact>pulse wave,
the gradient of the short side coincides with ¢S, and that of the
long side coincides with ¢N.

By contrast, when artifact<pulse wave, the gradient of the
long side coincides with ¢S, and that of the short side coin-
cides with ¢N.

Thebroken lines in the correlation diagrams of FIGS. 6A to
6C indicate the gradient of “¢N” which shows “norm ratio” of
the observation signal, and the solid lines indicate the gradi-
ent of

oY
which is “compensated norm ratio” that is proposed as a
reference example, and that will be described later.

The compensated norm ratio coincides with “true value of
norm ratio”:

[Exp. 4]

q)NlVlAE

which indicates the gradient of the long side of the parallelo-
gram.

It is seen that, as the amplitudes of the pulse wave and the
artifact are closer to each other, the discrepancy between
“norm ratio” and “true value of norm ratio” is gradually more
increased.

Next, the separation between the pulse wave signal and the
artifact signal by the norm ratio will be described.

An observation signal [IR R]7 is separated by a separation
matrix S into a pulse wave signal vector p and an artifact
signal vector n.

“T” in the shoulder means transposition.

From Exp. (1) below, a mixing matrix M is determined
when “¢S” and “pN” are set.

The separation matrix S is an inverse matrix of M shown in
Exp. (2).

Here, “¢S” is the norm ratio of the observation signal in the
stable zone of the pulse wave.

When remaining “¢pN” can be estimated, M in which [1
$S]7 and [1 §N]7 are base vectors is determined.

[Exp. 3]
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S=M"! in which

S=(M"My"'M* [Exp. 5]
may be used.

In the above, “¢N” is the norm ratio of the observation
signal in the artifact zone.

It is assumed that “¢pNpulse”=1 in the stable zone of the
pulse wave.

[Exp. 6]

. [ 11 [ %))
Os On

S=MTMy " M” @

lpnl" =SURRI™ 3

In the above expressions, || |2 means a two-dimensional
Euclidean norm. Suffixes pulse=t1:1+nand noise=tj:j+k indi-
cate the stable zone of the pulse wave, and the artifact zone,
respectively.

The time and the sample number are different in the stable
zone of the pulse wave, and the artifact zone.

The configuration where “¢S” and “¢pN” are obtained from
the norm ratio is advantageous in that, because of the defini-
tion of the Euclidean norm, it is firm against sporadic noises.

The observation signal is a composite vector of a pulse
wave vector and artifact vector which are different in gradient
from each other.

Because the pulse wave is superimposed also in the artifact
zone, therefore,

O =R pisel b MR sl [Exp. 2]
and
N [Exp. 3]

which is the true value of the norm ratio are discrepant from
each other.

As a reference example, therefore, there is a method in
which “compensated norm ratio”

L%
is used as means for correcting the discrepancy.
The compensation method is based on that the amplitude of
the pulse wave superimposed in the artifact zone is equal to
that in the stable zone.
The compensation is performed by following Exp. (4).

[Exp. 4]

o
is referred to as “compensated norm ratio” of the artifact
zone, and “¢pN” is referred to as the norm ratio of the zone.

In the artifact zone, it is often that the pulse wave signal is
buried and hardly observed.

The norm is taken in the stable zone of the pulse wave
signal, and

[Exp. 4]

TR puteell> and Ry uieelly

is set as the pulse wave amplitude.
The amplitude of the artifact signal is the norm of the
artifact zone:

[Exp. 7]

R oicell> and [Rpgicell> [Exp. 8]
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Here, the sample number of the pulse wave zone is differ-
ent from that of the artifact zone, and hence the norms are
divided by the square root of the sample number of the respec-
tive zone.

An absolute value is used in view of that the value in the
root sign is caused to become negative by observation noises
other than the artifact.

[Exp. 9]
7R puuse Il
R pusell, = 2
Npuise
e HRpisll>
[[Rnoisell, :=
V Nyoise
IR pusell
MR pusell, == 2
Npuise
TRl = 1 Rnoisell2
noisell2 1= ——
V Nyoise

— “
|| Reielly)” = (TRl

Oy = ‘ —————
(1 Rnoisell2)” = (1R pussell,)

where

e T ——

(M Rppisell)” # (R puussell )

A result of the separation in which the observation signal is
separated by the separation matrix S with using “compen-
sated norm ratio” that is the reference example will be
described with reference to FIGS. 7A and 7B.

FIGS. 7A and 7B are views showing a waveform which is
obtained by separating the observation signal by the separa-
tion matrix S.

In FIGS. 7A and 7B, the sampling interval is 16 ms, and a
six-pole Butterworth filter having a bandwidth of 0.5 to 5 Hz
is used.

The horizontal lines above the waveforms in FIGS. 7A and
7B indicate the artifact zone.

FIG. 7A shows the pulse wave which is separated by “norm
ratio” and “¢S”, and FIG. 78 shows the pulse wave which is
separated by above-mentioned “compensated norm ratio”
and “¢S”.

In the former, needle-like large-amplitude artifacts are
prominent.

In the latter, the pulse wave can be clearly seen, and, par-
ticularly at 20 seconds or later, the pulse wave is more clearly
separated.

By contrast, in the zone 0f 12.5 to 18.5 seconds, the artifact
is increased.

FIGS. 8A and 8B are views showing results of processes in
which pulse waves that are obtained by separating the obser-
vation signals of FIG. 3 by the separation matrix S are further
subjected to a 17-point moving average process in the artifact
zone.

FIG. 8 A shows the pulse wave which is separated by “norm
ratio” and “¢S”, and FIG. 8B shows the pulse wave which is
separated by above-mentioned “compensated norm ratio”
and “¢S”.

It is seen that, in the separation by “compensated norm
ratio”, needle-like large-amplitude artifacts are reduced as
compared with the separation by the norm ratio “¢N”.

In the separation by “compensated norm ratio”, in the zone
of 17to 23 seconds, the artifact is reduced, and the pulse wave
exhibits a smooth shape. Also in the zone 0f 30 to 35 seconds,

10

15

20

25

30

35

40

45

50

55

60

65

10

because of the separation by “compensated norm ratio”, the
pulse wave exhibits a smooth shape.

It is considered that the pulse wave and the artifact are
independent from each other. When the separation is
adequately performed, therefore, the correlation diagram
becomes close to a quadrangle or a rectangle.

FIGS. 9A to 9D are views showing correlations after sepa-
ration.

FIG. 9A shows correlations between a pulse wave which is
separated by “norm ratio” and “¢S” and the artifact, FIG. 9B
shows correlations between a pulse wave which is separated
by “compensated norm ratio” and “¢S”, and the artifact, FIG.
90 shows correlations between a pulse wave which is
obtained by performing a 17-point moving average process
on a pulse wave separated by “norm ratio” and “¢S”, and the
artifact, and FIG. 9D shows correlations between a pulse
wave which is obtained by performing a 17-point moving
average process on a pulse wave separated by “compensated
norm ratio” and “¢S”, and the artifact. It is seen that the case
of FIG. 9B is separated more adequately than that of FIG. 9A,
and the case of FIG. 9D is separated more adequately than that
of FIG. 9C.

In observation, “true value of norm ratio” is unknown.
Therefore, the degree of approach of “compensated norm
ratio” to “true value of norm ratio” cannot be known.

Therefore, the result of separation by “compensated norm
ratio” is evaluated with an evaluation function H of Exp. (6)
below. In the expression, [X] means a variance-covariance
matrix of the separated pulse wave signal vector p and the
artifact signal vector n.

H is a ratio of absolute values of trace [X] and on-diagonal
element 2%, ,.

When compensation is adequately performed, [Z]
approaches a diagonal matrix. As the value of H is smaller, the
independences of p and n are higher.

[Exp. 10]

)
D= =1p nllp n]
21 22
2>
12

= trace[}; ]

®)

©)

FIG. 10 shows results of evaluation of separation of the
pulse wave and the artifact by the evaluation function H.

In FIG. 10, the upper row indicates the case where separa-
tion is performed by “norm ratio”, and the lower row indicates
the case where separation is performed by “compensated
norm ratio”.

Inthe both cases, evaluation results in the case of a six-pole
Butterworth filter having a bandwidth of 0-5 to 5 Hz, and the
case of a 17-point moving average process after the process of
the filter are shown.

Itis seen that, in the case where separation is performed by
“compensated norm ratio”, smaller values H=0.0042 and
H=0.0492 are attained, and the diagonality is improved.

Inthe observation waveforms of FIG. 3 used in the descrip-
tion of “compensated norm ratio” which is the reference
example, the artifact is artificially applied, and hence “com-
pensated norm ratio” is a fixed value.
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However, usually, an actual artifact is temporally changed.
In such a case, also

q)Nzrue

which is “true value of norm ratio” is changed, but “compen-
sated norm ratio™:

[Exp. 3]

on*
is a fixed value, and cannot follow a change. Therefore, the
quality of separation is lowered.

The invention is relates to a technique of improving the
configuration where “compensated norm ratio” which is the
reference example is not sufficient for an artifact that is tem-
porally changed.

Therefore, the leak of an artifact into the pulse wave in the
model of FIG. 5 will be discussed.

A true mixing matrix is assumed to be

[Exp. 4]

Me [Exp. 11]

and the inverse matrix thereof is assumed to be the separation
matrix S.

[Exp. 12]

M"’”—[ 1 1 [
o o
11

Mw[@s ol

= (ML, M) ' M

Sep

[P n]T — SMrme [prrue rme]
((DN - (DE”"] (Q)N —(Z)’””]

_ (Z)N - Q)S Q)N (DS
(5=0.) (4:=0)
[prrue nrme]T
be (@(;N @S ] piree +(®$N <z>s ]n
1= @y =0 M

(D = Pe)prmee

When the true mixing matrix:

M [Exp. 11]

is different in parameter value from the separation matrix S,
the artifact leaks into the pulse wave.

The leak ratio L. can be evaluated by Exp. (7).

For example, the amplitudes of the pulse wave and the
artifact are assumed to be 1, and the pulse wave and the

artifact are mixed with each other by:
G57“=0.55, ¢p=0.75 [Exp. 13]
Thereafter, separation is performed by:
050.55, n=0.95xy" [Exp. 14]

When the discrepancy between “norm ratio” and “true norm
ratio” is only 5%, then, 16% of the amplitude of the artifact
leaks into the pulse wave. This leak is not small.

Usually, “true norm ratio” changes with time. By contrast,
“compensated norm ratio” is fixed in the artifact zone, and
cannot follow the temporal change of “true norm ratio”.
Therefore, any countermeasure is necessary.
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12
As described above, the phenomenon where the pulse wave
is superimposed also in the artifact zone causes “norm ratio”
and “true norm ratio” to be discrepant from each other.

According to the invention, consequently, “successively-
compensated norm ratio™:
Sop" [Exp. 15]

which will be described later is proposed as means for cor-
recting the discrepancy.

The compensation method is premised on that the ampli-
tude of the pulse wave superimposed in the artifact zone is
equal to that of the pulse wave in the stable zone.

The compensation is successively performed at each sam-
pling point according to Exp. (8) below. This expression:

Son*()
is referred to as the successively-compensated norm ratio at
sample timing J of the artifact zone.

In the artifact zone, the pulse wave signal is buried in the
artifact and hardly observed. The norm is taken in the stable
zone of the pulse wave signal, and

R uieell> and Rputsell>

are set as the pulse wave amplitude.
By contrast, considering J and preceding and succeeding k
points, norms of (2k+1) points in total:

[Exp. 16]

[Exp. 17]

MR s endllz and [ el

are set as the artifact amplitude at timing J.
Since the sample number of the pulse wave zone is differ-
ent from that of the artifact zone,

MM

is avalue which is obtained by division with the square root of
the sample number of the respective zone, i.e.,

[Exp. 18]

[Exp. 19]

VVputee

[Exp. 20]
in the case of the pulse wave, and
V2RHT

in the case of the artifact. The absolute value is used in view
of'that the value in the root sign is caused to become negative
by observation noises other than the artifact.

[Exp. 21]
1R pusel,
TRputsell, = —r
A Nputse
1Ry —k:g+4l2
TR, eyl = el
1R pusse l,
R el =~z
A Npuise
o Ryl
[IR() il 1= ——
YT

®

(TR ereel)” — (Rputselly)’
(RO ) egoaly)” — (MRpuaselly)’

SO () = \/

where
TR eally)” # (MR sl

FIG. 11 shows results of separation of the observation
signal by the separation matrix S with using “successively-
compensated norm ratio” which is given by Exp. (8) above,
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together with results in the case where “norm ratio” and
“compensated norm ratio” which is the reference example are
used.

In FIG. 11, A shows the case where the artifact zone is
separated by “successively-compensated norm ratio”, B
shows the case where the artifact zone is separated by “com-
pensated norm ratio”, and C shows the case where the artifact
zone is separated by “norm ratio”.

In FIG. 11, when the pulse waves in the zone of 5 to 20
seconds are compared with each other, the artifact amplitude
in the separation by “successively-compensated norm ratio”
in A is smaller than that in the cases of B and C.

In the vicinity of 20 seconds, particularly, there is a differ-
ence in amplitude, and, in the vicinity of 8 seconds, the pulse
waves of B and C can be seen, but, in A, clear separation is
performed as a pulse wave which is well connected to the
preceding and succeeding portions.

In the base before the artifact in the vicinity of 17 seconds,
the shape of the pulse wave is clearly separated as compared
with B and C.

Furthermore, also in the steep rising portion of the artifact
immediately before 20 seconds, the shape of the pulse wave is
clearly separated as compared with B and C.

FIG. 12 is a view showing artifacts separated by three kinds
(A, B, and C) of separation methods.

From FIG. 12, it is seen that the artifact amplitude is sepa-
rated in the sequence of C>B>A.

Therefore, it is seen that “successively-compensated norm
ratio” in the invention can perform correction to a more
adequate value and is superior as compared with “norm ratio”
and “compensated norm ratio” which is the reference
example.

In observation, “true value of norm ratio” is unknown.
Therefore, the degree of approach of “compensated norm
ratio” to “true value of norm ratio” cannot be known.

Therefore, the result of separation by “compensated norm
ratio” is evaluated with the evaluation function H of Exp. (6)
above. In the expression, [2] means a variance-covariance
matrix of the separated pulse wave signal vector p and the
artifact signal vector n.

H is a ratio of absolute values of trace [2] and on-diagonal
element 2%, ,.

When compensation is adequately performed, [Z]
approaches a diagonal matrix. As the value of H is smaller, the
independences of p and n are higher.

FIG. 13 shows results of the evaluation.

The results of the evaluation with the evaluation function H
show that, as the value of H is smaller, the separation is
performed more satisfactorily.

Also from the results of the evaluation with the evaluation
function H, similarly with the results of FIG. 11, it is seen that
the separation is performed in the sequence of C>B>A.

Furthermore, the separation matrix S is ill-conditioned
depending on the value of “successively-compensated norm
ratio™

Son*

and oscillation or spikes are sometimes generated.

The following invention relates to an improved technique
for relaxing ill conditions of the separation matrix S.

Instability of Separation Matrix and Noise Magnification
Coefficient

(1) Unstable Zone

In an inverse problem, as a general property, the solution is
unstable when the separation matrix is ill-conditioned.

[Exp. 15]
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FIG.14C shows a successive norm ratio SpN at the trend of
¢N in the case where the sample number k obtained from the
observation waveforms shown in FIGS. 14A and 14B is k
~10.

As shown in FIG. 14C, the ratio of SN is largely changed.

The horizontal line in FIG. 14C indicates ¢S which is
obtained in the stable zone (1 to 3.5 seconds) of the pulse
wave, and $S=0.5357.

The vicinities of intersections of the horizontal line and
S¢N are regions where SpN=¢S, the separation matrix is
ill-conditioned, and oscillation or spikes are generated.

Usually, ¢S of a healthy person is about 0.55.

(2) Eigenvector and Eigenvalue of Separation Matrix

When observation noises exist in the observation signal, an
abnormality such as that the amplitude is increased by sepa-
ration sometimes occurs. Such an abnormality occurs in the
case where the separation matrix is ill-conditioned, and the
eigenvector and eigenvalue of the separation matrix are
related to this.

In order to study ill conditions, the separation matrix S is
assumed to be as Exp. (9):

[Exp. 22]
1[l+e -1 ©
‘K[ -1 l+e
here
A=(l+e’-1

In the above expression, € is a small value. Depending on
the value of €, the separation matrix is changed from linear
independent to linear dependent. When €>0, the column vec-
tor of S is linear independent, and, when €~0, the column
vector is linear dependent and an ill-conditioned matrix.

When €=0 is attained, an abnormality occurs.

In the case of two-wavelength SpO2, the separation matrix
S is 2x2, and has two eigenvectors V and two eigenvalues A.

In Exp. (10), G indicates a signal source vector such as a
pulse wave, and O indicates an observation signal vector. The
eigenvectors and eigenvalues of the separation matrix S are as
indicated in Exp. (11) and Exp. (12). When the observation
signal O is equal to the eigenvector V, Exp. (13) holds because
of'the relationship between the eigenvector and eigenvalue of
a matrix. The norm of the separated signal source vector G is
expressed by Exp, (14).

[Exp. 23]
G =50 (10)
welbe ]
2 S N Vo IS

! 1 12)
M=t
G=SV=2av 13)

1 14
IGillo = 1 Vills = ——.

&
1
1G2ll; = lIA2Vall, = z
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When e<1, A has a large value.

FIG. 15 shows a noise magnification coefficient obtained
from Exp. (14).

In the figure, $N is indicated by a ratio to ¢S, and ¢S is
assumed to be 0.55. When ¢N/$S=1.2, the noise magnifica-
tion coefficient is about 15 times over, when ¢N/¢pS=1.3, the
noise magnification coefficient is about 10 times, and, when
dN/$pS=1, the noise magnification coefficient is infinite.

(3) Noise Magnification Direction and Noise Magnifica-
tion Coeflicient

The noise magnification coefficient is shown in FIG. 15.
Here, the noise magnification direction is checked. As noises
of norm 1 to be applied to the observation signal, sin of an
amplitude 1 is added to the IR observation signal, and cos is
added to the R observation signal.

Independent random noise N(0, 1) is studied. FIGS. 16A
and 16B show results of a simulation in which ¢S and ¢N of
the separation matrix are set as $S=0.55 and ¢N/¢pS=1.3.

The circle at the center of FIG. 16A is a unit circle formed
by sin and cos. The dashed line indicates the direction of the
eigenvector of the separation matrix in the case where
ON/pS=1.3.

The ellipse indicates the locus drawn by a separated signal
which is obtained by separating the signal forming the unit
circle with the separation matrix. The amplitude of the obser-
vation signal is increased in the direction of the eigenvector.
The amplitude is indicated by the length between the apex of
the long axis and the origin, and, when ¢N/¢pS=1.3, is about 10
times. In FIG. 15, when ¢N/¢S=1.3, the magnification coef-
ficient is about 10 times. Therefore, the results coincide with
each other.

Similarly, the circular portion in FIG. 16B indicates the
applied random noise. The peak amplitude forms a substan-
tially circle. The dashed line indicates the eigenvector of the
separation matrix. Also in the case of random noise, the noise
magnification direction is maximum in the direction of the
eigenvector of the separation matrix. When ¢N/¢S=1.3, the
noise magnification coefficient is about 10 times.

Relaxation of Il Conditions by Gating

(1) Flow of Processes

As a measure for relaxing ill conditions, gating is pro-
posed.

FIG. 17 shows the flow of processes of processing param-
eters related to the artifact.

In gating, a gate is opened under ill conditions, and “suc-
cessively-compensated norm ratio™:

Spat [Exp. 15]

is replaced with

N [Exp. 32]
In the above,

(03NS [Exp. 32]

is a value which is separate from ¢S, and which is previously
determined.

The threshold for ill conditions is set by an upper limit &,
and a lower limit &, of &. Here, € is a coefficient which
multiplies ¢S by §,, or &, times, and determined by FIG. 15.

For example, £ is a coefficient in which §,=1.3 and §,=0.7,
and which is symmetric about 1.

When

E195>SOn" (> s xp. 24]
the parameter of the separation matrix is set to ¢S;

SPa [Exp. 15]
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‘When
E10s=Spn"())ZE.0s [Exp. 30]
the parameter of the separation matrix is set to ¢S:
on [Exp. 32]

Here, “gated successively-compensated norm ratio” is
expressed by:

Son*E

(2) Selection of §

When € is selected to E=¢N/¢pS=1.3, for example, the noise
magnification coefficient is about 10. When the signal-to-
noise ratio (SNR) of the observation signal is ensured to be
Y100 (40 dB), the SNR after separation can be expected to be
about Y10 (=20 dB).

Magnifying observation noises constitute a vector directed
toward the periphery of the direction of the eigenvector of the
mixing matrix. When separated from the direction of the
eigenvector, the noise magnification coefficient is reduced as
indicated by the ellipse of FIG. 16A.

(3) Parameter Values Used in Stable Zone of Pulse Wave

When the gating is

[Exp. 28]

E10s=Spn" () =8P [Exp. 25]
the parameter of the separation matrix is set to ¢S;

[0 [Exp. 32]

In bloodless tissue, $N is about 1. Therefore,

% [Exp. 32]
is set to 1.

When

on [Exp. 32]

is selected as to satisfy the following relationship,

x>0, [Exp. 33]

the separation matrix is approximated by Exp. (15), and the
pulse wave in the stable zone is projected as it is.

§o 1 [‘/’N —1[ (15)
Tlen-09)-0s 1|
-1
! on 10
'N
S = =
o 1 |*lo ol
PN PN

Evaluation Function and Evaluation of Compensation
The “true value of norm ratio”

[N [Exp. 3]
is unknown.
Therefore, the degree that
S¢n*€ approaches to gp"* [Exp. 27]

is not known. Therefore, the result of separation by “gated
successively-compensated norm ratio”

SopF

is evaluated by an evaluation function H of Exp. (20). In the
expression, [2] means a variance-covariance matrix of the
separated pulse wave signal vector p shown in Exp. (16) and
the artifact signal vector n.

[Exp. 28]
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H is a ratio of absolute values of trace [X] and on-diagonal
element 23, ,=2%, . When compensation is adequately per-
formed, [Z] approaches a diagonal matrix. As the value of H
is smaller, the independences of p and n are higher, and the
separation is more excellent.

[Exp. 29]

le 212
I I;

(16)

(2] :=[ ]= [p 1" [p nl

_ 12Xl amn

= trace[X]

FIGS. 18A to 18D show results of separation in which the
pulse wave is separated from the waveforms in FIGS. 14A
and 14B.

A symbol of | is drawn at the start point of an artifact zone,
and that of > is drawn at the end point.

FIG. 18A shows a result of the case where separation is
performed by “successively-compensated norm ratio”

S+
without conducting gating. In this case, k=10. In zones where
ill conditions are caused, the amplitude is increased, and
spikes are generated.

FIG. 18B shows a result of the case where separation is
performed by “successively-compensated norm ratio”

[Exp. 15]

S+
while the gating factors are set so that §,=1.3, §,=0.7, and
k=10. In this case, spikes remain. Spikes are generated out-
side the thresholds &,>1.3 and §;<0.7. The residual spikes
will be described later.

FIG. 18C shows a result of the case where separation is
performed while the gating factors are set so that §,=1.3,
£,=0.7, and k=60. In this case, spikes are not generated. In all
of first, second, and third zones of the artifact, the artifact is
greatly reduced by separation by the successively-compen-
sated norm ratio. Without adjustment, the value of the evalu-
ation function is H=0.0382.

FIG. 18D shows a result of the case where separation is
performed by the norm ratio ¢N of the whole observation
zone. The value of the evaluation function is H 0.2781.

FIG. 19 shows results of a process in which k=60 is set,
gating is performed by three combinations of §, and &,, and
the pulse wave is separated.

It is seen that, when the interval between &, and &, is
narrowed, spike are frequently generated. When &§,=1.2 and
€,=0.8, spikes are not generated.

When the threshold width is excessively increased, gating
is frequently performed, and zones where adequate “succes-
sively-compensated norm ratio” is used are reduced. There-
fore, the quality of separation is lowered.

Consideration of Residual Spikes

In FIG. 18B, even after gating, spikes remain in several
places.

Therefore, the character of spikes in the vicinity of 6 sec-
onds will be studied.

FIG. 20A to 20D show trends of the pulse wave between
5.7 to 6.2 seconds in FIG. 18B, and “gated successively-
compensated norm ratio”

[Exp. 15]

SoutE [Exp. 28]
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In the figure, the time axis is expanded.

FIG. 20A shows the pulse wave which is separated by
gating with k=10, and in which plural residual spikes exist
before 5.8 seconds and in the vicinity of 5.9 seconds.

The solid line in FIG. 20B shows a trend of “gated succes-
sively-compensated norm ratio”

Son*E

on which gating has been performed. The symbols “O” indi-
cate a trend of “successively-compensated norm ratio”

[Exp. 28]

Son*
on which gating has not been performed.

In the ordinate of the trend, an apex for displaying the
vicinities of the thresholds is cut off.

The dashed lines indicate thresholds by which gating is
performed. The thresholds are £,=1.3 and £,=0.7.

In the zones where the symbols “O” are within the thresh-
olds (for example, from the vicinity of 5.8 seconds to before
5.9 seconds), gating is performed.

In gating, “gated successively-compensated norm ratio” is
replaced with

[Exp. 15]
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which is previously determined in the zone.

The zone is shown by the straight-line portion of a value 1
which is in the vicinity of 5.8 to 5.9 seconds in FIG. 20B.

In places where the trend of “gated successively-compen-
sated norm ratio” is outside the thresholds, residual spikes are
generated a little before 5.8 seconds and in the vicinity of 5.9
seconds.

From the results, it is seen that gating is correctly per-
formed within the thresholds which are designated by default.

FIG. 20C shows the pulse wave which is separated with
k=17. In the trend, spikes disappear.

In FIG. 20D, the whole trend of “successively-compen-
sated norm ratio” is above the thresholds, and hence gating is
not performed.

Residual spikes are generated outside the thresholds which
are designated by default. The spikes are generated by
increase of the amplitude which is caused because the obser-
vation noise vector is in the same direction as the direction of
the eigenvector of the separation matrix.

Relaxation of 11l Conditions by Regularization Parameter

As shown in Exp. (18), a regularization parameter is added
as an additional term to the separation matrix, and A which is
an arbitrary small value is adjusted so that the value of the
evaluation function is minimum. In determination of A, recur-
rent calculation is required, and hence there is a disadvantage
that it is difficult to adjust.
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FIGS. 21A and 21B show results of the relaxation of ill
conditions by the regularization parameter.

The observation waveforms of FIGS. 14A and 14B are
used.

FIG. 21A shows an example in which ill conditions are
relaxed with A=0.05 and k=10. When A=0.05, the value of the
evaluation function is H=0.0042 or minimum. However,
many spikes remain.
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FIG. 21B shows an example in which ill conditions are
relaxed with A=0.465 and k=10. Spikes disappear, but the
pulse wave is not well separated. The value of the evaluation
function is H=0.888 or poor.

Example of Process of Pulse Wave Buried in Tapping Arti-
fact

FIGS. 22A to 22C show examples in which the pulse wave
that is buried in a tapping artifact is separated with using the
same parameter as that in FIG. 18C which are the gating
factors of k=60, A,=1.3, and £,=0.7.

FIG. 22A shows an observation waveform of IR. The pulse
wave image is buried in the artifact and hardly observed.

FIGS. 22B and 22C show a pulse wave which is separated
by the successively-compensated norm ratio due to gating. In
FIG. 22B, the pulse wave image is well separated in the
tapping zone, and spikes are not generated. In FIG. 22C, a
result of a 17-point moving average process in consideration
ofthe cycle length of the pulse wave is shown. The pulse wave
image is clearer than that of FIG. 22B. The value of the
evaluation function is H=0.1302 and H=0.0253.

From the above description, it is obvious that the pulse
wave can be separated by the successively-compensated
norm ratio which performs the gating in the invention, with-
out designating an artifact zone.

According to an aspect of the invention, it is possible to
realize a signal processing method, signal processing appa-
ratus, and pulse photometer using the same in which, even in
the case where a large artifact such as motion of a hand or a
foot, bitter sobbing, shiver, or cough is contained, a signal
component can be separated more correctly.

What is claimed is:
1. A method of processing first and second signals obtained
by measuring a medium, comprising:
receiving the first and second signals corresponding to a
respective first emitted light beam and second emitted
light beam;
separating vectors of the first and second signals by using
a processor having a separation matrix into a vector of
the pulse wave signal and a vector of the artifact signal,
and outputting at least one of the vector of the pulse wave
signal and the vector of the artifact signal, the separation
matrix including a norm ratio of a stable zone of the
pulse wave signal and a successively-compensated norm
ratio of an artifact zone.
2. The method according to claim 1, wherein the succes-
sively-compensated norm ratio is obtained by the following
expression:
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3. The method according to claim 2, wherein

when the successively-compensated norm ratio satisfies a
condition, the successively-compensated norm ratio is
replaced with a prescribed value.

4. A biological signal processing apparatus comprising:

ameasuring unit configured to measure the first and second
signals; and

a processor configured to process the first and second sig-
nals according to the method of claim 1.

5. A pulse photometer including the biological signal pro-
cessing apparatus according to claim 4, and configured to
calculate at least one of an oxygen saturation of arterial blood,
a dyshemoglobin concentration, and dye concentration
injected in the blood, comprising:

a light emitter configured to emit two light beams having
different wavelengths, wherein the two light beams are
transmitted through or reflected from living tissue cor-
responding to the medium;

a light receiver configured to convert the two light beams
into first and second electric signals,

wherein the processor is also configured to remove a com-
ponent of the artifact signal is by using the compensated
norm ratio to obtain the pulse wave signal.

6. The pulse photometer according to claim 5, wherein

the processor is further configured such that when the
successively-compensated norm ratio satisfies a condi-
tion, the successively-compensated norm ratio is
replaced with a value.
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