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57) ABSTRACT

A method and apparatus for noninvasively monitoring
hemoglobin concentration and oxygen saturation, wherein
the method includes selecting at least two wavelengths from
a region of wavelengths in which an extinction coefficient
for water is smaller that for hemoglobin, the at least two
wavelengths including at least two isobestic wavelengths;
sequentially radiating incident light beams having the
selected wavelengths onto a predetermined site of a body
which includes a blood vessel; receiving, at another site of
the body, light beams sequentially transmitted through the
predetermined site and converting the received light beams
into electrical signals; calculating the light attenuation varia-
tion caused by pulses of blood for the respective wave-
lengths from the electrical signals; obtaining at least one
ratio of the light attenuation variation between the selected
wavelengths; and calculating the hemoglobin concentration
Cyy, 1n blood using the calculated at least one ratio of the
light attenuation variation between the wavelengths.
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METHOD AND APPARATUS FOR
NONINVASIVELY MONITORING HEMOGLOBIN
CONCENTRATION AND OXYGEN SATURATION

BACKGROUND OF THE INVENTION
[0001] 1. Field of the Invention

[0002] The present invention relates to monitoring a con-
centration of hemoglobin in a human body. More particu-
larly, the present invention related to a method and apparatus
for noninvasively monitoring hemoglobin concentration and
oxygen saturation in blood.

[0003] 2. Description of the Related Art

[0004] Human blood consists of liquid plasma and three
different corpuscles (i.e., red corpuscles, white corpuscles,
and platelets). A primary function of the blood is to carry
oxygen through the human body. Oxygen is essential to keep
human body cells in a normal condition. If oxygen content
is reduced, the metabolism of tissue cells is restricted.
Furthermore, if oxygen is not supplied to the human body
for a long time, body activity may stop. This critical oxygen
supply function of the body relies essentially on the presence
of hemoglobin in the red corpuscles. Accordingly, the total
hemoglobin content in red corpuscles is considered to be a
critical value in the clinical medicine field. Conventionally,
the total hemoglobin content has been chemically analyzed
by withdrawing blood from the human body. That is, hemo-
globin concentration has been measured by a hemoglobin-
cyanide method in clinical laboratories. However, a need
exists for real-time monitoring of a patient’s hemoglobin
concentration in operating rooms or emergency rooms. In
addition, females, pregnant females, growing children, and
teenagers may require occasional measurements of their
hemoglobin concentration values at home. Therefore, there
is a need for measuring the hemoglobin concentration non-
invasively without having to withdraw blood from the body.

[0005] Conventional methods of measuring hemoglobin
concentration and oxygen saturation do not consider the
scattering effects that occur because hemoglobin is present
in red blood cells, which act to scatter incident light.
Therefore, hemoglobin concentration and oxygen saturation
cannot be measured accurately by conventional methods.

SUMMARY OF THE INVENTION

[0006] In an effort to solve the problems of conventional
methods, it is a first feature of an embodiment of the present
invention to provide a method for noninvasively accurately
monitoring hemoglobin concentration and oxygen saturation
by considering light scattering by red blood cells.

[0007] Tt is a second feature of an embodiment of the
present invention to provide an apparatus for noninvasively
accurately monitoring hemoglobin concentration and oxy-
gen saturation by the above method.

[0008] The first feature of an embodiment of the present
invention provides a method for noninvasively monitoring
hemoglobin concentration and oxygen saturation including:
(a) selecting at least two wavelengths from a region of
wavelengths in which an extinction coefficient for water is
smaller than an extinction coefficient for hemoglobin, the at
least two wavelengths including at least two isobestic wave-
lengths; (b) sequentially radiating incident light beams hav-
ing the selected wavelengths onto a predetermined site of a
body that includes a blood vessel; (c) receiving, at another
site of the body, light beams sequentially transmitted
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through the predetermined site and converting the received
light beams into electrical signals; (d) calculating the light
attenuation variation caused by pulses of blood for the
respective wavelengths from the electrical signals; ()
obtaining at least one ratio of the light attenuation variation
between the selected wavelengths; and (f) calculating the
hemoglobin concentration Cyy,, in blood using the calculated
at least one ratio of the light attenuation variation between
the wavelengths.

[0009] The second feature of an embodiment of the
present invention provides an apparatus for noninvasively
monitoring hemoglobin concentration and oxygen saturation
including: a light radiation unit for sequentially radiating
incident light beams having at least two wavelengths
selected from a region in which an extinction coefficient for
water is smaller than an extinction coefficient for hemoglo-
bin, onto a predetermined site of the body that includes a
blood vessel; a photodetector unit for receiving, at another
site of the body, light beams transmitted through the prede-
termined site, converting the received light beams into an
electrical signal, and outputting the converted electrical
signal, a variation calculation unit for calculating light
attenuation variation for each of the selected at least two
wavelengths from the electrical signal and outputting the
calculated light attenuation variation; a ratio calculation unit
for calculating at least one ratio among the light attenuation
variations sequentially input from the variation calculation
unit and outputting the calculated at least one ratio of the
light attenuation variations; and a concentration calculation
unit for calculating hemoglobin concentration in blood from
the at least one ratio and outputting the calculated hemo-
globin concentration, wherein the at least two wavelengths
are externally selected to include at least two isobestic
wavelengths.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The above features and advantages of the present
invention will become more apparent by describing in detail
preferred embodiments thereof with reference to the
attached drawings in which:

[0011] FIG. 1 is a flowchart illustrating a method for
noninvasively measuring hemoglobin concentration and
oxygen saturation according to an embodiment of the
present invention;

[0012] FIG. 2 is a block diagram of a preferred embodi-
ment of an apparatus for noninvasively measuring hemo-
globin concentration and oxygen saturation according to the
present invention;

[0013] FIG. 3 is a graph showing the spectra of an
extinction coefficient for oxyhemoglobin and deoxyhemo-
globin;

[0014] FIG.4 illustrates a front view of a finger as a model
for illustrating steps 18 and 20 of FIG. 1,

[0015] FIG. 5 illustrates a plan view of the finger shown
in FIG. 4,

[0016] FIGS. 6a and 6b are graphs illustrating the results
of simulation for the ratio of light attenuation variation for
two sets of wavelengths with respect to a hematocrit value
(H) and a thickness variation Ad of a blood vessel;

[0017] FIG. 7 is a flowchart illustrating a preferred
embodiment of step 22 of the method of an embodiment of
the present invention shown in FIG. 1,
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[0018] FIG. 8 is a block diagram of a preferred embodi-
ment of the concentration calculation unit shown in FIG. 2
according to an embodiment of the present invention;

[0019] FIG. 9 is a graph illustrating the relation between
a reference hemoglobin concentration (C,y,) invasively
measured in vivo and a hemoglobin concentration (C,g,)
noninvasively predicted in vivo with two wavelengths 569
nm and 805 nm selected in step 10 of FIG. 1; and

[0020] FIG. 10 is a flowchart illustrating a preferred
embodiment of step 24 of the method according to the
present invention shown in FIG. 1.

DETAILED DESCRIPTION OF THE
INVENTION

[0021] Korean Patent Application No. 2001-21124, filed
Apr. 19, 2001, and entitled: “Method and Apparatus for
Noninvasively Monitoring Hemoglobin Concentration and
Oxygen Saturation,” is incorporated by reference herein in
its entirety.

[0022] A method for noninvasively monitoring hemoglo-
bin concentration and oxygen saturation, and the structure
and operation of an apparatus for noninvasively monitoring
hemoglobin concentration and oxygen saturation by the
method according to the present invention will be described
below with reference to the appended drawings.

[0023] FIG. 1 is a flowchart illustrating a method for
noninvasively monitoring hemoglobin concentration and
oxygen saturation according to an embodiment of the
present invention. The method of FIG. 1 involves, in steps
10 and 12, sequentially radiating incident light beams hav-
ing appropriately selected wavelengths onto a predeter-
mined site of the body, in steps 14 through 18, calculating
the light attenuation variation for each wavelength by
receiving the incident light beams having passed sequen-
tially through the predetermined site, and in steps 20 through
24, predicting hemoglobin concentration and oxygen satu-
ration using the ratios of light attenuation variations for the
wavelengths.

[0024] FIG. 2 is a block diagram of a preferred embodi-
ment of an apparatus for noninvasively monitoring hemo-
globin concentration and oxygen saturation for use in the
method of FIG. 1. The apparatus of FIG. 2 includes a light
radiation unit 40, a photodetector unit 42, a variation cal-
culation unit 68, a ratio calculation unit 70, and a concen-
tration calculation unit 72. The apparatus may further
include correction members 44 and 46, a compression unit
60, an amplifier 62, a low-pass filter (LPF) 64, an analog-
to-digital converter (ADC) 66, an oxygen saturation calcu-
lation unit 74, and a display unit 76.

[0025] The method for monitoring hemoglobin concentra-
tion according to an embodiment of the present invention is
performed as follows.

[0026] In step 10, at least two wavelengths are selected
from the wavelength region in which the extinction coeffi-
cient for water is smaller than the extinction coefficient for
hemoglobin, i.e., from wavelengths no longer than 1300 nm.

[0027] FIG. 3 is a graph showing the spectra of extinction
coefficient for oxyhemoglobin and deoxyhemoglobin, in
which the vertical axis denotes extinction coefficients and
the horizontal axis denotes wavelengths.
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[0028] According to an embodiment of the present inven-
tion, the at least two wavelengths selected in step 10 include
at least two isobestic wavelengths A, and h,. Once two
wavelengths are selected in step 10, both of the selected two
wavelengths are considered to be isobestic. Here, “isobestic
wavelength” indicates a wavelength having the same extinc-
tion coefficient irrespective of the form of hemoglobin as
shown in FIG. 3, i.c., irrespective of whether hemoglobin is
oxidized or reduced. As shown in FIG. 3, the isobestic
wavelength may be 422 nm, 453 nm, 499 nm, 529 nm, 546
nm, 569 nm, 584 nm, 805 nm, or 1300 nm (not shown).

[0029] After step 10, in step 12, referring again to FIG. 2,
the light radiation unit 40 sequentially radiates incident light
beams having the selected wavelengths onto a predeter-
mined site S0 of the body having a soft tissue 54 and a blood
vessel 52. Here, the light radiation unit 40 receives infor-
mation on the wavelengths selected in step 10 through an
input port IN1, analyses the received information, and
radiates incident light beams having corresponding wave-
length(s) according to the result of the analysis onto the
predetermined site 50. To this end, the light radiation unit 40
may be implemented by a light emitting diode (LLED), a laser
diode (Ld), or a lamp. Here, the predetermined site 50 may
be any site of the body, for example, a finger or a toe.

[0030] After step 12, in step 14, the photodetector unit 42
receives the light beams having sequentially transmitted
through the predetermined site 50 at a particular site of the
body. After step 14, in step 16, the received light beams are
converted into electrical signals. To perform steps 14 and 16,
the photodetector unit 42 receives the light beams transmit-
ted through the predetermined site 50 at the particular site of
the body, converts the received light beams into electrical
signals, and outputs the converted electrical signals. Here,
according to an embodiment of the present invention, the
light radiation unit 40 may be implemented by a photodiode
that is formed of silicon (Si), germanium (Ge), or indium
gallium arsenate (InGaAs) and sequentially radiates the
incident light beams onto the predetermined site S0.

[0031] After step 16, in step 18, the variation calculation
unit 68 calculates the light attenuation variation for each
wavelength using the electrical signals input from the pho-
todetector unit 42 and outputs the calculated light attenua-
tion variation for each wavelength to the ratio calculation
unit 70. Next, according to an embodiment of the present
invention, the variation calculation unit 68 calculates the
light attenuation variation for each wavelength as a ratio of
the time variant component (AC) to the time invariant
component (DC) of the electrical signal input from the
photodetector unit 42.

[0032] The apparatus of FIG. 2 may further include the
amplifier 62, the LPF 64, and the ADC 66 between the
photodetector unit 42 and the variation calculation unit 68§.
The amplifier 62 amplifies the respective electrical signals
output from the photodetector unit 42 and outputs the
amplified electrical signals to the LPF 64. Then, the LPF 64
filters a low-frequency component of the respective electri-
cal signals amplified by the amplifier 62 and outputs the
filtered low-frequency component to the ADC 66. The ADC
66 converts the low-frequency component, which is in
analog form, output from the LPF 64 into a digital form and
outputs the converted digital low-frequency component to
the variation calculation unit 68. Accordingly, the variation
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calculation unit 68 calculates the light attenuation variation
for each wavelength from the digital low-frequency com-
ponent input from the ADC 66.

[0033] After step 18, in step 20, the ratio calculation unit
70 calculates at least one ratio R;,, R, 4, . . . between the light
attenuation variations R,, R,, . . . for the wavelengths }.,,
s, . . ., which are input sequentially from the variation
calculation unit 68, and outputs the calculated at least one
ratio to the concentration calculation unit 72.

[0034] To facilitate a description of steps 18 and 20, it is
assumed that the two wavelengths 2., and k., are selected in
step 10, the predetermined site 50 of the body is a finger, and
respective incident light beams radiated onto the finger are
transmitted through the blood vessel 52 (path A) and do not
pass the blood vessel 52 (path B). The light attenuation
variation R, is calculated in the variation calculation unit 68
when the incident light beam having the wavelength X, is
radiated onto the predetermined site 50. The light attenua-
tion variation R, is calculated in the variation calculation
unit 68 when the incident light beam having the wavelength
., is radiated onto the predetermined site 50. The ratio R,
(=R,/R,) between the light attenuation variations is calcu-
lated in the ratio calculation unit 70. Calculation of R;, R,
and R, will be described in greater detail below with
reference to appended drawings.

[0035] FIG. 4 is a front view of a finger 50A as a model
for illustrating steps 18 and 20 of FIG. 1, in which a blood
vessel 52A and a soft tissue 54A of the finger S0A, a light
radiation unit 40A, and a photodetector unit 42A are shown.

[0036] FIG. 5 is a plan view of the finger S0A shown in
FIG. 4, in which the blood vessel 52A, the soft tissue 54A,
the light radiation unit 40A, and the photodetector unit 42A
are shown.

[0037] Referring to FIGS. 4 and 5, when the light radia-
tion unit 40A radiates incoherent incident light beams onto
the arteriole present at the end of the finger 50A, the incident
light beams are substantially scattered while propagating
through the soft tissue 54A and a bone area and become
almost isotropically incident on the blood vessel 52A that is
an arteriolar blood vessel. The intensities of the incident
light beams are modulated while passing through the blood
vessel 52A, whose thickness varies with pulses of blood
pumped through the blood vessel S2A, and undergo multiple
scattering while emerging from the soft tissue 34 A due to the
variation in the amount of blood according to the pulsation.

[0038] As described above, when the incident light beams
radiated from the light radiation unit 40A onto the finger S0A
travel along path A (corresponding to a path 80 of FIG. 5),
the incident light beams reach the blood vessel S2A and
experience modulation by pulsation. Meanwhile, when the
incident light beams travel along path B (corresponding to a
path 82 of FIG. 5), the incident light beams do not experi-
ence pulsation. Denoting the radius of the blood vessel S2A
as r, and the radius of the finger SOA as r,, the total
time-invariant component DC of the transmitted light beams
detected by the photodetector unit 42A consists of the
time-invariant component DC, of the light beam transmitted
through the path 80 and the time-invariant component DC,
of the light beam transmitted through the path 82, as
expressed by formula (1) below:

DC=DC,+DC,, )
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[0039] where DC, is expressed by formula (2):
DC.=f(#,p,ADC @

[0040] where f(r,,r,,)) is a constant as a factor dependent
upon the structure of the finger S0A including the blood
vessel, and A is the wavelength of an incident light beam.
Because the blood volume varies with pulsation of blood
vessel 52A, the intensity of the light beam transmitted
through the finger 50A is modulated by the light attenuation
variation AOD,,. Here, the light attenuation variation AOD
is for the light beam passed through path 80 and is expressed
by formula (3) below:

AOD, o =AC/DC=F (1, NAC/DC 3)

[0041] Here, it is difficult to accurately measure f(r,,r,,,A)
Therefore, the light attenuation variations R; and R, for two
wavelengths %, and ), are measured, and the ratio R,,
(=R,/R,) of the variations R, and R, is calculated by formula
(4) to eliminate the need for accurate measurement of

J(C 10,0

R AODga _ ACGy[/DCy “
Ry AODip2  ACn/DCa

Riz =

[0042] where AC,; and AC,, are the time-variant compo-
nents of the wavelengths 2, and )., respectively, and DC, ;
and DC,, are the time-invariant components of the wave-
lengths 7., and X, respectively. Formula (4) above may be
obtained, for example, through the method used in a pulse
oximeter. The method used in pulse oximetry is disclosed in
a book entitled “Design of Pulse Oximeter” (Chapter 4) by
J. G. Webster, Institute of Physics Publishing, 1997.

[0043] As shown in formula (4) above, in step 18, the
variation calculation unit 68 divides the time-variant com-
ponents AC, ; and AG,, of the electrical signals input from
the photodetector unit 42 by the time-invariant components
DC,, and DC,, of the wavelengths )., and h,, respectively,
to calculate the light attenuation variations AOD,, ;, and
AOD_  for the wavelengths 2.; and . In step 20, the ratio
R, calculation unit 70 divides the light attenuation variation
AOD,,, ,, for the wavelength )., by the light attenuation
variation AOD,, ,, for the wavelength }., to calculate a ratio
of light attenuation variation between the two wavelengths
hy and As.

[0044] Hereinafter, an embodiment of step 10 of selecting
at least two most appropriate wavelengths according to an
embodiment of the present invention will be described
below.

[0045] FIGS. 6a and 6b are graphs illustrating the results
of simulation for the ratio R,, of light attenuation variation
for two sets of wavelengths with respect to hematocrit value
(H) and thickness variation Ad of the blood vessel 52. In
particular, FIG. 6a shows the ratio (R44,505) of light attenu-
ation variation for a set of wavelengths 660 nm and 805 nm,
and FIG. 6b shows the ratio (Rg,q,505) for a set of wave-
lengths 940 nm and 805 nm.

[0046] The ratio R, of light attenuation variation for two
sets of wavelengths, i.e., one set of wavelengths 940 nm and
805 nm and the other set of wavelengths 660 nm and 805
nm, is shown in FIGS. 6a and 6b, with respect to the
variation in thickness Ad of the blood vessel using param-
eters obtained from an experiment conducted by J. M.
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Steinke, et al. The experiment by J. M. Steinke, et al. is
disclosed in an article entitled “Role of Light Scattering in
‘Whole Blood Oximetry”, IEEE Transactions on Biomedical
Engineering Vol. BME-33, No. 3, March 1986, by John M.
Steinke and A. P. Shepherd. As shown in FIGS. 6a and 6b,
it is apparent that the ratio R, of light attenuation variation
between two wavelengths is dependent upon the hematocrit
value H and varies according to the thickness variation Ad
of the blood vessel. The value of Ad and the R, dependency
on the hematocrit H are different for different people.

[0047] After step 20, in step 22, the concentration calcu-
lation unit 72 calculates hemoglobin concentration (Cry,,) in
blood using at least one ratio R;, of light attenuation
variation between two wavelengths input from the ratio
calculation unit 70, and outputs the calculated hemoglobin
concentration (Crgy).

[0048] In an embodiment of step 22 according to an
embodiment of the present invention, when two wave-
lengths X, and X, are selected in step 10, the hemoglobin
concentration (Cyy,) is calculated by formula (5) below using
the ratio R, of light attenuation variation calculated in step
20:

B 352(g; — Rip&n) 5)

Cup +35

T kiay —kgaaRyn

[0049] where y, and v, denote the extinction coefficients
for the wavelengths », and A,, respectively, k; and k, are
constants dependent upon the characteristics of scattering
and absorbing the incident light beams at the predetermined
site 50 and the wavelengths )., and A,, and a, and a, are
constants dependent upon the size of scattering particles, the
refractive indexes of hemoglobin and plasma, and the wave-
lengths X, and A,.

[0050] Formula (5)used in the present invention is derived
as follows.

[0051] First, if light scattering is not considered, the
logarithm of the ratio of the light intensity Is,, modulated by
pulsation of blood and detected by the photodetector unit 42,
to the light intensity I, detected by the photodetector unit 42
without being modulated by pulsation of blood, corresponds
to the light attenuation variation AOD,  caused by the
pulsation-induced thickness variation Ad of the blood vessel.
A difference in the degree of attenuation variations (or
optical density) between whole blood and a hemoglobin
solution having the same hemoglobin concentration is due to
light scattering. Light scattering occurs at a contact surface
between two media, i.e., plasma and red blood cells, due to
a difference in a refractive index between the plasma and the
red blood cells. Additionally, light that is scattered once will
likely be scattered continuously by other adjacent red blood
cells. Thus, the optical properties of whole blood are very
complex and difficult to deal with as compared to the
hemoglobin solution.

[0052] Conventionally, there are two approaches to
explain the scattering effect of whole blood. The first
approach, Twersky’s theory, explains light scattering from
large particles having a relatively low refractive index and
high absorption in considering the wavelength of a radiated
light beam. Twersky’s theory is described in an article
entitled “Multiple Scattering of Waves and Optical Phenom-
ena” by Victor Twersky, Journal of the Optical Society of
America, Vol. 52(2), February 1962. The second approach,
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the photon diffusion theory, explains the distribution of light
intensity in media when the intensity of fully diffused optical
flux varies due to absorption by and scattering from par-
ticles. The photon diffusion theory is described in a book
entitled “Wave Propagation and Scattering in Random
Media” by A. Ishimaru, Academic Press, Vol. 1, Chapter 9,
Academic Press, 1978.

[0053] Because the variation of thickness d of the blood
vessel 52 is small in considering the mean free path for
scattering, the photon diffusion theory is not suitable for
explaining the scattering effect of whole blood. Thus, when
a scattered light beam is incident on the blood vessel 52, the
total light attenuation OD,_, in consideration of back scat-
tering can be expressed as formula (6) below by the Twer-
sky’s equation:

0Dy = IOg(ITO) = ©

<CD — log[(l _ q)lo—aDH(l—H) + q10—2q/SCDaDH(l—H)/(ZsCDJraDH(l—H))]

[0054] where I and I, denote the intensities of transmitted
and incident light beams, respectively, € is the extinction
coefficient, C denotes the concentration of light absorbing
components in blood, and a is a constant dependent upon the
size of scattering particles, the refractive indexes ngg, and
0,1,sma ©f hemoglobin and plasma, and the wavelength of the
incident light beam and is expressed by formula (7):

a=(4r2L/A) (@ ~1)? )

[0055] where L is the shape factor of red blood cells, and
n'=Ny,/n,. .. In formula (6) above, D denotes the optical
path length of the cuvetter, which is a kind of blood
container; ¢ is a constant dependent upon the size of
scattering particles, the refractive indexes ngy, and 0,4, Of
hemoglobin and plasma, the wavelength of the incident light
beam, and the aperture angle of a photodiode with which the
photodetection unit 42 is implemented; and q' is a constant
dependent upon the structure of light radiating and detecting
parts and light scattering and absorption by the red blood
cells and plasma, and particularly upon the wavelength and
the spectroscopic property of the incident light beam.

[0056] The first term on the right-hand side of formula (6)
represents the amount of light absorption while passing
through the optical path length D when no scattering occurs
in the medium. The second term represents the amount of
light absorption while passing through the optical path
length D extended by light scattering. In particular,
107*PHA-D jj the second term represents the degree of light
attenuation by scattering from red blood cells and
q10—2q'eCDaDH(1—H)/(ZeCD+aDH(1—H)) and _qlo—aDH(l—H) rep-
resent the amount of scattered light received by the photo-
detector unit 42, which is dependent upon the geometrical
structure of the photodetector unit 42.

[0057] When the optical path length D becomes smaller,
e.g., approaches Ad, the effect of back scattering decreases,
q' approaches zero. In this case, when the light beam
transmitted through the blood vessel 52 becomes anisotropic
while passing again through a scattering medium, i.e., the
soft tissue 54, formula (6) above may be approximated by
formula (8) below:

AOD, =cCAd+kaAdH(1-H)=AOD,, +AOD,_,. ®
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[0058] where k is a constant dependent upon the optical
structure of light radiating and receiving parts (correspond-
ing to the elements denoted by reference numerals 40, 44,
46, and 42 in FIG. 2), the light scattering and absorption
properties of the predetermined site 50 of the body, and the
wavelength of the incident light beam. The term AOD,,
denotes the light attenuation variation caused by absorption
and AOD,_,, denotes the light attenuation variation caused
by scattering. As the thickness d of the blood vessel
decreases, formula (8) better approximates formula (6). The
ratio R;, of light attenuation variation between the two
wavelengths b, and A, is expressed by formula (9) below:

e CAd+kja H(1 = H) AODy Ry 9)

T 5:CAd+ ko H1-H)  A0Dprr2  R:

12

[0059] If light absorption by hemoglobin is predominant
while the incident light beams pass through the blood vessel
52, formula (10) below is generally satisfied:

€0=¢1 1 Crpy 10)

[0060] where the hemoglobin concentration (Cy) is
expressed in unit of grams/deciliter.

[0061] Here, the hemoglobin concentration (C,p,) and the
hematocrit value (H) have the relation of formula (11)
below:

Co=35xH (1)

[0062] Substituting formulae (10) and (11) into formula
(9) gives formula (12) below:

Chp (12)
o 3otk (1) 35ay ”‘1‘“(1 35 )
12 = =
_ C
358y +kray(1 — H) 356, +k2a2(1 B 31;5)

[0063] Formula (5) above may be derived by rearranging
formula (12) to isolate the hemoglobin concentration (Cry,)-

[0064] Another preferred embodiment of step 22 accord-
ing to an embodiment of the present invention will be
described below.

[0065] FIG. 7 is a flowchart illustrating a preferred
embodiment of step 22 of FIG. 1 according to an embodi-
ment of the present invention, which includes steps 100 and
102 of calculating the hemoglobin concentration from at
least one ratio of light attenuation variation between two
wavelengths using a previously generated model equation.

[0066] Referring to FIG. 7, in step 100, the concentration
calculation unit 72 derives the model equation expressed by
formula (13) below based upon the relation between a
hemoglobin concentration (Cyy,) invasively measured pre-
viously and then input through an input port IN3 (see FIG.
2) and the ratios of light attenuation variation previously
calculated in step 20:

b p (13)
Chp =) Y AyRy, where Ry=1if i=j
g

i
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[0067] where A;; is a coefficient for ratio R;;;R;; is the ratio
of light attenuation variation between wavelengths previ-
ously calculated in step 20; and p is an integer greater than
or equal to 2. Here, according to an embodiment of the
present invention, the coefficient A;; may be statistically
obtained, for example, by a principle component regression
(PCR) method or partial least squares regression (PLSR)

method.

[0068] For example, when the ratio R, of light attenua-
tion variation between wavelengths, which was noninva-
sively calculated previously, and the hemoglobin concentra-
tion (Cyy,) measured previously by invasively withdrawing
blood samples are the same as in Table 1, the model equation
of formula (13) is derived based upon the relation between
the ratios R,, and the hemoglobin concentration (Cyy,)
shown in Table 1.

TABLE 1
Rip Cm
0.80 24.50
0.85 10.50
0.90 5.25
0.95 3.50

[0069] In this case, if p=2, the model equation of formula
(13) for the hemoglobin concentration (C,y) can be
expressed as formula (14) below:

(14)
A A
N 12] =An +An +Ay Ry + AR

Cup = (Ry, Rz)(
A2l Az

1
Ry
1
Ry

[0070] After step 100, in step 102, the concentration
calculation unit 72 calculates the hemoglobin concentration
(Cyy) by substituting the ratios R, ,, R, . . . calculated in
step 20 into the model equation of formula (13) and outputs
the calculated hemoglobin concentration (Cy,) to the oxy-
gen saturation calculation unit 74 and the display unit 76.

[0071] In conclusion, the method and apparatus for non-
invasively monitoring hemoglobin concentration according
to an embodiment of the present invention considers several
ratios R;; of light attenuation variation between wavelengths,
which are expressed by formula (13) above, so that the
hemoglobin concentration Cgy, may be measured accurately
by compensating for errors of the concentration.

[0072] The structure and operation of a preferred embodi-
ment 72A of the concentration calculation unit 72 according
to an embodiment of the present invention, which performs
the embodiment of step 22 illustrated in FIG. 7, will now be
described below.

[0073] FIG. 8 is a block diagram of the preferred embodi-
ment 72A of the concentration calculation unit 72 shown in
FIG. 2 and includes an address generator 110 and a look-up
table (LUT) 112.

[0074] The address generator 110 of FIG. 8 generates
addresses based upon the relation between the real hemo-
globin concentrations (Cyy,), which are invasively measured



US 2003/0009090 A1l

and externally input through an input port IN4, and the ratio
(R;;) of light attenuation variation between wavelengths,
which are input through an input port INS from the ratio
calculation unit 70, and outputs the generated addresses to
the LUT 112.

[0075] Here, the LUT 112 outputs one of the real hemo-
globin concentrations (Cyp,) externally input through an
input port IN6 previously and stored therein through an
output port OUT as a predicted hemoglobin concentration in
response to an address input from the address generator 110.

[0076] Preferred embodiments of the present invention for
very accurately measuring hemoglobin concentration will
now be described below.

[0077] In a first embodiment, incident light beams may be
sequentially radiated onto the predetermined site 50 with the
application of pressure. Here, the pressure applied to the
predetermined site S0 may be varied. To this end, the light
radiation unit 40 having a predetermined weight may
sequentially radiate incident light beams while contacting
and compressing the predetermined site S0 by the weight of
the light radiation unit 40.

[0078] In a second embodiment, the apparatus according
to an embodiment of the present invention shown in FIG. 2
may further include a compression unit 60 for compressing
the predetermined site 50. Here, the compression unit 60
externally receives, through an input port IN2, information
on a variable pressure to be applied to the predetermined site
50, analyses the received information, and compresses the
predetermined site 50 by the pressure determined according
to the result of information analysis. As pressure from the
compression unit 60 is applied to the predetermined site 50,
the light radiation unit 40 sequentially radiates incident light
beams onto the predetermined site 50.

[0079] In a third embodiment, a site of the body having a
blood vessel whose thickness variation is not greater than a
predetermined value, e.g., 500 um, is selected as the prede-
termined site 50.

[0080] FIG. 9 is a graph illustrating the relation between
a reference hemoglobin concentration (C.y,) invasively
measured in vivo and a hemoglobin concentration (C,g,)
noninvasively predicted in vivo when two wavelengths 569
nm and 805 nm are selected in step 10.

[0081] As is apparent in FIG. 9, the hemoglobin concen-
tration (C,;y,) (M) measured by the apparatus and method
according to an embodiment of the present invention nearly
approximates the reference value 120.

[0082] Additionally, the dynamic range of the ratio R, of
light attenuation variation with respect to the variation of
hematocrit (H) is very wide when the two wavelengths 569
nm and 805 nm are selected, so that the hematocrit (H) may
be predicted accurately using the ratio R, of light attenu-
ation variation between the two wavelengths. For example,
conventional hemoglobin measuring methods determined
the hematocrit (H) using wavelengths in the wavelength
region in which water absorbance is even greater than
hemoglobin absorbance. For this reason, two photodiodes
respectively formed of Si and Ge (or InGaAs) were needed
to implement a conventional hemoglobin concentration
measuring apparatus. In this case, two wavelengths emitted
from the two photodiodes have different optical paths.
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Nevertheless, the conventional hemoglobin concentration
measuring methods determined hematocrit with the assump-
tion that the two wavelengths used have the same optical
path. Accordingly, accurate determination of hematocrit
could not be achieved with the conventional methods. In
contrast, because the method for monitoring hemoglobin
concentration according to the present invention sequen-
tially radiates incident light beams through the blood vessel
52 one by one, only one photodetector unit 42 implemented
by Si, Ge, or InGaAs is used. As that method satisfies the
assumption that two wavelengths used have the same optical
path, hematocrit is accurately determined.

[0083] Next, in step 24, a method for monitoring oxygen
saturation according to an embodiment of the present inven-
tion may calculate oxygen saturation S using the determined
hemoglobin concentration Cp,, after step 22. The oxygen
saturation calculation unit 74 provided to calculate S calcu-
lates oxygen saturation S using the hemoglobin concentra-
tion Cp,, input from the concentration calculation unit 72 and
outputs the calculated oxygen saturation S to the display unit
76.

[0084] A preferred embodiment of step 24 of FIG. 1
performed in the oxygen saturation calculation unit 74 will
be described below with reference to FIG. 10.

[0085] FIG. 10 is a flowchart illustrating a preferred
embodiment of step 24 of FIG. 1 including steps 130, 132,
134 and 136 of calculating oxygen saturation S using the
ratio of light attenuation variation between two appropri-
ately selected wavelengths and the hemoglobin concentra-
tion.

[0086] Referring to FIG. 10, in step 130, in an embodi-
ment for performing step 24, one wavelength X, of the at
least two wavelengths selected in step 10 and a wavelength
) having greatly different extinction coefficients depending
on the form of hemoglobin are selected. For example, the
wavelength A, may be 660 nm at which the difference
between extinction coefficients for hemoglobin (Hb) and
oxyhemoglobin (HbO,) is greatest in FIG. 3, and the
wavelength Ay may be 805 nm selected from the near
infrared region of 800-950 nm.

[0087] After step 130, in step 132, the light attenuation
variation AOD,, 4, for the selected wavelength i is
obtained by performing steps 12 through 18 of FIG. 1. After
step 132, in step 134, a ratio Ryx of light attenuation
variation between the wavelengths Ay and Ay, i€., AOD,,,
»o/AOD,; ., is calculated.

[0088] After step 134, in step 136, oxygen saturation S in
blood is calculated using the ratio Ry and the hemoglobin
concentration Cyy, calculated in step 22.

[0089] According to the present invention, the oxygen
saturation S may be calculated by formula (15) below:

[e1b0,,05 + enp,0(1 =) Chp + koa, H(1 — H) (15)
Eup,x Crp + kxax H(1 — H)

Rox =

[0090] where €40, o indicates the extinction coefficient
for oxyhemoglobin (HbO,) at the wavelength Ly, €
indicates the extinction coefficient for hemoglobin (Hb) at
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the wavelength A; €, x indicates the extinction coefficient
for hemoglobin (Hb) at the wavelength hy; kyx and kg, are
constants dependent upon the characteristics of scattering
and absorbing incident light beams at the predetermined site
50 and the wavelengths Lo and )y; and ay and a, are
constants dependent upon the size of scattering particles, the
refractive indexes ny, and n,,4,, of hemoglobin and
plasma, respectively, and the wavelengths hg and hy.

[0091] Unlike a conventional method and apparatus, the
method and apparatus for measuring oxygen saturation
according to an embodiment of the present invention pre-
dicts oxygen saturation in consideration of the accurately
measured hemoglobin concentration so that a measuring
error for oxygen saturation S may be compensated for.

[0092] In addition, the apparatus for noninvasively moni-
toring hemoglobin concentration and oxygen saturation
according to an embodiment of the present invention shown
in FIG. 2 may further include the display unit 76. In this
case, the display unit 76 displays the hemoglobin concen-
tration C,y,, input from the concentration calculation unit 72
and the oxygen saturation S input from the oxygen satura-
tion calculation unit 74 to enable users to visually monitor
the hemoglobin concentration and the oxygen saturation in
the body.

[0093] The apparatus for noninvasively monitoring hemo-
globin concentration and oxygen saturation according to an
embodiment of the present invention shown in FIG. 2 may
further include at least one of the correction members 44 and
46. In this case, the correction members 44 or 46 have light
transmitting and scattering properties similar to the soft
tissue 54 of the body and are disposed on the optical paths
of the light beams incident on and transmitted through the
predetermined site 50 and on the outside of the predeter-
mined site 50. The thickness W, or W, of the correction
member 44 or 46, respectively, on the external optical path
may be varied. According to an embodiment of the present
invention, correction member 44 or 46 may be implemented
in the form of liquid implemented in the form of gel, with
polystyrene beads, an intra-lipid, or a milk solution having
similar scattering characteristics as in the body for the
visible and near infrared rays. Preferably, the correction
member 44 or 46 having the form of liquid may be imple-
mented in the form of gel.

[0094] By using at least one of the correction members 44
and 46, the apparatus for monitoring hemoglobin concen-
tration and oxygen saturation according to an embodiment
of the present invention is able to physically compensate for
errors in the measurement of hemoglobin concentration that
could not be compensated for by varying the wavelengths
used.

[0095] The method and apparatus for noninvasively moni-
toring hemoglobin concentration and oxygen saturation
according to an embodiment of the present invention may
measure not only the hemoglobin concentration in arteriolar
blood using pulses in a noninvasive manner but also oxygen
saturation through correction based on the accurate hemo-
globin concentration.

[0096] As described above, the method and apparatus for
noninvasively monitoring hemoglobin concentration and
oxygen saturation according to an embodiment of the
present invention is able to measure both the hemoglobin
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concentration and oxygen saturation in a noninvasive man-
ner, without having to withdraw blood samples and without
temporal and spatial limitations and also monitor the hemo-
globin concentration and oxygen saturation in real time.
Accordingly, the method and apparatus of the embodiments
of the present invention have useful applications in operat-
ing rooms or emergency rooms. Unlike in conventional
methods, water absorbance is not considered in the mea-
surement of the hemoglobin concentration and oxygen satu-
ration according to the present invention so that the hemo-
globin concentration and oxygen saturation may be
accurately measured without being influenced by variation
in body liquid volume. In addition, the oxygen saturation
may be more accurately determined by correcting the oxy-
gen saturation using the accurately measured hemoglobin
concentration. According to an embodiment of the present
invention, only one photodetector unit 42, which may be
implemented with a photodiode, is enough for the measure-
ment in the present invention so that the cost may be reduced
as compared to conventional methods that require two
photodiodes. Both the wavelengths used in the present
invention belong to the wavelength region that may be
detected by a low-cost photodiode made of Si so that the cost
may be further reduced. The use of only one photodetector
unit 42 further increases accuracy in the measurement of
hemoglobin concentration and oxygen saturation. In addi-
tion, there is no need to measure f(r,, r,, A) so that the
hemoglobin concentration and oxygen saturation may be
measured accurately and the measurement is less affected by
body tissues other than the blood vessel 52.

[0097] While the present invention has been particularly
shown and described with reference to preferred embodi-
ments thereof, it will be understood by those of ordinary
skill in the art that various changes in form and details may
be made herein without departing from the spirit and scope
of the present invention as defined by the appended claims.

What is claimed is:
1. A method for noninvasively monitoring hemoglobin
concentration and oxygen saturation comprising:

(a) selecting at least two wavelengths from a region of
wavelengths in which an extinction coefficient for
water is smaller than an extinction coefficient for
hemoglobin, the at least two wavelengths including at
least two isobestic wavelengths;

(b) sequentially radiating incident light beams having the
selected wavelengths onto a predetermined site of a
body that includes a blood vessel,

(c) receiving, at another site of the body, light beams
sequentially transmitted through the predetermined site
and converting the received light beams into electrical
signals;

(d) calculating the light attenuation variation caused by
pulses of blood for the respective wavelengths from the
electrical signals;

(¢) obtaining at least one ratio of the light attenuation
variation between the selected wavelengths; and

(D) calculating the hemoglobin concentration Cyy, in blood
using the calculated at least one ratio of the light
attenuation variation between the wavelengths.
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2. The method as claimed in claim 1, wherein the at least
two wavelengths selected in (a) comprises two wavelengths
between which the difference in the light attenuation varia-
tion with respect to hematocrit H is greatest.

3. The method as claimed in claim 1, wherein the isobestic
wavelengths are selected from the group consisting of 422
nm, 453nm, 499 nm, 529 nm, 546 nm, 569 nm, 584 nm, 805
nm, and 1300 nm.

4. The method as claimed in claim 2, wherein the at least
two wavelengths selected in (a) are 569 nm and 805 nm.

5. The method as claimed in claim 2, wherein the at least
two wavelengths selected in (a) are 546 nm and 805 nm.

6. The method as claimed in claim 1, wherein the prede-
termined site includes the blood vessel whose thickness
varies with pulses no greater than a predetermined value.

7. The method as claimed in claim 6, wherein the prede-
termined value is 500 um.

8. The method as claimed in claim 1, wherein, in (b), the
incident light beams are sequentially radiated while applying
a variable pressure to the predetermined site.

9. The method as claimed in claim 1, wherein, in (d), the
light attenuation variation for each wavelength caused by
pulses of blood is obtained as a ratio between a time variant
component and a time invariant component of the electrical
signals.

10. The method as claimed in claim 1, wherein, when the
at least two wavelengths selected in (a) are i, and h,, the
hemoglobin concentration Cpy, is calculated in (f) by the
formula below using the ratio R,, of light attenuation
variation between the two wavelengths &.; and A, obtained in

(e):

35%(e; — Rize2)

=2 es), o
kyay — kaaqRiz *

Chp

where €; and €, denote the extinction coefficients for the
wavelengths A, and A, respectively, k; and k, are constants
dependant upon the characteristics of scattering and absorb-
ing the incident light beams at the predetermined site and the
wavelengths &, and h.,, and a, and a_ are constants dependent
upon the size of scattering particles, the refractive indexes of
hemoglobin and plasma, and the wavelengths A, and J.,.

11. The method as claimed in claim 1, wherein (f)
comprises:

(f1) generating the model equation below based upon the
relation between hemoglobin concentrations measured
invasively and the at least one ratio obtained in (e):

p p
Chp= ), > ARy, where Ry =1if i = j
P

where A;; is a coefficient for ratio R;;R; is the ratio of the
light attenuation variation between the wavelengths
obtained in (¢); and p is an integer greater than or equal

to 2; and

(f2) calculating the hemoglobin concentration Cp, by
substituting the at least one ratio obtained in (e) into the
model equation generated in (f1).
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12. The method as claimed in claim 11, wherein, in (f), the
coefficient A;; is statistically obtained by a principle com-
ponent regression (PCR) method.

13. The method as claimed in claim 11, wherein, in (f), the
coeflicient A; is statistically obtained by a partial least
squares regression (PLSR) method.

14. The method as claimed in claim 1, further comprising
(g) calculating oxygen saturation S using the hemoglobin
concentration Cyy,, calculated in (f).

15. The method as claimed in claim 14, wherein (g)

comprises:

(gl) selecting one wavelength hy of the at least two
wavelengths selected in (a) and a wavelength ). having
greatly different extinction coefficients depending upon
the form of hemoglobin;

(g2) obtaining the light attenuation variation for the
wavelength Ao selected in (gl) by performing (b)
through (d);

(g3) obtaining a ratio Royx between the light attenuation
variation for the wavelength ., obtained in (g2) and the
light attenuation variation for the wavelength Ay
obtained in (d); and

(g4) calculating the oxygen saturation S in blood using the
ratio Ry obtained in (g3) and the hemoglobin con-
centration Cyy, calculated in (f).

16. The method as claimed in claim 15, wherein, in (g4),

the oxygen saturation S is calculated by the formula below:

[e1p0,,05 + eup,0(1 = N]Chp + koaoH(1 — H)
Spp,x Cp + kxaxH(1 — H)

Rox =

where €0,  Indicates an extinction coefficient for oxyhe-
moglobin at the wavelength ho; €y, o indicates the extinc-
tion coefficient for hemoglobin at the wavelength hg; €pp, x
indicates the extinction coefficient for hemoglobin at the
wavelength Ay; kg and k are constants dependent upon the
characteristics of scattering and absorbing the incident light
beams at the predetermined site and the wavelengths A, and
hx, ax and a, are constants dependent upon the size of
scattering particles, the refractive indexes of hemoglobin
and plasma, and the wavelengths ). and A, and H denotes
the hematocrit value approximately equal to C,y, /35.

17. An apparatus for noninvasively monitoring hemoglo-
bin concentration and oxygen saturation, comprising:

a light radiation unit for sequentially radiating incident
light beams having at least two wavelengths selected
from a region in which an extinction coefficient for
water is smaller than an extinction coefficient for
hemoglobin, onto a predetermined site of the body that
includes a blood vessel,

a photodetector unit for receiving, at another site of the
body, light beams transmitted through the predeter-
mined site, converting the received light beams into an
electrical signal, and outputting the converted electrical
signal;

a variation calculation unit for calculating light attenua-
tion variation for each of the selected at least two
wavelengths from the electrical signal and outputting
the calculated light attenuation variation;
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a ratio calculation unit for calculating at least one ratio
among the light attenuation variations sequentially
input from the variation calculation unit and outputting
the calculated at least one ratio of the light attenuation
variations; and

a concentration calculation unit for calculating hemoglo-
bin concentration in blood from the at least one ratio
and outputting the calculated hemoglobin concentra-
tion,

wherein the at least two wavelengths are externally

selected to include at least two isobestic wavelengths.

18. The apparatus as claimed in claim 17, further com-
prising an oxygen saturation calculation unit for calculating
oxygen saturation using the hemoglobin concentration input
from the concentration calculation unit.

19. The apparatus as claimed in claim 17, further com-
prising a display unit for displaying the hemoglobin con-
centration.

20. The apparatus as claimed in claim 18, further com-
prising a display unit for displaying the hemoglobin con-
centration and the oxygen saturation.

21. The apparatus as claimed in claim 17, wherein the
light radiation unit comprises a light emitting diode (LED)
that sequentially radiates the incident light beams onto the
predetermined site.

22. The apparatus as claimed in claim 17, wherein the
light radiation unit comprises a laser diode (L.d) that sequen-
tially radiates the incident light beams onto the predeter-
mined site.

23. The apparatus as claimed in claim 17, wherein the
light radiation unit comprises a lamp that sequentially radi-
ates the incident light beams onto the predetermined site.

24. The apparatus as claimed in claim 17, wherein the
light radiation unit comprises a photodiode that is made of
a material selected from the group consisting of silicon (Si),
germanium (Ge), and indium gallium arsenide (InGaAs) and
sequentially radiates the incident light beams onto the pre-
determined site.

25. The apparatus as claimed in claim 17, further com-
prising at least one correction member having light trans-
mitting and scattering characteristics similar to a soft tissue
of the body and disposed on an optical path of the incident
light beams and on the outside of the predetermined site,

wherein the thickness of the at least one correction
member on the optical path is variable.
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26. The apparatus as claimed in claim 25, wherein the at
least one correction member is formed of one of the group
consisting of: a liquid implemented in a form of gel,
polystyrene beads, an intra-lipid, and a milk solution.

27. The apparatus as claimed in claim 17, wherein the
light radiation unit sequentially radiates the incident light
beams onto the predetermined site while compressing the
predetermined site with a pressure by a predetermined
variable weight of the light radiation unit.

28. The apparatus as claimed in claim 17, further com-
prising a compression unit for compressing the predeter-
mined site with a variable pressure,

wherein the light radiation unit sequentially radiates the
incident light beams onto the predetermined site while
the pressure is applied by the compression unit.

29. The apparatus as claimed in claim 17, further com-

prising:

an amplifier for amplifying the electrical signal output
from the photodetector units and outputting the ampli-
fied electrical signal;

a low-pass filter for filtering the low-frequency compo-
nents of the amplified electrical signal and outputting
the filtered low-frequency component; and

an analog-to-digital converter for converting the filtered
low-frequency component in analog form into digital
form and outputting the converted digital low-fre-
quency component to the variation calculation unit,

wherein the variation calculation unit calculates the light
attenuation variation for the respective selected wave-
lengths from the digital low-frequency component.
30. The apparatus of claim 17, wherein the concentration
calculation unit comprises:

an address generator for generating an address based upon
the relation between invasively measured hemoglobin
concentrations input externally and the at least one ratio
input from the ratio calculation unit and outputting the
generated address; and

a look-up table for predicting and outputting one of the
invasively measured hemoglobin concentrations previ-
ously stored therein as the hemoglobin concentration in
response to the address input from the address genera-
tor.
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