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METHOD, ARRANGEMENT, SENSOR, AND
COMPUTER PROGRAM PRODUCT FOR
NON-INVASIVELY MEASURING
HEMOGLOBIN CONCENTRATIONS IN
BLOOD

BACKGROUND OF THE INVENTION

This disclosure relates to non-invasive determination of
hemoglobin concentrations in blood, typically to non-inva-
sive determination of total hemoglobin (THb) and hemo-
globin fractions of a subject. This disclosure also relates to
the apparatus, which is typically a pulse oximeter, and to a
sensor and computer program product for the apparatus.
Hemoglobin fractions here refer to the concentration per-
centages of different hemoglobin species.

Traditionally, hemoglobin measurements have been car-
ried out based on in-vitro analysis of subject’s blood.
Measurement devices known as co-oximeters determine
hemoglobin concentration from a blood sample by measur-
ing spectral light transmission/absorption through a hemo-
lysed blood sample at several wavelengths typically between
500 and 650 nm.

A major drawback related to co-oximeters is that the
measurements are invasive, i.e. require a blood sample to be
taken from the subject. Furthermore, the co-oximeters are
rather expensive laboratory devices and require frequent
service and maintenance.

One known technique for carrying out non-invasive in-
vivo hemoglobin measurements is a so-called occlusion-
release (OR) measuring technique, which is based on arti-
ficially induced changes in the blood flow of the patient. A
typical OR based measurement device utilizes a ring-shaped
cuff applied to the patient’s finger. The device is further
provided with a pressurizing arrangement to produce a state
of temporary blood flow cessation in the finger by applying
an over-systolic pressure and a state of transitional blood
flow by releasing the over-systolic pressure. Measurement
sessions are carried out during various states of blood flow
and the blood absorption characteristics during the said
states are analyzed to determine the concentration of a blood
constituent, such as hemoglobin.

It is also known to combine the artificially induced
changes in the blood flow with light transmission/absorption
measurements at two or more wavelengths. These wave-
lengths typically include an isobestic wavelength (805 nm)
and a wavelength at which water absorption is high (1310
nm or 1550 nm) to detect the concentrations of hemoglobin
and water, respectively. It is also known to use the isobestic
wavelength 805 urn and the water absorbing wavelength
1250 nm for measuring the total hemoglobin concentration
using cardiac pulsating signals alone. Oxy-, deoxy-, car-
boxy- and methemoglobin fractions can be solved simulta-
neously with the total hemoglobin concentration using one
set of equations and a total of six wavelengths.

Compared to invasive techniques, non-invasive optical
hemoglobin or hematocrit measurements have clear advan-
tages, which include the elimination of both painful blood
sampling and the risk of infection. Furthermore, non-inva-
sive measurements are simpler to carry out and require less
training of the nursing staff.

However, there are also several drawbacks related to the
above non-invasive techniques, as described below.

First, the devices that are based on stopping all or part of
the blood flow are rather complicated since the optical
measurement involves synchronized operation of the optical
and pneumatic components of the measurement device.
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Second, these measurements cannot be carried continu-
ously, but a certain measurement period is required for each
measurement. Typically, the measurement cycle is manually
initiated, which makes the devices suitable for spot checks
after the need for the hemoglobin measurement has been
recognized based on symptoms of the subject/patient. Con-
sequently, these non-invasive hemoglobin meters cannot be
used for alarming of a sudden hemoglobin or blood loss.

Third, normal low-cost silicon detectors, which are used
in standard pulse oximeters, can be used only in the visible
and near infrared region, since their response ends at a
wavelength of about 1100 nm. Therefore, more expensive
detector technology, e.g, InGaAs detectors, must be used for
enabling measurement of water absorption in the short-
wavelength infrared region, such as at wavelengths around
1200-1300 nm. Coupled with the more expensive infrared
emitters in this wavelength range, this need increases the
cost of the sensor to many fold compared to silicon tech-
nology emitter and detector sensors.

Fourth, the measurements of total hemoglobin concentra-
tion and all hemoglobin fractions, including oxy-, deoxy-,
carboxy- and methemoglobin percentages, require the use of
two detectors as one detector cannot cover all wavelengths,
from about 600 nm to about 1300 nm, required for the
simultaneous measurement. Typically, a silicon detector is
still needed for accurate carboxyhemoglobin reading, since
carboxyhemoglobin absorbs light only below 700 nm, where
a standard InGaAs detector cannot be used.

A hemoglobin measurement method is also known in
which a theoretical relationship is formed, which is indica-
tive of the effect of tissue on in-vivo measurement signals at
the wavelengths of the apparatus. Hemoglobin concentration
may be determined based on the theoretical relationship by
requiring that the effect of the in-vivo tissue on the in-vivo
signals is consistent for all wavelengths at which the in-vivo
measurement is performed. This involves using a tissue
model that includes hemoglobin concentration as one of the
parameters, and adjusting the hemoglobin concentration in
the model until consistency is reached. As the final result is
to be searched for through iteration, this is actually a rather
indirect measurement method and the result may still depend
on other tissue parameters. Therefore, it would be desirable
to obtain a more straightforward mechanism that eliminates
the above drawbacks. It would also be desirable to be able
to use the same wavelength set of the sensor for calculating
both total hemoglobin and the hemoglobin fractions in
blood, thereby to obtain a complete picture of the blood
composition non-invasively and continuously with a com-
pact and low-cost solution.

BRIEF DESCRIPTION OF THE INVENTION

The above-mentioned problems are addressed herein
which will be comprehended from the following specifica-
tion.

To enable measurement of hemoglobin concentrations in
a cost-effective way, the device is provided with a compu-
tational model that defines a variable indicative of total
hemoglobin concentration through a model that includes
hemoglobin fractions as variables of the model. The model
may be constructed so that the measured absorption includes
the contribution of scattering in the total absorption. Due to
these features, a complete picture of blood composition may
be obtained through a single set of measurement signals at
wavelengths below about 1100 nm, i.e. with a single low-
cost detector.
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In an embodiment, a method for non-invasively measur-
ing hemoglobin concentrations in blood comprises estab-
lishing a computational model representing a relationship
between a first variable indicative of total hemoglobin
concentration and a set of variables that includes second
variables indicative of light transmission through tissue and
third variables indicative of concentration percentages of
different hemoglobin species. The method further comprises
acquiring in-vivo measurement signals from a subject, deter-
mining, based on the in-vivo measurement signals, in-vivo
values for the second and third variables, and solving the
first variable based on the in-vivo values of the second and
third variables and the computational model.

In another embodiment, an apparatus or arrangement for
non-invasively measuring hemoglobin concentrations in
blood comprises a computational model representing a rela-
tionship between a first variable indicative of total hemo-
globin concentration and a set of variables that includes
second variables indicative of light transmission through
tissue and third variables indicative of concentration pet-
centages of different hemoglobin species. The arrangement
further comprises a first calculation unit configured to dete-
mine, based on in-vivo measurement signals obtained from
a subject, in-vivo values for the second and third variables
and a second calculation unit configured to solve the first
variable based on the in-vivo values of the second and third
variables and the computational model.

In a still further embodiment, a computer program prod-
uct for non-invasively measuring hemoglobin concentra-
tions in blood comprises a first program product portion
adapted to receive a computational model representing a
relationship between a first variable indicative of total
hemoglobin concentration and a set of variables that
includes second variables indicative of light transmission
through tissue and third variables indicative of concentration
percentages of different hemoglobin species. The computer
program product further comprises a second program prod-
uct portion adapted to determine, based on in-vivo measure-
ment signals obtained from a subject, in-vivo values for the
second and third variables and a third program product
portion adapted to solve the first variable based on the
in-vivo values of the second and third variables and the
computational model.

Various other features, objects, and advantages of the
invention will be made apparent to those skilled in the art
from the following detailed description and accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating one embodiment of
a multi-wavelength pulse oximeter;

FIG. 2 illustrates the empirical relationship between an
intermediate variable and hematocrit found in red blood cell
suspensions;

FIG. 3 illustrates a relationship between the intermediate
variable and effective attenuation coefficient of tissue;

FIG. 4 is a flow diagram illustrating one embodiment of
determination of hemoglobin characteristics of a subject;

FIG. 5 illustrates an example of the operational entities of
a processing unit of a pulse oximeter; and

FIG. 6 illustrates an example of a pulse oximeter system.

DETAILED DESCRIPTION OF THE
INVENTION

A pulse oximeter comprises a computerized measuring
unit and a sensor or probe attached to the subject, typically
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to finger or ear lobe of the subject. The sensor includes at
least one light source for sending optical signals through the
tissue and at least one photo detector for receiving the signal
transmitted through or reflected from the tissue. On the basis
of the transmitted and received signals, light absorption by
the tissue may be determined. During each cardiac cycle,
light absorption by the tissue varies cyclically. During the
diastolic phase, absorption is caused by venous blood,
non-pulsating arterial blood, cells and fluids in tissue, bone,
and pigments, whereas during the systolic phase there is an
increase in absorption, which is caused by the inflow of
arterial blood into the tissue part on which the sensor of the
pulse oximeter is attached. Pulse oximeters focus the mea-
surement on this pulsating arterial blood portion by deter-
mining the difference between the peak absorption during
the systolic phase and the background absorption during the
diastolic phase. Pulse oximetry is thus based on the assump-
tion that the pulsatile component of the absorption is due to
arterial blood only.

In order to distinguish between two species of hemoglo-
bin, oxyhemoglobin (HbO,), and deoxyhemoglobin (RHb),
absorption must be measured at two different wavelengths,
i.e. the sensor of a traditional pulse oximeter includes two
different light sources, such as LEDs or lasers. The wave-
length values widely used are 660 nm (red) and 940 nm
(infrared), since the said two species of hemoglobin have
substantially different absorption at these wavelengths. Each
light source is illuminated in turn at a frequency which is
typically several hundred Hz.

FIG. 1 is a block diagram of one embodiment of a
multi-wavelength pulse oximeter. Light transmitted from an
emitter unit 100 passes into patient tissue, such as a finger
102. The emitter unit includes multiple light sources 101,
such as LEDs, each light source having a dedicated wave-
length. Each wavelength forms one measurement channel on
which photoplethysmographic waveform data is acquired. In
the embodiments of the disclosed apparatus, the number of
sources/wavelengths is at least three, typically four to ten,
and all wavelengths may be in the sub-micron range, i.e.
below about 1100 nm. That is, the water absorption needs
not to be measured.

The light propagated through or reflected from the tissue
is received by a detector unit 103, which comprises one
photo detector 104 in this example. The emitter and detector
units form the sensor 113 of the pulse oximeter.

The photo detector converts the received optical signals
into electrical pulse trains and feeds them to an input
amplifier unit 106. The amplified measurement channel
signals are further supplied to a control and processing unit
107, which converts the signals into digitized format for
each wavelength channel.

The control and processing unit further controls an emitter
drive unit 108 to alternately activate the light sources. As
mentioned above, each light source is typically illuminated
several hundred times per second. With each light source
being illuminated at such a high rate compared to the pulse
rate of the patient, the control and processing unit obtains a
high number of samples at each wavelength for each cardiac
cycle of the patient. The value of these samples varies
according to the cardiac cycle of the patient, the variation
being caused by the arterial blood.

The digitized photoplethysmographic (PPG) signal data at
each wavelength may be stored in a memory 109 of the
control and processing unit before being processed further
by the calculation algorithms of the control and processing
unit.
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For the determination of hemoglobin characteristics, such
as hemoglobin fractions and total hemoglobin (THb), the
control and processing unit is adapted to execute one or
more calculation algorithms, which may be stored in the
memory of the control and processing unit. The obtained
concentrations are shown on the screen of a display unit 114
of a user interface 116, which also includes a user input
device 115. The calculation algorithm(s) establishe(s) a
computational model 111 that represents a (mathematical)
relationship between in-vivo measurement signals obtained
from the subject and the desired hemoglobin characteristics,
such as the concentration of total hemoglobin (THb) and
hemoglobin fractions. In one embodiment, the algorithm(s)
may comprise two logical entities: a model 1124 that models
an intermediate variable using the measured data and a
relationship 1125 that relates the intermediate variable to the
total hemoglobin. The model 112a serves as a calibration
function that defines the intermediate variable as a function
of parameters measurable from a subject. In a further
embodiment the relationship 1126 can be omitted, in which
case the computational model may be a regression model
that directly models total hemoglobin using measured sig-
nals, hemoglobin fractions, and other tissue parameters as
independent variables of the model. The data for the com-
putational model may be stored in the memory before the
pulse oximeter is taken into use, as is discussed below. The
operations carried out prior to the actual use of the pulse
oximeter are in this context referred to as off-line operations,
while the actual in-vivo measurements are referred as on-
line operations.

As is known, the so-called Lambert-Beer law expresses
how light is absorbed by matter. According to the Lambert-
Beer law, the intensity of an incident light beam drops
exponentially as it passes through an absorbing sample.
Here, the term functional light transmittance (FLT) is used
to refer to the fraction of incident light that passes through
the sample: FLT=I/I,, wherein I, is the intensity of the
incident light, I is the intensity of the light passed through
the sample, and i is the wavelength of the light. According
to the Lambert-Beer law, FLTi=l/I,=e™™", where a. is eflec-
tive attenuation coeflicient and x is the path length.

In an embodiment of the disclosed measurement method,
the above-mentioned intermediate parameter is determined
through a model that uses independent variables indicative
of the DC component of the light transmission/absorption.
FIGS. 2 and 3 illustrate the basic steps of the method in
terms of determination of hemoglobin concentration. Hemo-
globin determination is based on a relationship empirically
verified in red blood cell (RBC) suspensions (R. Graaff,
Tissue Optics Applied to Reflectance Pulse Oximetry, Gron-
ingen: University of Groningen, 1993, p. 188, ISBN
90-9006681-0). In RBC suspension, the scattering of a
single cell is influenced by the presence of neighboring cells.
Reduced scattering coeflicient per unit volume of suspension
' is described in the literature as a function of hematocrit
Het by the equation: p'=o/V_ xHetx(1-Het)x(1.4-Hct),
where Het is the hematocrit, i.e. the volume fraction of the
red blood cells, o, the reduced scattering coefficient of a
single RBC, and V., the volume of a single RBC. On the
other hand, absorption coefficient 1, per unit volume in RBC
suspension is directly proportional to the hematocrit, and
may be written as p,=0,/V,, xHct, where g, is the absorp-
tion coeflicient of a single red blood cell. The product p xu '
is thus represented by the equation paxps':(oaxoijzm)x
HetxHetx(1-Het)x(1.4-Hct)=c ., ,;xHetxHetx(1-Het)x
(1.4-Hct), (Eq. 1), where c_,; describes the absorbtion and
scattering efliciencies of one cell. This relationship between
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6

hematocrit and the product pxp' is presented in FIG. 2. The
product pxu ' is here used as the above-mentioned intet-
mediate variable through which the hemoglobin concentra-
tion may be determined. The intermediate variable has a first
part (o, or ) that carries within itself a signature of the
spectral absorption of the hemoglobin confined to blood and
a second part, HetxHetx(1-Het)>(1.4-Hct), that is indica-
tive of the density of the red blood cells in the RBC
suspension. Due to this, the measured absorption takes into
account the contribution of scattering in the total light
attenuation through tissue.

As mentioned above, light transmission through a tissue
layer of thickness x is described by I=I,xe™, (Eq. 2), where
I, is the incoming light intensity and o is the effective
attenuation coeflicient for the tissue layer. By solving the
light transport equation using a so-called diffusion approxi-
mation gives for the effective attenuation coeflicient:

IR (TRTIOR (Eq. 3).

Because in red blood cell suspension p,<<u/, the effective
attenuation coefficient for the RBC suspension can be
approximated simply by

a?=3xp XL, (Eq. 4).

In real tissues, blood is the dominating absorber and,
therefore, the contribution of tissues other than blood to the
total absorption of in-vivo tissues is low. The transmission
through real tissue, such as a finger, is thus determined by
the blood in tissue plus the attenuation effect in the medium
that scatter the light beam away from the light source-
detector line. The scattering efficiency of bloodless tissues is
smaller than scattering in blood, and because, in addition,
absorption in bloodless tissue is very small, the overall
contribution to the effective attenuation coefficient by tissue
remains small. Under these assumptions the light transmis-
sion through a living tissue reflects well the properties of
blood, and, therefore a®=3xu s '~[log(I/I,)]*x*~[log
(1)1, (Eq. 5) where i, is the absorption coefficient and a,’
the scattering coeflicient in whole blood. That is, the effec-
tive attenuation coeflicient of a tissue layer is proportional to
log(FLT,), i.e. to the logarithm of the fraction of total light
transmission through tissue. This relationship between log
(I/1y) and the intermediate variable pxp ' is illustrated in
FIG. 3.

In one embodiment of the measurement method, an
empirical relationship is first established between measured
light transmissions and the effective attenuation in blood
using Eq. 5. The relationship may be used to determine the
intermediate variable p xp'. Then Eq. 1 (FIG. 2) may be
used to determine hematocrit based on the intermediate
variable. The calibration of the apparatus serves as a trans-
formation that transfers the calculation to an ideal whole
blood cuvette environment in which a relationship exists
between the intermediate variable and the desired hemoglo-
bin characteristics. Thus, the calibration data stored in the
apparatus may be used to transform the in-vivo signals/
variables to a variable of the theoretical domain within
which the desired hemoglobin characteristics can be derived
from the said variable.

The relationship illustrated in FIG. 3 may be established
by employing measured tissue transmissions FLT(A)=I(A)/
I,(») at all wavelengths X used in the pulse oximeter sensor.
In one embodiment, the relationship between the interme-
diate variable p xp' and the actual light transmissions is
found by linear regression using log(FLT(A)) and [log(FLT
(A\))* as independent variables of the regression model.
Therefore, instead that strictly obeying the theory above, the
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terms log(FLT(A)) may be maintained in the regression
model in order to account for deviations from the above
simple theory. As the intermediate variable p xp ' is wave-
length dependent, different estimates for the variable p xu'
may be obtained. The estimate obtained at each wavelength
may be converted to correspond to the variable pxp' at a
certain reference wavelength, preferably the isobestic wave-
length of oxy- and deoxyhemoglobin (805 nm). When the
composition of the hemoglobin species, oxy-, deoxy-, car-
boxy-, and methemoglobin, is known, the conversion means
that, first, the total n, at each wavelength is determined as the
weighted sum of the absorption coeflicients p 7Y of the
hemoglobin species HbX, the weights being the relative
concentrations of the hemoglobin species. That is,
1,(A)=HbO2xp O (\)+RHbxyr, X7 (\)+ HbMetxqp 72Me
(A)+HbCOxp,*<°(\) where HbO2, RHb, HbMet, and
HbCO are the concentration percentages of oxyhemoglobin,
deoxyhemoglobin, methemoglobin, and carboxyhemoglo-
bin, respectively.

Then, the same total p (A**) is determined for the
reference wavelength A™5%". The ratio between the reference
wavelength absorption and each of the other wavelength
absorptions determines the conversion factor F(A), and
w,(AFE=F (M), (M). Similarly, the scattering efficiency at
a wavelength A can be converted to correspond to the
scattering efficiency at a reference wavelength A%*% by using
the known Mie theory approximation (R. Graaff, Tissue
Optics Applied to Reflectance Pulse Oximetry, Groningen:
University of Groningen, 1993, p. 188, ISBN 90-9006681-
0) for the scattering coeflicient p '~0,=3.28xmxa”xz">7x
(m-1)*"=constantxa.°>’, where the red blood cells are
approximated as spheres with a radius a and refraction index
m; z=2xmxalh. This results in a second conversion factor
GW=(WATEFY>7 The total conversion factor for the ji_xp1,"
is thus F(A)xG(R). In other words, the variable p_xu ' at the
reference wavelength A**7 equals F(A)xG(\) times the vari-
able pxu ' at wavelength A.

To calibrate the pulse oximeter, blood samples are drawn
from subjects, and the hematocrit value Het and the con-
centration fractions HbX , are determined and used further to
determine, using the relationship of FIG. 2, the value of the
intermediate variable 1 xu ' at the reference wavelength.

Using the above different estimates, (355 )xp '(WEF)
obtained for the intermediate variable at the reference wave-
length, a conclusive estimate <y x> may then be formed,
for instance, by averaging all different estimates. This value
is then related to the simultaneously measured light trans-
missions, or actually to their logarithms. Consequently, the
calibration process results in a relationship

<pxit > =, (log(FLT(), [log(FLT(h,), HBY, ),

i=1...N, {Eq. 6),

where f'is the calibration function that may be obtained by
linear regression, FLTs are the light transmissions, HbX,
represents the hemoglobin fractions, and ¢, symbolizes
potential other independent parameters at wavelength k, that
are needed for compensating various tissue effects, such as
skin color.

FIG. 4 illustrates the steps carried out in one embodiment
of the method to obtain blood characteristics of a subject.
First, the off-line operations are carried out in steps 41 to 43
to calibrate the pulse oximeter. In step 41, a wide range of
hematocrit Het values may be determined from blood
samples taken at stable Het levels and a conclusive estimate
may be determined for the intermediate variable, as is
described above. Thus, in step 41 the relationship according
to FIG. 2 is generated for the pulse oximeter, so that the
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hematocrit value may be determined based on the obtained
intermediate variable in subsequent in-vivo measurements.
This relationship is stored in the memory of the pulse
oximeter in step 41.

In step 42, the parameters/variables (FLTi, HbX, ¢,)
needed for the calibration function f may be determined for
each stable Hct in the above range of hematocrit values. The
parameters/variables and the values of the conclusive esti-
mate of the intermediate variable at each level of Het are
then used in step 43 to find the calibration function f (Eq. 6)
for the pulse oximeter. This calibration function is stored in
the pulse oximetry memory. Thus, in steps 42 and 43 a
calibration function according to Eq. 6 is defined as
described above and stored in the pulse oximeter. The
calibration function may be a regression model that models
the dependent variable (intermediate variable) by using
known mathematical methods.

Steps 41 to 43, which form the calibration of the appa-
ratus, are typically carried out in the manufacturing phase of
the apparatus, after which the apparatus is ready for con-
tinuous monitoring of hemoglobin concentration.

When the pulse oximeter is taken into use, on-line mea-
surements are performed to obtain in-vivo measurement
signals from a subject. Based on the in-vivo measurement
signals, parameters of the calibration function, i.e. indepen-
dent variables of the regression model, are determined (step
44). As discussed above, these independent variables may
include hemoglobin fractions HbX;. The fractions may be
determined by using transformations adapted to transform
the in-vivo measured differential absorption signals,
dA/°=(AC/DC),, at wavelength k, to corresponding
non-scatter signals dA,”? according to the Lambert-Beer
model. In a typical transformation-based pulse oximeter, the
measured in-vivo signals are first transformed into signals
applicable to the Lambert-Beer model and then a linear set
of equations applicable in the Lambert-Beer model is solved
to obtain the fractional concentrations of different hemoglo-
bin species. Mathematically the operation of a transforma-
tion-based pulse oximeter may be expressed as follows:
dA/P=g(dA,"°, p,), in which dA,*? is a fictitious Lam-
bert-Beer model signal at wavelength i, dA,”"* is the
measured in-vivo signal at wavelength k (k=1 . . . M, in
which M is the number of wavelengths), g is a transforma-
tion function describing statistically the photon path lengths
in the tissue, and P, refers to one or more tissue property
variables indicative of absorption and scattering character-
istics of the subject’s tissue. The differential absorption
signal according to the Lambert-Beer model can be written
for four different hemoglobin species HbX; (deoxyhemoglo-
bin, oxyhemoglobin, carboxyhemoglobin, and methemoglo-
bin) and for eight wavelengths as follows:

Sbe S{Jboz gfbco E{JbMer (Eq.8)
i, 8 RHb
) HbO2
: =cX X
HbCO
dAg
HbMer

RHb  (MHbO2  HBCO  HbMet
&g & &g &g

in which HbO2, RHb, HbMet, and HbCO are the concen-
trations of oxyhemoglobin, deoxyhemoglobin, methemoglo-
bin, and carboxyhemoglobin, respectively, the e matrix is for
the extinction coeflicients of the four different hemoglobin
species at the eight wavelengths, and c is a constant. When
there are more than four wavelengths and thereby more than
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four measured signals and still only four unknown hemo-
globin concentrations, the concentration fractions must be
solved, for instance, in the least square sense: cx(HbX )=
(e,78,) " (e,"x(dA?), where the &,,” is the transpose of the
extinction matrix ., i=1 . . . M, and j=1 . .. 4, in which M>4
is the number of wavelengths. Finally, the constant ¢ is
determined so that the concentration fractions sum up to
100%.

An estimate of the intermediate variable p_xp' may then
be determined in step 45 based on the stored calibration
function and the obtained parameters. Finally, hematocrit
may be determined in step 46 using Eq. 1 stored in the pulse
oximeter in step 41. The total hemoglobin concentration
corresponding to the measured hematocrit value can be
optionally calculated using the relation THb=330 g/IxHct,
where Hct is the obtained hematocrit value. As the total
hemoglobin is known, the hemoglobin fraction percentages
obtained in step 44 may now be supplemented by deriving
absolute fraction values from the percentages and the total
hemoglobin value. Oxygen content in arterial blood may
further be determined based on the absolute oxyhemoglobin
values.

The differential absorption signal dA™? itself (Eq. 8) is
another example of an intermediate variable that is defined
in an ideal non-scatter LB blood cuvette. It has a first part,
exHbX that carries within itself a signature of the hemo-
globin absorption. The constant ¢ is the second part, which
is proportional to the total hemoglobin concentration and the
pulsating blood volume, c=THbxd1, in which dl is the
pulsed optical path length in the LB blood cuvette.

In the above embodiment, a regression model for the
dA™® is developed by keeping the measured differential
absorptions dA™ " and the measured hemoglobin fractions
HbX; as independent variables. Mathematically this regres-
sion model may be written as dA,*=f,(dA,”**, HbX , P,),
in which the additional parameters P, describe the confound-
ing tissue effects and f, is the calibration function (and k
refers to wavelength k). The regression model is developed
to a normalized LB optical path length and, therefore,
signals dA™? can directly give the total hemoglobin THb. In
fact, this embodiment may be regarded as equivalent to a
direct regression model of THb using the measured signals,
the hemoglobin concentration fractions and possible tissue
parameters as the independent variables of the model:
THb=f,(dA,""°, HbX,, Pp), where f; is the calibration
function.

In a further combined embodiment, both p_xu ' and dA
may be employed as independent variables of the regression
model modeling total hemoglobin: THb=f,(log(FLT,),
dA,”"?, HbX,, P,), where £, is the calibration function. In
this embodiment the independent variables can be in linear
or quadratic form, and cross-terms may also be included.
Thus, model variables indicative of light transmission
through tissue may include both variables representing loga-
rithms of the fraction of total light transmission through
tissue (log(FLT)) and variables representing pulsating light
transmission through tissue (dA”").

In terms of the on-line calculation process, the function-
alities of the control and processing unit 107 may be divided
into the operational units shown in FIG. 5. A variable
determination unit 51 is configured to determine the values
of the regression model variables based on the measured
in-vivo signals. As the hemoglobin fractions belong to the
regression model variables, this unit outputs the in-vivo
hemoglobin fractions. A transformation unit 52 is configured
to carry out the transformation from the in-vivo domain to
the blood cuvette domain where the intermediate variable is
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applicable. For this, the transformation unit uses the cali-
bration function, i.e. the model coefficients stored in a first
memory unit 53 of the device prior to the commissioning of
the device. A calculation unit 54 is further configured to
calculate the final hemoglobin characteristics, hematocrit or
THb, based on the intermediate variable output from the
transformation unit. For this, the calculation unit uses the
relationships stored in a second memory unit 55 of the
device prior to the commissioning of the device. It is to be
noted that FIG. 5 illustrates the division of the functionalities
of the control and processing unit in logical sense and in
terms of the determination of hemoglobin concentrations. In
a real apparatus the functionalities may be distributed in
different ways between the elements or units of the apparatus
or system. Since the computational model may also be
constructed without the intermediate variable, the function-
alities may also be divided at general level so that unit 51
forms a first calculation unit adapted to determine the
in-vivo values of the model variables, including hemoglobin
fractions, while the other units form a second calculation
unit adapted to use the said variables to solve the final
hemoglobin characteristics, i.e. hematocrit and possibly also
total hemoglobin.

The above-described solution enables both total hemo-
globin and hemoglobin fraction measurements in a single
sensor or apparatus that uses low cost, high power silicon
emitters, and a low cost silicon photodiode detector, i.e. the
more expensive detector technology necessary in the short-
wavelength infrared region is not required. The wavelength
range covered is typically 600-1000 nm, which also means
that the water amount in blood is not measured directly.

Since the concentration measurement rests on a conven-
tional SpO, measurement, the only instrument needed is a
pulse oximeter employing multiple, at least three, wave-
lengths. Furthermore, any additional hardware, such as an
arrangement for controlling the blood flow of the subject, is
not required. The measurement is also easy to perform and
may be carried out continuously, and the straightforward
algorithm enables a complete picture of blood composition
to be obtained with reduced computing power. The mea-
surement and apparatus is thus suitable to diagnostics and
monitoring of hemoglobin concentrations at various loca-
tions, such as hospitals, doctor’s offices and homes inas-
much as the solution allows automatic and continuous
evaluation of blood composition to be introduced in clinical
set-ups and in self-care devices in a cost-effective way.

The pulse oximeter of FIG. 1 includes, in addition to the
normal SpO, algorithm, hemoglobin calculation
algorithm(s) that may be stored in the memory of the pulse
oximeter in the manufacturing phase of the apparatus. As
discussed above, the calculation algorithm(s) form the com-
putational model that describes the relationship between the
desired hemoglobin characteristics (THb and/or Het) and
in-vivo signals/parameters. However, it is to be noted that
the elements of the computational model, i.e. variables and
equations, are not necessarily stored in the actual pulse
oximeter or in its control and processing unit, but the
elements of the computational model may be distributed
between the sensor attached to the subject, the actual pulse
oximeter device, i.e. the control and processing unit, and/or
a communication network. Thus, a complete pulse oximeter
may be realized as a compact or distributed device. Below,
the term arrangement is used to refer to the multiple possible
device implementations in this respect. FIG. 6 illustrates an
example of an arrangement in which the control and pro-
cessing unit 107 is provided with a network interface 61 for
downloading/updating the computational model or compo-
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nents thereof through a network from a network element 62
storing the model or components thereof, such as updated
coeflicients. This is illustrated with dotted lines in the figure.
The calculation algorithm(s) 112 or the components thereof
may also be stored in the sensor 113, as is illustrated in FIG.
6. The control and processing unit may also hold different
calculation algorithms for different sensor types. The sensors
may be provided with an identifier identifying the calcula-
tion algorithm(s) that may be used with the sensor. In one
embodiment of the arrangement, the control and processing
unit is compatible with both a conventional sensor (two
wavelengths) and an advanced sensor employing the above-
described calculation algorithm(s). The control and process-
ing unit 107 may be provided with a recognition module 63
for recognizing the type of the sensor and reading the model
identifier. If the recognition module detects that an advanced
sensor is connected to it, it may download data from the
sensor and/or network according to the blood characteristics
to be determined and displayed. The user of the device may
select the data to be displayed through the user interface 116.

A pulse oximeter may also be upgraded to a device
capable of determining the concentration of a substance in
the blood of a subject. Such an upgrade may be implemented
by delivering to the pulse oximeter a software module that
enables the device to carry out the above steps. The software
module may be delivered, for example, on a data carrier,
such as a CD or a memory card, or through a telecommu-
nications network. The software module may be provided
with the calculation algorithm(s) or components thereof
and/or with operational entities adapted to access an external
memory holding the algorithm(s) or algorithm components,
such as regression model coeflicients. The software module
may comprise three portions: a first portion adapted to
receive the computational model, a second portion adapted
to determine, based on in-vivo measurement signals
obtained from a subject, the in-vivo values for the model
variables (such as hemoglobin fractions), and a third portion
adapted to solve the THb (or hematocrit) based on the
in-vivo values of the model variables and the computational
model.

This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled in the art to make and use the invention. The
patentable scope of the invention is defined by the claims,
and may include other examples that occur to those skilled
in the art. Such other examples are intended to be within the
scope of the claims if they have structural or operational
elements that do not differ from the literal language of the
claims, or if they have structural or operational elements
with insubstantial differences from the literal language of the
claims.

The invention claimed is:

1. A method for non-invasively measuring hemoglobin
concentrations in blood of a subject, the method comprising

establishing a pre-determined first relationship between a

first variable indicative of total hemoglobin concentra-
tion and an intermediate variable, wherein the first
relationship is based on blood samples from at least one
other subject and the intermediate variable represents a
product of absorption coefficient p, per unit and
reduced scattering coeflicient ' per unit volume;
determining a second relationship between the interme-
diate variable and a set of variables that includes
second variables indicative of light transmission
through tissue and third variables indicative of concen-
tration percentages of different hemoglobin species;
storing the first and second relationships in a memory;
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acquiring in-vivo measurement signals from the subject
using a sensor of a pulse oximeter that includes an
emitter and a detector performing measurements of at
least three wavelengths;

determining, based on the in-vivo measurement signals
from the subject, in-vivo values for the second and third
variables;

determining the intermediate variable based on the second
relationship;

solving for the first variable based on the pre-determined
first relationship between the intermediate variable and
the first variable; and

determining the hemoglobin concentrations based on the
first variable and displaying the hemoglobin concen-
trations on a display unit.

2. The method according to claim 1, wherein the second
variables are logarithms indicative of total light transmission
through the tissue.

3. The method according to claim 1, wherein the second
variables are indicative of pulsating light transmission
through the tissue.

4. The method according to claim 1, wherein the acquiring
includes acquiring the in-vivo measurement signals at wave-
lengths below about 1100 nm.

5. An arrangement for non-invasively measuring hemo-
globin concentrations in blood of a subject, the arrangement
comprising:

a pulse oximeter including at least one sensor having an
emitter and a detector operable to obtain in vivo
measurement signals of at least three wavelengths from
the subject;

a control unit including a memory device including a
stored pre-determined first relationship between a first
variable indicative of total hemoglobin concentration
and an intermediate variable and a second relationship
between the intermediate variable and a set of variables
that includes second variables indicative of light trans-
mission through tissue and third variables indicative of
concentration percentages of different hemoglobin spe-
cies, wherein the pre-determined first relationship is
determined based on blood samples from at least other
subject and the intermediate variable represents a prod-
uct of absorption coeflicient p1, per unit and reduced
scattering coeflicient p.' per unit volume;

a first calculation unit configured to determine, based on
the in-vivo measurement signals obtained from the
subject, in-vivo values for the second and third vari-
ables;

a second calculation unit configured to solve the first
variable based on the in-vivo values of the second and
third variables and the stored first and second relation-
ships; and

a display unit to display the hemoglobin concentrations.

6. The arrangement according to claim 5, wherein the
second variables are logarithms indicative of total light
transmission through the tissue.

7. The arrangement according to claim 5, wherein the
second variables are indicative of pulsating light transmis-
sion through the tissue.

8. The arrangement according to claim 5, wherein the
in-vivo measurement signals are at wavelengths below about
1100 nm.

9. A non-transitory computer-readable medium for use
with a computer processor for non-invasively measuring
hemoglobin concentrations in blood of a subject, the non-
transitory computer-readable medium comprising:
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a first program product portion including a pre-deter-
mined first relationship determined based on blood
samples from at least one other subject, the pre-deter-
mined first relationship representing a relationship
between a first variable indicative of total hemoglobin
concentration and an intermediate variable and a sec-
ond relationship between the intermediate variable and
a set of variables that includes second variables indica-
tive of light transmission through tissue and third
variables indicative of concentration percentages of
different hemoglobin species, wherein the intermediate
variable represents a product of absorption coefficient
1, per unit and reduced scattering coeflicient ' per unit
volume;

a second program product portion adapted to determine,
based on in-vivo measurement signals obtained from a
sensor having an emitter and a detector performing
measurements of at least three wavelengths configured
to be positioned on the subject, in-vivo values for the
second and third variables; and

a third program product portion adapted to solve the first
variable based on the in-vivo values of the second and
third variables and the first and second relationships.
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