36

ISSN 1814-4225 (print)

Radioelectronic and Computer Systems, 2024, no. 1(109) ISSN 2663-2012 (online)

UDC 616-71:612.16:612.22

doi: 10.32620/reks.2024.1.03

Anton SHEIKUS?, Igor PRASOL?, Oleh DATSOK?

lUkrainian State University of Chemical Technology, Dnipro, Ukraine
2Kharkiv National University of Radio Electronics, Kharkiv, Ukraine

A PULSE OXIMETER FOR MEASURING THE BLOOD OXYGENATION LEVEL

CONSIDERING THE CARBOXYHEMOGLOBIN CONCENTRATION: PRINCIPLES

OF DEVELOPMENT, COMPUTER MODEL AND ACCURACY ASSESSMENT

The main method for estimating the level of arterial blood oxygenation is pulse oximetry, which has the ad-
vantages of being fast, simple, reliable, and non-invasive. However, in well-known pulse oximeters, oxygen sat-
uration is determined only by hemoglobin functional fractions, which reduces the device accuracy and is unac-
ceptable in certain clinical cases. The known pulse oximeter improvement that considers the dysfunctional frac-
tion concentration, especially carboxyhemoglobin, when measuring the level of blood oxygenation is an actual
scientific and technical task. The research subjects. Mathematical, algorithmic, and technical support of a pulse
oximeter that measures blood oxygenation levels considering the carboxyhemoglobin concentration. Objective.
To expand the pulse oximeter functionality to consider the concentration of carboxyhemoglobin in arterial blood.
Methods. Methods of computer simulation for developing a model and estimating the pulse oximeter accuracy
that measures the blood oxygenation level considering the carboxyhemoglobin concentration. Results. The the-
oretical statements of measuring the level of blood oxygenation considering the carboxyhemoglobin concentra-
tion and the simplest pulse oximeter structural diagram for measuring are developed. An additional LED used
in the pulse oximeter is proposed, and the wavelength choice is justified on the condition of maximizing the
carboxyhemoglobin contribution to the optical density of the biological object. Computer models of a traditional
pulse oximeter and a pulse oximeter with an additional LED were developed, simulation research was conducted
using the developed models, and the device accuracy for measuring the level of blood oxygenation was estimated
considering the carboxyhemoglobin concentration. Conclusions. Simulation studies based on the developed
models show that the proposed pulse oximeter, compared with the known one, allows determining and estimating
a decrease in blood oxygenation caused by the carboxyhemoglobin concentration increasing in the patient’s
blood. Considering that light is also absorbed by the third derivative of hemoglobin, carboxyhemoglobin, in-
creases the accuracy of the proposed pulse oximeter in measuring functional saturation.

Keywords: pulse oximetry; oxygenation; carboxyhemoglobin; development; computer model; saturation; hypox-
emia; accuracy.

pulse oximetry is higher in hypoxemia than the true oxy-
gen saturation measured invasively, thereby increasing

1. Introduction

1.1. Motivation.

There are human body functioning pathologies that
are accompanied by hypoxemia, and the patient’s blood
oxygenation level requires constant monitoring.

Pulse oximetry is the main technique for arterial
blood hemoglobin oxygen saturation continuous estima-
tion [1, 2]. The advantages are speed, simplicity, reliabil-
ity, and non-invasiveness in determining low blood oxy-
gen levels before clinical features become noticeable. A
medical device designed to measure oxygen concentra-
tion in the blood is a pulse oximeter (PO). Portable POs
powered by primary galvanic elements are available for
transport and home monitoring of blood oxygenation [3].

The importance of monitoring the oxygen satura-
tion is increasing significantly in the current COVID-19
pandemic conditions [4], when patients have significant
lung tissue damage. Oxygen saturation measured by

the risk of occult hypoxemia [5]. Therefore, improving
the accuracy of known POs, and developing devices for
measuring blood oxygenation levels in patients with
pathological conditions, is an actual task.

1.2. State of the art

In well-known POs, the saturation of arterial blood
hemoglobin with oxygen is determined by equation [6]:

C
SpO, = —— )

Chibo, *+ CribH

where Chpoz is the oxyhemoglobin concentration, mol/I;
Chin IS the deoxyhemoglobin concentration, mol/l.
SpO- value is the functional saturation. The numer-
ical value shows the arterial blood hemoglobin propor-
tion that is combined with oxygen (oxyhemoglobin,
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HbO,) of the functional hemoglobin total concentration
that can take part in oxygen transport.

SpO; determination in POs is carried out by the op-
tical two-spectral method [7], and two LEDs are usually
used as a light source: red and infrared with approximate
emitted wavelengths of A1 = 660 and A, = 940 nm, respec-
tively.

Monochromatic light with wavelength A; and inten-
sity lo; is partially absorbed and travels through the arte-
rial blood. The light intensity at the output is I; as deter-
mined by the Bouguer-Lambert-Beer law:

|9I:)%j:|‘2(8j,i -G )’ )
i i1

where C is the hemoglobin derivative molar concentra-
tion in the blood, mol/l; I is the arterial blood layer thick-
ness, cm; n is the number of hemoglobin derivatives in
the blood; ¢ is the extinction coefficient, 1/(mol-cm). The
following indexes are used in the formula: i is the hemo-
globin derivative serial number and j is the light wave-
length serial number.

In (1), oxygen saturation is determined by two de-
rivatives of hemoglobin, son in (2) is 2.

However, the arterial blood layer thickness I
changes due to changes in the blood circulation in vessels
that are done periodically and are determined by the
pulse. In addition, the emitted light is absorbed not only
by arterial but also by venous blood along with the skin
[8].

Therefore, an auxiliary value R is introduced into
the saturation calculation, which is determined by the rel-
ative change in each wavelength light intensity (Fig. 1)
travelled through the body tissue during one cardiac cy-

cle:
Ig[ :min,l J
R—_\ mxl/ 3)
Ig Imin,Z
Imax,2
where Imax is the light intensity constant component trav-
elled through the biological object (body part); Imin is the
minimum intensity, which is caused by a pulse change in
the filling of the vessels of the object with arterial blood.
When using (3), light absorption only by the layer
of arterial blood is taken into account, which is addition-
ally created during blood filling of vessels. The layer
thickness periodically changes from 0 to a maximum

value dmax. Then, according to (2), the light intensity at
the object output using a red LED:

—0ax (€ C +& C
Iminyl — Imaxy]_'lo max(l,HbOz HbO2 ™ “1,HbH HbH). (4)

Al;

-~

Light intensity

Imax,j

Imin,_i

! . Time

Fig. 1. Time variation of the light intensity travelled
through the biological object caused by pulse changes in
the filling of vessels of the object with arterial blood [9]

Light intensity at the object output using an infrared
LED:

—d,o (€ C +€ Chpn)
min,2 — Ima_xyz 10 max( 2,HbOy “~HbOy T “2,HbH “~HbH . (5)

Substituting (4) and (5) into (3), we obtain an ex-
pression for calculating the value R:

R & Hbo, Chbo, + €1HoH Chbn

(6)

€2,Hbo, Chbo, *€2,HbH Cribr

and the hemoglobin derivative concentrations interrela-
tion:

R & HoH — &1, HoH @)

CHbo2 = Chpn R
€1,Hbo, ~ N €2 Hho,

Substituting (7) into (1), a well-known expression
for calculating the functional saturation SpO; with oxy-
gen using the auxiliary value R [10]:

Re —&
SpO, = 2,HbH ~ €1, HbH . ®)

R(€2,HoH — €2,Hb0, ) + €1,HbO, — €1, HbH

Technically, the task of determining the blood oxy-
genation level is performed in a PO by measuring the
constant and pulse-modulated light components travelled
through the tissue in the red and infrared ranges, for fur-
ther calculation of the R ratio (6) and saturation (8) [11].

However, in addition to functional fractions, human
arterial blood also contains dysfunctional fractions that
cannot attach oxygen or are already combined with other
gases. These include carboxyhemoglobin (HbCO), me-
themoglobin (HbMet) and sulfhemoglobin (HbSulf).

HbCO is a compound of hemoglobin and carbon
monoxide [12]. Excessive HbCO in the blood leads to
oxygen starvation, dizziness, nausea, unconsciousness or
even death, as carbon monoxide connected to hemoglo-
bin prevents it from attaching oxygen to itself. Normally,
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HbCO concentration in the blood is 0.5-1.5% of total he-
moglobin. However, under certain conditions and cir-
cumstances, the values are higher. For example, smokers,
inhabitants of large cities and highlands, and newborns
have HbCO high concentrations (up to 9%) [13]. A sep-
arate case in which the HbCO concentration is signifi-
cantly higher than its normal values is carbon monoxide
poisoning [14, 15]. Patients with COVID-19 also have
increased HbCO concentrations in arterial blood [16].

HbCO absorbs light when measuring the oxygena-
tion level using the optical method, which causes errors
in the measuring results [17]. HbCO high concentrations
in arterial blood increase its contribution to the optical
density of biological objects, which affects the determi-
nation of saturation accuracy only by functional frac-
tions. In addition, changes in HbCO concentration do not
affect the value of functional saturation, and this indica-
tor loses its diagnostic value, for example, in the hypox-
emia case caused by carbon monoxide poisoning [18].

Therefore, measuring the blood oxygenation level,
especially in human body pathological conditions [19],
as well as increasing the diagnosis accuracy, is impossi-
ble without considering the HbCO concentration in the
patient’s arterial blood.

1.3. Objective and tasks

The objective is to expand the pulse oximeter func-
tionality to consider the concentration of carboxyhemo-
globin in arterial blood.

The research tasks:

1. Development of the theoretical statements for
measuring blood oxygenation level considering the
HbCO concentration, as well as the structural diagram
and mathematical support of the PO for this measure-
ment.

2. Development of the computer model of a well-
known PO and a PO with an additional LED that
measures blood oxygenation level considering the HbCO
concentration.

3. Conduct simulation research using the developed
models to determine the effect of HbCO content in arte-
rial blood on the readings of the devices and estimate the
device accuracy for measuring the blood oxygenation
level considering the HbCO concentration.

2. Materials and methods of the research

2.1. Theory for measuring blood oxygenation
level considering the HbCO concentration

Considering the HbCO concentration, oxygen satu-
ration is determined by the following equation:

Chivo,

SpO, (HbCO) = ©)

Hbo, + Cribn + Chioco

Equation (9) contains three unknown variables;
therefore, determining the saturation requires an addi-
tional information channel. The problem is solved using
an additional LED with a wavelength that differs from
the two main LED light wavelengths.

The auxiliary values R; are introduced as follows:

Ima><j

Rzlg ‘1

J
min, j

i=12,3. (10)

Then, in accordance with the Bouguer-Lambert-
Beer law, we have a system of equations:

3
Rj = diax 'Z(Sj,i -G ), 1=123. (12)
i1

The system of three equations contains 4 unknown
variables: the hemoglobin derivatives concentration C;
and the maximum increase in the arterial blood layer per
cardiac cycle dmax. Therefore, a; is the product of the con-
centration of the i-th derivative of hemoglobin by dmax:

max 'Ci' (12)

Substituting (12) into (11), the system of equations
is solved using the Gaussian method relative to ai. The
following:

£1,HbO,
Q=€ HpH— "€ HoH > (13)
€2,Hho,
£€1,HbO,
b=¢ co— "€2,HbCO > (14)
€2,Hbo,
€1,HbO,
C=8& HoH— “€3 HbH > (15)
€3 Hbo,
£€1,HbO,
d =2 1o~ "€3 HbCO > (16)
€3 Hbo,
€1,HbO
e=R;———=Ry; 17
€2,HbO,
£€1,HbO
f=R;- 2.R,. (18)
£€3,HbO,
(19)

—& ppco-(e-c—a-f).
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Then the values a; are determined by the following
equations:

m

= ; 20

OlHbo, 200, (b-o—a-d) (20)
b-f-e-d,

CHoH = o (21)

e-c—a-f 22)

quCO = b'C—a'd'

To determine saturation, the calculated values a; are
substituted for the concentrations in equation (9):

Cc
SpO, (HbCO) = Omax HbO, -

max  Chbo, + ChbH *+ Chibco

(23)
®Hbo,

Oppo, T OHbH T OHbco

Substituting (20) — (22) into (23), a formula for cal-
culating the saturation SpO,(HbCO), considering the
HbCO concentration, is given as follows:

SpO, (HHCO) =
= m (24)
M+8y o, - (F-(b—a)—e(d—c))

Substituting (20) and (21) into (1), we obtain a for-
mula for calculating the functional saturation SpO,, con-
sidering the HbCO concentration:

OHbo, B m
Oppo, +OppH M +8ppo, (f-b—e-d)
(25)

2.2. Principles of development of a pulse
oximeter for measuring the blood oxygenation
level considering the HbCO concentration

The block diagram of the simplest PO that measures
the blood oxygenation level considering the HbCO con-
centration is shown in Fig. 2.

The diagram involves the use of three LEDs: red,
infrared and additional that are switched on alternately.
The LED driver generates signals for alternate switching
on of LEDs, which allows the use of one photodetector
for light registration. The switching is performed at a fre-
quency of about 2000 Hz. A digital-to-analog converter
generates the required LED current value.

The light travels through the biological object (body

part), is partially absorbed and recorded by the photode-
tector. The signal from the photodetector is amplified by
an amplifier, converted into a digital signal by an analog-
to-digital converter and sent to the microcontroller. The
microcontroller processes the signal, calculates the oxy-
genation level value, displays it, and controls the LED
operation via the feedback channel [20].

: 940 nm :
[
to| LEDT | |
|
l .
' 660nm |
| |
W LED2 | | | BO PD || Amp
[
l .
|
: 610 nm | \
| |
H{ LED3 | | > ADC
l .
| [
___T___ v
LD MCU |=»{ Disp
DAC |«

Fig. 2. Block diagram of a PO for measuring blood
oxygenation level considering HbCO
concentration (BO — biological object (body part),
PD — photodetector, Amp — amplifier,

ADC - analog-to-digital converter,

MCU — Microcontroller, LD — LED driver,
DAC - digital-to-analog converter, Disp — display)

The additional LED wavelength choice requires
justification. As HbCO extinction coefficient takes
smaller numerical values compared with the extinction
coefficients of other hemoglobin derivatives [21], it is
important that the HbCO contribution to the total optical
density of the biological object be the highest at the se-
lected wavelength. Therefore, the following expression is
chosen as the objective function:

al) =
(26)

€ Hbco Cos,Hoco ~100%

€).,1b0, Co,Hbo, + &3, HbH CooHbH T €2, Homet Cop, Homet

The function graph (26) is shown in Fig. 3.

The HbCO contribution to the optical density of bi-
ological objects is normally not more than 0.4%. Such a
small percentage is explained by the low HbCO concen-
tration in arterial blood, and the low extinction coeffi-
cient values.
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Fig. 3. HbCO contribution dependence of optical den-
sity of biological objects on light wavelength

The dependence has three extrema, but two of them
are for light with wavelengths of 520 and 565 nm. Such
monochromatic light is significantly absorbed by biolog-
ical objects and cannot be used in POs. Therefore, an
LED with a wavelength of 610 nm is chosen as an addi-
tional light source (the third extremum of the dependence
q(A)). The light with the chosen wavelength has an amber
colour.

To eliminate the influence of outside light on the PO
read-outs in the pulse sequence corresponding to each
LEDs operation, there is an additional 4th pulse U, with
the LEDs off. Signal processing in the microcontroller
begins with the pulses separation corresponding to the
operation of individual LEDs and outside light.

The next set of pulses being received, the calcula-
tion of light intensities I; without components caused by
outside light is carried out. To make the calculations, the
following formula that considers the photodetector static
characteristic nonlinearity is used:

where Uj are the separated signals from the photodetector
corresponding to a particular LED operation; (I1; i1) and
(I, i2) are two arbitrary points of the photodetector aver-
age nonlinear static characteristic.

The static characteristic of the photodetector in a
logarithmic scale is linear. Therefore, in (27) it is neces-
sary to specify the coordinates of only two points of the
characteristic.

Extreme values of light intensities I; were deter-
mined. To eliminate local minima and maxima, as well
as photodetector signal low-amplitude noise, each deter-
mined maximum or minimum value of light intensity is
not used in the calculations if the peak height on both

sides of the time diagrams is less than a model parameter
that is set in advance. In this case, the signal correspond-
ing to the operation of one of the three LEDs is examined
for extremes. If there is an extremum on the selected time
diagram, there are also extrema on the other two, as the
periodic process is caused by the same phenomenon —
blood filling of the vessels.

After the next cardiac cycle is completed, using the
determined values lmaxj and Iminj, the auxiliary values R;
are calculated according to formula (10), then the func-
tional saturation and saturation with HbCO are calculated
according to formulas (13) — (19), (25), and (24).

To improve measuring accuracy, the blood oxygen-
ation level and heart rate were calculated as average val-
ues over several cardiac cycles:

nc
> Sp0,
Spo, =*=——, (28)
nc
nc
) 8p0, (HbCO),
Sp0, (HbCO) = XL - : (29)
60-(nc-1)
Pr=— : (30)
Z(tmin,k _tmin,k—l)

k=2

where k is the cardiac cycle serial number, nc is the num-
ber of cardiac cycles for calculations, Pr is the heart rate,
tmin is the time interval between the beginning of the
measuring procedure and the achievement of Iy, in the
corresponding cardiac cycle.

2.3. Computer model of the pulse oximeter
for measuring the blood oxygenation level
considering the HbCO concentration

A computer model of a PO was developed that
measures the blood oxygenation level considering the
HbCO concentration. The model adequacy is estimated
using the interval method [22]. The modelling was car-
ried out using the MATLAB application package and the
Simulink graphical modelling environment (Fig. 4).

The PO model with an additional LED consists of
subsystems that are models of developed structural dia-
gram individual components (Fig. 2): three LEDs, a bio-
logical object with a pulse generator [23, 24], a photode-
tector, an amplifier, and a microcontroller with the func-
tion of displaying the calculated saturation values. A mi-
crocontroller model based on «S-Function Builder»
block using the C++ language is developed.

Measuring accuracy is estimated by comparing the
expected PO read-outs with the initial data, for which the
model is completed with blocks for calculating and
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Fig. 4. Computer model diagram of the PO that measures the blood oxygenation level considering
for the HbCO concentration

displaying saturation values based on the values of he-
moglobin derivative concentrations set during model-
ling [25].

A computer model of traditional PO was developed
to determine the expediency of considering the HbCO
concentration when measuring the blood oxygenation
level and to estimate the advantages of the proposed de-
vice.

There is no third LED subsystem in the model; there
is no third control influence from the microcontroller; the
pulse number in the sequence is three; there are no ex-
tinction coefficients corresponding to the wavelength of
the third LED and HbCO in the calculations; the auxiliary
value R calculation is carried out according to the known
formula (6), and saturation is calculated according to (8).

3. Results

The PO model output values are expected read-outs
of functional saturation and saturation with HbCO, heart
rate and measuring time.

The input values list, factors of external influence
on the measuring process, model parameters, and numer-
ical values that must be set for calculations are given in
Table 1. The model considers the main factors affecting
the measuring process, namely, the methemoglobin con-
centration in the arterial blood of patients, the maximum
increase in the thickness of the arterial blood layer per
cardiac cycle, and changes in the outside light intensity.
The symbols and their nominal numerical values are
given.

Table 1

Nominal values of the input variables and parameters
of the PO model

Variable Nominal Measuring
value units
Input variables:
Heart rate, Pr: 60 1/min
0
Oxyhemoglobin  con- 9.5 o
centration, Cppoz: 144.75 o/
 Hoz: 8.9834:10° | mol/l
0
Deoxyhemoglobin con- ?735 g/(/JI
centration, Crow: 2.3273-10* | mol/l
0
HbCO  concentration, 0.5 &
Crrcor 0.75 gl
Hbco: 4.6546:10° | mol/l

Factors of external influence
on the measuring process:

|zovn

0
Methemoglobin  con- 8?5 ;/)I
centration, Chower 4.6546-10° | mol/l
The maximum increase
in the thickness of the
arterial blood layer in
the biological object 0.005 cm
during one cardiac cy-
cle, dmax
External light intensity, 01 mW/em?




42 ISSN 1814-4225 (print)
Radioelectronic and Computer Systems, 2024, no. 1(109) ISSN 2663-2012 (online)
Continuation of Table 1 Continuation of Table 1
Variable Nominal Measgring Variable Nominal Measyring
value units value units
Model parameters: Distance from the LED 1 cm
The LEDs wavelengths, to the photodetector, r
A 660 am
A2 940 Rated flows of LEDs
As: 610 with emission wave-
PO  operating fre- 2000 by %e.ngths M, A2 and Ag, mA
quency, f i1 20
LED supply voltage, 5 v i2: 20
ULep [EN 20
Bit depth of the micro- 16 bit Light intensity of LEDs
controller ADC, Res at rated flows,
The minimum allowa- ha: 2.4 cd
ble peak height on time | 2 % le: 2.2
diagrams, Tr la: 2.8
Number of cardiac cy- 5 The coordinates of two
cles for measuring, nc arbitrary points of the
The light extinction co- average static charac-
efficients with an emis- teristic of the photode-
sion wavelength A; (660 tector,
nm), 1/(mol-cm) !f'l: L m/em?
€1,HbO2: 319.6 Iras 4 mA
€1.HoH: 3227 (PP 15 mW/cm?
€1,HbCO: 104.41 ifyz: 15 mA
€1,HbMet: 3706.65 Resistances of the cur-
The light extinction co- rent-to-voltage  con-
efficients with an emis- verter resistors on the
sion wavelength A, (940 operational amplifier,
nm), Ru: 1000 Ohm
€2,HbO2: 1214 Ra: 1000 Ohm
€2 HbH: 693.39 Rs: 2000 Ohm
E2bco: 40 1/(mol-cm) P : :
€2,HbMet! 3480 Considering the existence of other hemoglobin de-
rivatives in arterial blood, it is necessary to determine the
The light extinction co- fractional saturation which is calculated as the ratio of
efficients with an emis- oxyhemoglobin concentration to the total hemoglobin
sion wavelength A3 (610 content in the blood:
nm),
€3 HbO2 1506 SpO, (Hb)if 9 =
€3,HbH: 9444
£3,HbCO: 530.86 V(mol-cm) = Cruo, 100%, CY
€3, HbMet: 12766.17 Chio, + Chion +Chibco +ZCHb
Total hemoglobin con- | 150 g/l
centration, CHb: 9.3093-10° | mol/l where Y Chyp is the sum of the other hemoglobin dysfunc-
The attenuation coeffi- tional fraction concentrations, including meta-hemoglo-
cients by the biological bin. The index in is the actual values of the calculated
object with emission values.
wavelengths A1, A2 and Hemoglobin derivatives concentrations expressed
A3, as a percentage of the total hemoglobin content are used
Koa1: 10 to calculate saturations:
Kovzl 10
Ko.3: 10
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Ciio The dependencies of expected readings
SPO3in0 = . é -100% = SpO2(2LED)ous of the known and SpO(3LED)ouss Of
HbO, HbH the proposed POs, as well as the actual functional satura-
Chib *Chibo, % ti I ins on the H tration in th
Hb " “HbO, % 100%=  (32) ion value SpO.,iny% on the HbCO concentration in the

Chib *Chbo,.% + Chib * Crion,o%

Chibo, %

= -100%.
Chibo,,% + ChibH,0%

Considering that the sum of all the hemoglobin de-
rivatives percentage concentrations is 100%, the frac-
tional saturation is equal to the oxyhemoglobin percent-
age concentration in the patient’s arterial blood:

SpO, (HD)in,o = Crivo, 96+ (33)

According to the developed computer models, the
influence of HbCO concentration in arterial blood on the
read-outs of the proposed and known POs is researched.
The methemoglobin concentration is 0.5%, deoxyhemo-
globin is 2.5%, and the change in HobCO concentration
was carried out by a corresponding change in the oxyhe-
moglobin concentration. The modelling results are
shown in Table 2.

The dependencies of expected readings
SpO2(2LED)qut% of the known and SpO2(HbCO)out% of
the proposed POs, as well as the actual fractional satura-
tion value SpO2(Hb)ine on the HHCO concentration in

blood are shown in Fig. 6.
4. Discussion

The known PO absolute error caused by the exist-
ence of dysfunctional hemoglobin fractions in the blood
is as follows:

ASPO, (2LED)y, =Sp0, i o, —SPO, (Hb)i o, =

(34)
=3pO2,in% * (Chbco +ZCHb)v

and the relative value is equal to the dysfunctional hemo-

globin fraction percentage concentrations sum:

8Sp0, (2LED),, =

SpO3.in.o

= Chicow + ZCHb,%'

ASPO, (2LED)yy 1o

(35)

The proposed PO absolute error caused by the ex-

istence of dysfunctional hemoglobin fractions in the
blood is as follows:

=5p0, (HbCO);,, o, —SPO, (Hb)i, o, = 36
the blood are shown in Fig. 5. PO( Jins ~SPO2 (HD)in (36)
=5p0, (HBCO);05 - D Chpys
Table 2
The POs operation modelling results at different values of HbCO concentration in the blood
Actual Readings of
Readings value of the pro-
Actual . % | the oxygen | posed PO of Actual
Concen- Concen- | Concen- Readings of the ;
- Concen- - - value of saturation | the oxygen value of
tration - tration tration of the proposed . ;
tration the func- consider- saturation the frac-
HbO, o HbCO, HbMet, . known PO of . L .
% HbH, % % % tional sat- PO functional ing the considering | tional sat-
uration - HbCO the HbCO uration
saturation
concentra- | concentra-
tion tion
67 2.5 30 0.5 96.4 94.63 95.92 67.34 66.38 67
77 2.5 20 0.5 96.86 95.63 96.42 77.39 76.18 77
87 2.5 10 0.5 97.21 96.43 96.8 87.44 85.99 87
89 2.5 8 0.5 97.27 96.56 96.88 89.45 87.85 89
92 2.5 5 0.5 97.35 96.76 96.98 92.46 90.77 92
94 2.5 3 0.5 97.41 96.89 97.03 94.47 92.88 94
95 2.5 2 0.5 97.44 96.95 97.07 95.48 93.69 95
96 2.5 1 0.5 97.46 97.01 97.1 96.48 94.68 96
96.5 2.5 0.5 0.5 97.47 97.04 97.11 96.98 95.19 96.5
96.9 2.5 0.1 0.5 97.48 97.06 97.12 97.39 95.66 96.9
97 2.5 0 0.5 97.49 97.07 97.12 97.49 95.73 97
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The additional LED used and the HbCO concentra-
tion considered reduces the absolute measuring error.

ASPO, ¢, =SpO;, i o5 —SPO, (HOCO);, o, =

38
-SpOyin g6 (38)

The modelling results (Fig. 5) show that with 10%
HbCO concentration and 0.5% normal average methe-
moglobin value, the well-known PO displays 96% satu-
ration value. That is, the measuring results show that
there are no problems with oxygen saturation, whereas
only 87% of the total hemoglobin in the blood is com-

The read-outs of the proposed PO with an additional
LED that considers the HbCO concentration in the blood,
although sensitive to the other hemoglobin dysfunctional
fractions concentrations, are close to the actual fractional
saturation value. In this case, the expected read-out of
such a PO is 86%, which immediately indicates a viola-

In this case, the absolute error of the known PO is
9.43% and the relative error is 10.84%. The absolute er-
ror of the proposed PO is 1.01% and the relative error is
1.16%. The errors of the proposed PO are lower than the

According to the known (8) and proposed (25) de-
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Fig. 6. The dependencies of expected readings
of the known and the proposed POs, and
the functional saturation actual value
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and the relative error is equal to the dysfunctional hemo-
globin fractions percentage concentrations sum exclud-
ing HbCO:

8Sp0, (HbCO),, =

_ 2599 (COM: 10099~ 3,y &7
SPO2,in,% -

Thus, the relative error of the proposed pulse oxi-
meter with an additional LED, unlike the known pulse
oximeter error, does not depend on the HbCO concentra-
tion in the patient’s arterial blood. Taking into account
the HbCO concentration allows us to reduce the relative

C
HbCO,% .
error by 1+ ———— times.
D Cobs

pendencies, the same value is calculated — functional sat-
uration, but the calculation results are different (Fig. 6).
This is because calculating according to the known for-
mula, there are only two hemoglobin derivatives, oxy-
and deoxyhemoglobin in arterial blood, and only these
two substances absorb light in an object. The calculations
using the proposed formula take into account the addi-
tional light absorption by the third derivative. In addition,
although the oxyhemoglobin proportion is determined
only by functional fractions, the calculation result con-
siders the HbCO concentration.

The absolute error of the known PO in measuring
functional saturation is 0.78%, and the relative error is
0.8%. The absolute error of the proposed PO is 0.41%
and therelative error is 0.42%. The errors of the proposed
PO are lower than the errors of the known PO by 2 times.

Owing to the lack of characteristics or assumptions
of carbon monoxide poisoning or HbCO possible in-
creased concentration in the patient blood, it is reasona-
ble to measure the functional saturation. In this case, the
use of the proposed PO with an additional LED allows
compensating for part of the error that is characteristic of
the known PO and caused by HbCO in the blood.

The POs-measuring time is equal to the cardiac cy-
cle duration used to determine saturation and heart rate.
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Therefore, the process of measuring the blood oxygena-
tion level, considering the HbCO concentration, does not
require an increase in time.

5. Conclusions

1. Technically, the task of measuring the blood ox-
ygenation level considering the HbCO concentration is
solved using an additional LED with an emission wave-
length of 610 nm in a traditional device. The analytical
expressions for calculating oxygen saturation consider-
ing the HbCO concentration are determined, which is the
basis for the proposed PO mathematical support.

2. Computer models of a traditional PO and a PO
with an additional LED are developed, which have the
following components: a pulse generator, model of the
biological object, LEDs, a photodetector, an amplifier,
and a microcontroller. The proposed mathematical sup-
port was used to calculate the saturation values in the mi-
crocontroller.

3. Based on the developed models, simulation re-
search was conducted to estimate the device accuracy for
measuring the blood oxygenation level considering the
HbCO concentration. The process of measuring the blood
oxygenation level, considering the HbCO concentration,
does not require an increase in time. The modelling re-
sults show that the developed PO, unlike the known ones,
allows detection and estimation of a decrease in blood
oxygenation caused by an increase in the HbCO concen-
tration in the patient blood. Considering that light is ab-
sorbed not only by two but also by the third derivative of
hemoglobin—HbCO — improves the accuracy of the de-
vice when measuring functional saturation.

The research materials can be used in the develop-
ment of technical, mathematical, algorithmic, and soft-
ware for POs, including POs with additional LEDs that
measure the blood oxygenation level, considering the he-
moglobin dysfunctional fractions content.
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YJbCOKCUMETP 1151 BAMIPIOBAHHS PIBHSI OKCUT'EHAIIIL KPOBI
3 BPAXYBAHHSIM KOHIIEHTPAIIIl KAPBOKCUTEMOTJIOBIHY:
INPUHIUIIN PO3POBKU, KOMII'IOTEPHA MOJEJIb TA OIIIHKA TOYHOCTI

Anmoun Hleiikyc, I2op IIpacon, Onez Jayok

[Ipeamerom mociiUKEHHS € MaTeMaTHYHE, aJlTOPUTMIYHE 1 TeXHIYHE 3a0e3NeYeHHs MyJIbCOKCUMETPA, [0 BUMi-
pIOE piBeHb OKCHTreHallil KpOBi 3 BpaXyBaHHSAM KOHIIEHTpalii kapOokcureMoriio0iHy. Mera poOOTH — pO3IIUPEHHS
(YHKIIOHAJTBHUX MOXKJIMBOCTEH IYJIbCOKCUMETpA, SKE JI03BOJISIE BPaXyBaTH KOHLIEHTPALII0 Kap OOKCHTeMOTJIO0iHY B
aprepiayibHii KpoBi. B po00Ti BUKOPHCTOBYIOTHCS METOAM IMITAIlifHOrO KOMIT IOTEPHOTO MOJIETIFOBAHHS ISl TIOOY-
JIOBH MOJIEJI1 1 OLIHKK TOYHOCTI MYJILCOKCHUMETPA, KU BUMIPIOE PiBEeHb OKCUTEHaIii KPOBi 3 BpaxXyBaHHSIM KOHIICH-
Tpauii kapOokcureMoriao6iny. Po3pobieHo TeopeTnuHi OJI0KEHHS! BUMIPIOBAHHSI PiBHSI OKCHI'€HAII] KPOBi 3 Bpaxy-
BaHHSM KOHIIEHTpalii KapOOKCHIeMOTJIO0IHY 1 CTPYKTYpHY CXeMY HaMIpOCTIIIOro MyJIbCOKCHMETpa, M0 peaji3ye
JlaHe BUMIpIOBaHHsI. 3aIllpOITIOHOBAHO 3aCTOCYBAaHHS Y BiJIOMOMY ITYJIbCOKCHMETPI JTOJaTKOBOTO CBITIIOZIONY, OOTpY-
HTOBaHO BHOIp JOBXHHHU XBUJII HOTO CBITJIa 32 YMOBOIO MaKCHUMi3allil BHECKY KapOOKCHTEeMOTIO0IHY B ONTHYHY I'yC-
THUHY 00’€KTa BUMIpIOBaHH:. P03p00IeHO KOMII FOTEpHI MOJIEI TPAAUIIITHOTO MyIbCOKCUMETpPa 1 MyIbCOKCHMETPA 3
JIOIATKOBUM CBITJIOZIIO/IOM, TIPOBE/ICHO IMITalliifHI JOCITIPKEHHS 32 PO3POOJICHUMH MOJIEISMH 1 OLIHEHO TOYHICTh
amapary Juisl BAMipIOBaHH:I PiBHS OKCHI'€HAII] KPOBi 3 BpaxXyBaHHSIM KOHLIEHTpaIlii KapOoKkcureMornooiny. Imitamiitni
JOCITIDKEHHSI 32 PO3POOJICHUMH MOJIEIISIMU JIOBEITH, [0 3alPOIIOHOBaHUH MyIbCOKCUMETP, Ha BiJIMiHY Bij BiZIOMOrO,
JIO3BOJISIE BUSBUTH 1 OI[IHUTH 3HWKCHHS PIBHSI OKCUTEHAIIIT KPOBI, Sk BUKITMKAHE ITiIBUIIICHHSAM KOHIICHTpAII1 Kap-
OOoKCUreMoryIo0iHy B KpOBi marieHTa. BpaxyBaHHs Ti€i 00CTaBUHM, IO CBITJIO MOTJIMHAETHCS 1 TPETHOKO MOXIIHOIO
reMoryIo0iHy — KapOOKCHTeMOTT001HOM, TiBHIIYE TOUHICTh 3aIIPOIIOHOBAHOTO MYJILCOKCUMETPA 1 IPH BUMIpIOBaHH1
(G yHKIIOHATIBHOT caTypaiiii.

Kuio4oBi cjioBa: mynbCOKCHMETPIsl; OKCUTEHallis; KapOOKCUTeMOrI00iH; po3po0Ka; KOMIT FOTepHa MOZEINb; ca-
Typallisi; TIMOKCEMisl; TOUHICTb.
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