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ARTICLE INFO ABSTRACT
Keywords: The measurement of Hemoglobin (Hb) by the non-invasive method is gaining popularity. The
Photoplethysmography system, consisting of a photodiode is placed in between a Red (630 nm) and an IR (940 nm) LED,

Beer-Lambert law
Hemoglobin (Hb)
Non-invasive

along with the signal conditioning circuits. 10 healthy male (8) and female (2) volunteers in the
age group between 21 and 24 were recruited for this study. During measurement, the fingertip of
a volunteer was placed on the measurement pad. Visible and IR lights are switched ON one after
the other. The optical absorbance of the blood component in the arteries was detected by the
photodiode using the reflectance method. The current generated was converted into voltage and
was processed to remove the noise associated with the signal. From this, the concentration of Hb
of the volunteers was determined. On the same day they were taken to the clinical laboratory and
Hb values were obtained by the standard invasive method. Hemoglobin values obtained from the
two methods were compared and an accuracy of 96.31 % and correlation coefficient value of
0.932405 was achieved. From the Bland -Altman plot, the results obtained are within the con-
fidence interval of 95 %. The error of 3 % can be reduced further by employing sophisticated
signal conditioning techniques. The proposed non-invasive method took only a few seconds to
find the hemoglobin concentration than the invasive lab test. This method can accelerate the
decision-making process in emergency situations.

1. Introduction

Hemoglobin (Hb) is a protein molecule in red blood cells that carries 98.5 % of oxygen from the lungs to the body’s tissues and
returns carbon dioxide from the tissues back to the lungs [1]. Hb is a tetramer made of four subunits consisting of two alpha and two
beta subunits. Each subunit has a central Heme group that contains iron responsible for its brighter red color and binds an oxygen
molecule, which means each Hb molecule binds four oxygen molecules. Hence, the arterial blood, which contains oxygenated Hb, is
pure red, and the venous blood, which consists of the deoxygenated Hb, is dark red in colour. The second and third oxygen molecule
easily bonds with Hb than the first and fourth oxygen molecule because of its shape-changing behavior.

Hemoglobin has the potential to carry oxygen and the amount of oxygen carried in blood can be measured by calculating the Hb
concentration levels [2]. Furthermore, certain diseases and other natural causes may also affect Hb’s ability to carry and deliver
oxygen. The above condition also holds true for the CO levels, pH, and body temperature. The CO; level in blood and pH have an
inverse relationship. When CO5 that exits in blood, acts with water, it produces bicarbonate and hydrogen ions. The increase in CO5
level reduces the pH (to an acidic scale), which in turn reduces the affinity of hemoglobin for the oxygen. Therefore, oxygen detaches.
Also, the body temperature will be slightly raised. When pH is high (to the basic scale), more oxygen is needed to attain the same level
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Fig. 1. Block diagram.

of hemoglobin saturation level and the body temperature will slightly reduce. Diseases like anemia and thalassemia reduce the oxygen
delivery to tissues through hemoglobin. In particular, Thalassemia produces high red blood cells with low hemoglobin concentration
resulting in reduced oxygen-carrying capacity. So, the determination of Hb concentration can also be used to analyze such physio-
logical conditions. The normal Hb concentration for men is in the range of 13.5 g/dl to 17.5 g/dl. For women, it is in the range of 12.0
g/dl to 15.5 g/dl. For newborn babies, it ranges from 14 to 24 g/dl [3].

The hemoglobin levels can be determined by both invasive and non-invasive methods. The invasive method involves drawing blood
sample from the patient’s arm and processing it with chemical reagents to find the Hb concentration. It is the most commonly used
method in hospitals across the globe and a painful procedure that requires trained staff and is not continuous [4-6]. The non-invasive
method doesn’t require a painful procedure; it makes use of photoplethysmography and Beer Lambert’s law. One such method consists
of placing the patient’s finger over the light-emitting diode (LED) connected to an electronic circuit. The LED light is made to fall on the
finger, part of the incident light gets absorbed and another part gets reflected to the photodiode (PD) in the circuit. The output from the
PD is the measure of the concentration of the patient’s blood in the finger. Upon eliminating the effect of skin, tissues, and bones, the
concentration of blood can be found and used for the measurement of related parameters. The light sources used are Red and IR LED
because the oxygenated hemoglobin absorbs more IR and then allows the red light to pass through. On the contrary, the deoxygenated
Hemoglobin absorbs more red light and allows the IR light to pass through. Red light’s wavelength ranges from 600 to 700 nm and the
IR light’s wavelength ranges from 850 to 1000 nm [5-7]. Hence, when measuring the Hb concentration using these light sources, the
IR’s reflectance signal will be greater than the red-light source’s reflectance signal. Then, the detected signal from both the light
sources will be used for further signal processing and, the filtered voltage signals were used to determine hemoglobin concentration.

2. The proposed methodology

The developed non-invasive system uses the principles of Photo-Plethysmograph (PPG) and Beer-Lambert Law to measure the
concentration of hemoglobin. The designed system consists of two light-emitting diodes to obtain PPG signals from Red (630 nm) and
IR (940 nm) LED sources [8]. Both LEDs are alternatively turned on for 30 s by the timer designed using IC NE555 connected to the LED
driver circuit. This 555-timer IC is used in timing operations to produce accurate delays.

The entire system is shown in the form of a block diagram in Fig. 1. The photodiode placed in between the Red and IR LED receives
the diffuse reflected light from the fingertip. The Trans-impedance amplifier (TLO84) was used to convert the detected photocurrent
into a voltage signal [9].

The data from the Trans-impedance amplifier was collected and stored in storage devices through a digital oscilloscope as a ‘.CSV’
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file. Then the data file was converted to a ‘.txt’ file for processing the signal. The voltage signal was filtered by the low-pass filter with a
cutoff frequency of 0.05 Hz. Then the difference between the filtered signal and the unfiltered signal was obtained. This signal was
further amplified and filtered by a low pass filter with a cutoff frequency of 20 Hz. This signal and used to calculate the Hemoglobin
concentration by Beer-lambert’s law, which depends upon the extinction coefficient and optical path length [10]. This was performed
by the code developed in MATLAB software.

2.1. Calculation of Hb concentration

The determination of Hemoglobin concentration is based on the light absorbance and reflectance characteristics of the skin. The
PPG signal from both LED sources has the optical absorbance characteristics of the blood components [11].

According to Beer-Lambert’s law, the amount of absorbance of a substance is directly proportional to the product of path length
traveled by light (T¢), the extinction coefficient values (&), and the concentration of the substance (Cy). The extinction coefficient is the
measure of absorbance or reflectance of a substance and it varies for different wavelengths. These values can be calculated using molar
concentration [12]. The amount of light absorbance of a substance can be expressed as in equation (1).

Ax=¢€xxCy x Tf (€D)]

The equation of absorbance was obtained by the reflectance method for the signals obtained from red and IR sources as given by
equation (2) and equation (3).

Ared= Ered * Creq * Tf (2)
Air =€y * Cir * Tg (3)

where € 1.4, €;-Extinction coefficients for Red and IR.
Cred, Cir-concentration of Hb for Red and IR.
Tr-pathway length traveled by light expressed in equation (4).

Te=n=xd (€))

d = geometric distance, n = refractive index.

The hemoglobin carries oxygen from the lungs to the tissues it becomes oxygenated hemoglobin (oxy-Hb) and when it releases the
oxygen it becomes de-oxygenated hemoglobin (deoxy-Hb). The oxy-Hb absorbs more IR light than red light and this condition is
reversed for deoxy-Hb where it absorbs more red light. Therefore, the amount of Red and IR absorbance can be expressed as in
equations (5) and (6).

Ared = (eredo * Chbo + Ered * Chb) * Tf (5)

Air :(eiro * Chbo + Eir % Chb) * Tf (6)

The concentration of Hemoglobin in the blood (g/dl) can be expressed in an equation as the sum of oxyhemoglobin (Cpp,) and
deoxy-hemoglobin (Cpp) concentrations [9] as in equation (7).

H=10x«D % (ChngrChb) (7)

D-Density of blood, 1.05 g/dl.
The oxygen saturation levels are the ratio of the concentration of oxygenated Hemoglobin and the total Hemoglobin concentration
in blood and are expressed as in equations (8) and (9).

SpO, = Cibo / (Chbo + Crb) 8

From the equations of (4) & (5), we get
Chb = (Ared * eiro‘Air * 6redo) * Chbo /Air * Ered'A red * Eir) (9)

The hemoglobin concentration cannot be determined directly from the measured SpO- levels, because SpO- values can change with
variations in respiratory patterns [13] while the hemoglobin level remains unaltered. To minimize this effect, the standard SpO,
formula is used as given in equation (10). The resulting hemoglobin values depend only on the absorbance and extinction coefficients
of the hemoglobin in the blood by substituting equation (8) in equation (9)

SpO, = (Air * Ered-Areq * €) / (Air * (Ered-Eredo) Apeq * (Eiro-Eir)) (10)
The concentration of deoxyhemoglobin was calculated by converting equation (8) as in equation (11)

Chb = Chbo * (1-SpOy,) an
Substituting equation (10) in equation (5) we get equation (12).

Air = (E€iro * Chbo + Eir * Cbo * (1 -Sp0,)) * Tt 12)
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Comparing equations (7), (9) and (11) we get equation (13)
H=10%D Ay /SpO, * (Eiro + (1-Sp0,) * €;) * T¢ 13)

Equation (13) is used to determine the concentration of hemoglobin from the coefficient values obtained with respect to the
wavelength of the light spectrum. To analyze the accuracy of the proposed device, the obtained results were compared with the results
of hemoglobin concentration determined by the invasive method.

2.2. Data acquisition

To acquire the signal, a volunteer is asked to place his finger on the led sources. The red source is switched on and data is viewed on
the digital CRO for 30s and it is stored as a CSV file. Then the IR source is switched on and data is acquired again for 30 s. The diffuse
reflectance signal received by the photodiode was converted into voltage by the trans-impedance amplifier. The data were then stored
on a USB drive with the digital oscilloscope [14]. The signal is converted from a ‘.csv’ file to a text file. Then this text file was used as
input signal for processing in MATLAB software. Similarly, data were acquired from all the volunteers. The age group of the volunteers
is 21-24 years. Then they were taken to the university health center and their Hb was measured invasively in the clinical laboratory.

The data exported to MATLAB was initially displayed as signal. Then the acquired signals were filtered and processed to get the
targeted voltage signal. This voltage signal from both Red and IR LED sources was used as variables in the calculations for the
determination of hemoglobin concentration. The extinction coefficients were taken from the literature [12,15-17].

3. Evaluation metrics

The evaluation metrics used to analyze the results include accuracy, RMSE, correlation, and Bland Altman plots.

3.1. Accuracy and error

The accuracy is calculated by taking the absolute difference between the Hb values estimated by invasive lab test (Hb;) and optical
method (Hby) as in equation (14) and the error is calculated by calculating the difference between accuracy and 100 % as in equation
(15).

A= |Hb; — Hby| x100% a4

E=A-100 (15)

3.2. Root mean square error (RMSE)

The RMSE value is one of the most common evaluation metrics used to observe the quality of the results obtained. It is calculated by
the sum of the square of the difference between the reference and proposed method and dividing it by the number of observations as in
equation (16).

n -\2
RMSE = | 2% = %) (’;; —%) (16)

3.3. Correlation
Correlation is an evaluation metric that establishes the relationship between two variables here invasive and non-invasive Hb
values. It can be positive, negative or zero. The formula for the correlation (r) is given by equation (17).
o 20Xy -]
VEx-0PXS (-9

a7)

where x = Hb values obtained by invasive method, y = Hb values obtained by non-invasive method and X, ¥ represents mean of the Hb
values respectively.

3.4. Bland Altman plot

Bland Altman plot is the most used evaluation method to find the agreement between two methods of measurement or variables.
Here, it is obtained by plotting the difference between the Hb values obtained by the invasive and optical methods against the average
of the Hb values between the two methods. The measures like bias, upper and lower limit of agreement (LOA) were calculated by
finding the mean of difference, and LOA was calculated by multiplying the standard deviation with 1.96 and —1.96 respectively and
plotted along.
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Table 1

Experimental results on volunteers.
Subject Gender Age Non-invasive Hb value (g/dl) Invasive Hb value (g/dl) Accuracy (%) Error (%)
1 Female 22 10.013 10.3 97.21 2.78
2 Male 22 13.83 14.3 96.71 3.28
3 Male 22 13.94 14.6 95.47 4.52
4 Male 24 13.46 14.2 94.78 5.21
5 Male 22 13.3 13.2 99.24 0.75
6 Male 21 13.35 13.1 98.09 1.90
7 Male 22 13.64 14.5 94.06 5.93
8 Male 23 13.4 13.8 97.10 2.89
9 Female 22 13.3 12.8 96.09 3.90
10 Male 23 13.5 14.3 94.40 5.59

Average 96.31 3.675

correlation coefficient = 0.932405

15 15
14.5 14.5
14 14
13.5 13.5
13 13
125 12.5
12 12
115 115
11 11
10.5 10.5
10 10
0 2 4 6 8 10 12

Invasive Hb values Non-invasive Hb values

Fig. 2. Correlation plot between Hb values obtained by both invasive and non-invasive values.
4. Results and discussion

Table 1 shows the gender and age of volunteers who participated in the experiment along with Hb values obtained through the
invasive method and proposed non-invasive method. It can be observed that the range of Hb values are from 12.8 to 14. In addition to
that, the accuracy and error percentage values are tabulated for all the readings. The average accuracy and error percentages obtained
are 96.31 and 3.675 respectively. RMSE is found to be 0.561121 g/dl. This indicates that our model can predict the data with good
accuracy. The obtained r value is 0.932405, which is closer to 1. It indicates that the Hb values calculated by the proposed method is
highly positively correlated to the reference method. Fig. 2 is the scatter plot between the Hb values obtained by both methods and it is
evident that our proposed method is closely following the standard method. The Bland Altman plot is shown in Fig. 3. The upper and
lower limits of agreement and bias are —0.92739, 0.927388, and —0.3367 respectively and are plotted. The limits were fixed by
keeping the confidence level at 95 percent and a critical score value of 1.96. It is noted that the standard deviation between the two sets
of measurements was as less as 0.473157.

5. Conclusion

The determination of hemoglobin concentration not only indicates the physiological condition of the patients, but it also helps
healthcare professionals to decide the course of treatment for many diseases. Worldwide many healthcare institutions follow the
invasive method of taking blood from the arm of the patient to determine Hb concentration. In this work, a non-invasive method of Hb-
level determination was proposed. Many non-invasive methods of Hb level determination have error because of improper removal of
optical reflectance of blood components other than Hb but the proposed methodology reduced the error percentage by minimizing
those interferences, since the equations derived depends upon the path length and existence coefficient values. The path length was
determined by the refractive index and the physical distance between sensor systems. The Hb concentration was determined for 10
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Fig. 3. Bland Altman plot between non-invasively and invasively obtained Hb values.

volunteers using the non-invasive method and the results were compared with clinically measured Hb concentration through the
invasive method and found to have an accuracy of 96.31 % with RMSE of 0.56 %, R-value of 0.93 % and there is good agreement
between the proposed and reference method as per Bland Altman plot. The correlation values obtained are higher than [18-20],
comparable to Refs. [21,22] but lesser than [23] In the future, the proposed method can be improved by including the adaptive filters
and involving more numbers of volunteers.
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