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Analyzing the Human Blood Glucose Level Trend (Up or Down) by Using Optical Polarization

Ercan Menguic*, Selguk Helhel

Abstract: Large amount of people having diabetics in the world, and it is increasing very rapidly. Diabetics should to check their blood glucose level at least four times a day.
When controls are not done regularly, risk of hypoglycemia and hyperglycemia may arise. There are ongoing researches for developing non-invasive methods as an alternative
to finger piercing, which is the most commonly used and painful method for patients. In this study, although a physical glucometer design has not been completed yet, it has been
demonstrated which wavelength ranges and which parameters can be used for non-invasive device. Most importantly an empirical relationship has been established between the
level of blood sugar and de-polarization disturbance seen in circularly polarized light. The proposed equation can estimate the blood glucose level based on de-polarization

information with an average error rate of 1%.
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1 INTRODUCTION

In diabetes, pancreas cannot produce enough insulin or
produced insulin cannot be used effectively. Diabetes is
divided into two categories as Type-1 and Type-2. Type 1
diabetes (previously known as insulin-dependent) is
characterized by insufficient insulin production and requires
daily need of insulin. Type-2 diabetes have a combination of
insulin secretion disorders and insulin resistance. Type-2
represents more common diabetes disease.

Hypoglycemia and hyperglycemia are two negative sides
of diabetes that need to be avoided. Those can be under
control by regular measurements. Diabetics have to keep
their blood sugar levels under control. To achieve this,
patients must measure their glucose level up to 6 times a day.
There are three different methods to detect blood glucose
level. These are invasive, minimally invasive and non-
invasive. The most widely used method is an invasive one
and in that method some blood is taken out of the body with
a needle and measurements are made. This way
comparatively expensive and they are not practical for kids'
usage. In second method; there is still a needle which also
embedded in the patient's body. At third method
measurements are taken without taking blood out of the body.
Therefore, patients do not feel pain.

It is a known fact that the light is a special form of an
electromagnetic wave. Light that falls on human body is
absorbed, scattered, reflected or transmitted. Mentioned light
events contain information about medium.

Increased glucose ratio makes blood more homogeneous
and the polarization information observed from medium is
high enough. That homogeneity causes less scattering and
absorption events; this situation typically results in stable
polarization information. It is proved/shown by using
analysis and graphics at section 3. Proposed empirical model
can predict blood glucose levels concerning the polarization
distortion with an average error rate of 1%.

Different methods and techniques on non-invasive
glucose level measurements have been studied during the
past. But there is no commercial product has produced in
market yet. According to the literature and market review,

studies are mostly at the beginning phase [1]. In literature;
one may find optical techniques [2-4]; MIR (middle
infrared), NIR (near-infrared) and Raman spectroscopy
techniques [5-7]; techniques using electromagnetic field
measurement [8-10]; bio-impedance technique [11, 12];
photo-acoustic method [13]; non-enzymatic sensor
applications for determining glucose level [14]; and
techniques based on polarization measurements [15-17]. All
methods have problems such as insensitivity to glucose
measurement and accuracy.

Before analysis, optical properties of human skin and
blood are added to optical design platform. All simulations
are performed on optical simulation program. During
simulation, changes in the flow rate, fluidity and temperature
changes of the blood are ignored. In real life, these
parameters must be studied and checked furthermore, since
these parameters vary from person to person. Parallel to high
technological developments, it is expected to that this
technology will be miniaturized and will start to be used by
patients. Most important aspect of the proposed method
makes it possible to predict whether or not the diabetic
patient trends of hypoglycemia or hyperglycemia.
Furthermore, it is possible to produce pre-warning alarm for
patients if the predetermined values are reached.

Details of polarization techniques are given in Section 2,
design methods and modeling are in Section 3, results are in
Section 4 and conclusion is given in final section.

2 POLARIZATION INFORMATION

When any optically active sample is exposed to a
polarized light, some rotational changes occur in polarization
information. Rotational change is called optical de-
polarization. These changes (optical depolarization) can be
measured by polarimeter and provide important information
about chemical and physical structures of substances [18,
19]. Change of polarization information from circular to
elliptical state allows us to calculate the  de-polarization
ratio. So we can estimate the trend of blood glucose level
either increasing or decreasing. For this aim, model is
generated in the simulation platform. In simulation, optical
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properties of both blood and skin are added in the model.
Circularly polarized light at 600-800 nm wavelength region
is sent to the modeled biological tissue and elliptical
polarized light is obtained on the other side of the tissue.

Fig. 1 shows the structure of a typical polarimeter. It
consists of two polarizers such that one of them is stationary
and the other one is rotating. When polarized light passes
through an optically active substance, initial polarization
state changes rotationally. These rotational change indicates
that activity of the optical substance. This activity allows us
to determine the molecular size, concentration and purity of
the substances.

'
3

Figure 1 Polarization measurement

Most biological tissues have an anisotropic structure.
Because tissues have organic and inorganic molecules with
different refractive index values in same environment.
Different refractive indices are caused important property
called birefringence that distorts polarization information.
De-polarization information manifests itself as a phase delay
at tissue output. 90% of the phase delay in tissues with a
depth of several hundred micrometers is thought to be the
result of birefringence.

Adipose
Tissue

—

P =

Figure 2 Photon movement

In Fig. 2, it is possible to see how glucose changes the
propagation of the light. It is predicted that as the glucose
level in the environment increases, both the possibility of
light scattering and the optical path decrease, and therefore
absorption event in environment decreases. The resulting de-
polarization rate increases due to poor absorption. It means
that polarization information is preserved. Therefore, if

glucose ratio is high enough, de-polarization event within the
tissue will be poor and polarization information at tissue
outlet will be quite similar to the original polarization
information. Mentioned situation is proved by simulation
analysis and showed in section 3.

Blood is a structure consisting of plasma and blood
molecules. Plasma consists of water, proteins, glucose, and
other water-soluble substances, and it constitutes
approximately 55% of blood. Although there is an increase
in glucose level in blood plasma, hemoglobin concentration,
absorption coefficient and refractive index values of blood
molecules stay constant. Increased glucose level in blood
only changes the density of plasma [21]. The most important
change here is the reduction of the refractive index difference
between blood molecules and blood plasma. Thus, possibility
of scattering and absorption events in blood is reduced.
That’s why, obtaining polarization information will be easier
[21-23].

First step to calculate the de-polarization information is
creating simple models of biological tissues. All data is
obtained from literature to create models of both human
blood and skin. While creating the models, blood flow rate,
viscosity and temperature parameters were neglected, and the
values of the healthy person dates are used. Polarization
measurements of the light passing through the tissue are
made in the optical design program. Polarization analysis
functions and Stokes parameters of the program are used.
Finally, biological model is illuminated with a circularly
polarized light wave and an elliptical polarized light wave is
obtained at the other side of tissue.

Polarization ellipse used in the optical design program
takes into account only E, and E, components, while
neglecting the E. component. Polarization ellipse is shown in
Fig. 3.

Figure 3 Polarization ellipse

After the polarized light wave is sent to the optically
active substance simulator runs the polarization state analysis
feature by investigating each photon present in the light.
Depending on the type and concentration of the molecules
circular polarization information is de-polarized and
converted to elliptically polarized light.

Degree of elliptic polarization is calculated by using Eq.
(1) and Eq. (2). Amount of rotation in conversion from
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circular polarization to elliptical polarization varies
depending on the molecular concentration of the particles.
For any de-polarization event in optically active substances,
the y value shown in Eq. (1) and the 6 value in Eq. (2) are the
best coefficients used to express the polarization state.
Alternatively, a and 7 can also be used to describe the
polarization state [2].

y=cos”[(cos2a)-(cos20)]. .
5=tan"! {tan2a) .
(tan27) |

3 MODELLING AND TESTING

600-800 nm wavelength region is considered to be
suitable for optical estimation of blood glucose level. In the
mentioned region, changing in plasma-derived de-
polarization information is negligible and the initial
polarization information is largely preserved. Thus, changes
in this region are only expected due to glucose levels. The
reasons for choosing this region are given below;

1) Absorption and scattering coefficients arising from
blood molecules and plasma in the 600-800 nm region

are low and the anisotropy factor is in the range of 0.98

and 1.

Fig. 5 shows that the photon has lost its energy by
encountering to high absorption and scattering at the
specified wavelength.
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Figure 4 Circularly polarized light at 100nm wavelength

2)

3)

Hemoglobin covers approximately 40 - 50% of the total
blood amount and the absorption value from hemoglobin
is low in this region.

Refractive index mismatch value of hemoglobin between

glucose and other molecules is low. In addition, after
about 600 nm the refractive indices of Oxy and de-oxy
hemoglobin are approximately equal and it’s overlapped.
This shows that the saturation of blood with oxygen will
not affect the measurement results.

4) Approximately 50-60% of blood consists of plasma.
~90% of plasma consists of water. In this region, water-
related absorption and scattering events are low.

5) Low absorption coefficients caused by epidermis layer.

Optical coefficients of human skin and blood are
obtained from the literature and inserted to the optical design
program. The aforementioned expectations have been
satisfied. Absorption and scattering parameters from blood
molecules and plasma are less in this region. Besides, the
anisotropy factor is observed as 0.98-1 in the 600-800 nm
range. Therefore, light in this wavelength region will mostly
be affected by glucose levels.

The performance tests are given to prove either the
mentioned wavelength region is suitable or not. When a
circularly polarized light at 100 nm wavelength is sent
through an optical environment where there is no biological
tissue in the model, there is no depolarization event (100%
transmission) at the outlet (Fig. 4).

Optical properties of biological tissues are added into the
model for observing their effects, and transmission ratio
drops down to 12.86% concerning initial conditions (Fig. 5).
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Figure 5 100 nm circularly polarized light at the exit of biological tissue
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Figure 6 600 nm circularly polarized light at the exit of biological tissue

For the next step, applied wavelengths are changed to
600 nm and 800 nm. At 600 nm and 800 nm, transmission
values increase up to 90% and 94%, respectively (Fig. 6 and
Fig. 7). These results prove the accuracy of the items
described at the beginning of Chapter 3 and tell us we may
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use this wavelength interval. As obtained from Fig. 6 and Fig.
7, de-polarization level in this wavelength region is low and
polarization information is high enough to make the analysis.
In this way, changes in glucose level can be observed more
easily only in this region. Other components that can be mask
the change in the polarization information that is not sourced
by glucose are less in mentioned region.
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Figure 7 Circularly polarized light through biological tissue at 800 nm

Finally, by combining all results 600-800 nm region
seems suitable for operating wavelengths. Afterward, de-
polarization information will obtain with respect to different
glucose level.

4 RESULTS

By wusing optical design program, polarization
information that transmitted through the tissue at different
glucose ratios in the 600-800 nm region is measured. Eq. (1)
and Eq. (2) are used to calculate degrees of polarization.
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Figure 8 Polarization degree for different wavelength concerning different glucose
level (80-200 mg/dl)

Finally, different degrees of polarization state are
obtained for different wavelengths. Fig. 8 shows the change
in polarization degree according to five different
wavelengths and varying glucose level. The treated
wavelengths are 600 nm, 650 nm, 700 nm, 750 nm, and 800
nm. Normally, glucose level above 120 mg / dl is considered
high, especially in Type-1 patients, this value can be up to
180 mg/dl. Therefore, this expanded region can be used to
derive a mathematical model. From these graphs, it is seen
that the wavelengths of 600 nm, 650 nm, and 700 nm are very
close to each other. And it can be established linear
relationship for a glucose level between 80 mg/dl and 100
mg/dl (Green line in Fig. 8).

Tab. 1 demonstrates average mean error and median
error of five different wavelengths. Minimum errors of the
median specified in Tab. 1 are shown in bold. Minimum
errors are at 600 nm, 650 nm, and 700 nm. With help of Table
1, 600 nm, 650 nm, and 700 nm are grouped for generating
mathematical models. Also smoothing function is applied on
plots. The proposed mathematical model is expressed in Eq.
(3). Coefficients of Eq. (3) and their meanings are tabulated
in Tab. 2.

Table 1 Calculated Mean and Median Errors

Wavelength Mean (rmse) Median (rmse)
erroreoo nm 0.0441 0.0275
erroreso nm 0.0351 0.0169
errorioo nm 0.0259 4.85e-04
erroriso nm 0.0344 0.0586
€rrorgoo nm 0.0696 0.0935

), .=
Px)=a;-e " 1/ +a,-e 2/, 3)
Table 2 Coefficients of Eq. (3)

X Glucose Ratio (mg/dl) SSE 0.002514
P(x) Polarization Degree R-square 0.9851

a 0.8646 Adjusted R-square 0.9783

@ 0.2053 RMSE 0.01512
b, 179.7 by 102.2

cl 1154 [ 27.21

In Fig. 9, measured values and the response of the
proposed model are shown together. It is seen that proposed
model is quite sensitive and has the potential to respect the
glucose level [24, 25].

In addition, an equation is created in range where the
glucose level is 80-100 mg/dl only to prevent situations
caused by the hypoglycemic state. This equation is showed
at Eq. (4). Because, as seen in Fig. 8 (green line), this region
has a linear relationship with the glucose level and degree of
polarization. A sensor using this relationship can be designed
much more easily.

3 =0.0144-x—0.65 )

where x = glikoz orani and y = polarizasyon derecesi.
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Figure 9 Fitting curve obtained from the median curve of the sum of curves of
different glucose and wavelengths

5 CONCLUSION

In this study, estimation of human glucose level is
investigated. By using polarization techniques light
transmitted through modelled biological tissue is examined.
Skin, blood, and glucose models are used in the optical
design program. Skin, blood, and glucose are created by
using optical coefficients (absorption, scattering, reflection,
transmission, and anisotropy) obtained from various sources
in the literature.

Optical method is proposed to estimate the glucose level
in human blood and a potential working wavelength window
is proposed. This window is between 600 to 700 nm. It is
shown by simulation results that window is suitable. In order
to determine this window most accurately, all components of
blood and skin such as hemoglobin, melanin, skin, and
plasma must be taken into consideration. Effects of these
components can be examined in further academic studies.

A mathematical model predicting the trending tendency
of increasing and decreasing glucose levels is proposed. The
proposed mathematical (empirical) model can predict blood
glucose levels despite the polarization distortion with an
average error rate of 1%. This proposed mathematical model
makes it possible to create a monitoring and warning system
for diabetic if it is integrated with sensor. It will be possible
to predict whether the diabetic patient tends hypoglycemia or
hyperglycemia. So, it is possible to produce pre-warning
alarm for the patient if the predetermined values are reached.

In future, firstly, obtained results taken from this work
must be done in vivo. Secondly, all this work can be turned
into a portable device that patients can use. Finally, focusing
on concepts related to how to increase accuracy, how to
eliminate distorting effects, how to set up a powerful
calibration model, how to increase low SNR rates, and how
to design miniature device.
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