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Influence of glucose concentration on blood optical
properties in THz frequency range
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Abstract; Non-invasive blood glucose sensing is still actual scientific task for more safe and comfort diabetes
care. This article shows correlation between blood optical properties and its glucose concentration. The trans-
mission spectra of whole blood have been studied by the time-domain THz spectroscopy in the frequency range
from 0.3 to 0.5 THz. Biosamples were produced from the same person with the diabetes mellitus during a
short time period after the insulin injection have been used. Frequency dispersions of blood optical properties
are obtained. Based on frequency dispersions, the dependences of blood glucose concentrations with the re-
fractive index and permittivity are presented. This work is a part of the complex investigation, which focuses
on the development of a non-invasive glucose measuring technique. Registering dependences between blood
glucose level and blood optical parameters allows for using the reflective spectroscopy techniques in future for
non-invasive blood glucose level sensing.
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1 Introduction

Optical properties of whole blood are important
parameters in biophysical investigations and medical

121 Variations in cellular and biochemi-

diagnostics
cal composition of whole blood markedly affect the
values of different optical parameters like absorp-
tion, scattering, refractive index et Such
changes of optical properties can be valuable diag-
nostic signs as they reflect the dynamics of a particu-
lar pathological process. To apply this in diagnos-
tics, it is necessary to investigate the influence of
separate biochemical parameters on different optical
characteristics of whole blood'”®*’. Among these pa-
rameters the blood glucose level is significantly im-
portant. It is a valuable predictor of diabetes melli-
tus”.

At present, there is a trend to develop diagnos-

tic method for blood glucose level estimation by THz

1011 "t was shown

time-domain spectroscopy ( TDS) *
that the reflection from human skin varies according
to the blood glucose level during a standard test for
glucose tolerance. In addition, it was shown that the
absorption coefficient and the refractive index of
blood plasma of rats with severe experimental diabe-
tes differ significantly from these parameters in nor-

mal rats and rats with mild diabetes .

The latter
group of rats was characterized by significant devia-
tions of biochemical parameters, such as glucose and
corticosterone levels, from normal values' "',

As indicated above, the composition of blood
can affect optical properties of blood plasma. It was
shown that there is a inverse dependence between

the THz absorption coefficients and the number of

doi:10.3788/C0.20181102.0182

red blood cells'™"7" as well as between the sub-THz
absorption coefficients and blood triglyceride concen-

") The development of non-invasive meth-

tration
ods, requires studying the whole blood. Therefore,
there is a need to investigate the effect of different
glucose levels on the optical properties of whole
blood.

There are some researches of glucose level
sensing using optical coherence tomography ( with
sensor on the ear) 8 , Raman spectroscopy ( with

021 4

sensor on the cornea) "’ time of flight
others, but currently no one is available on mar-
ket'*’. Moreover, each of them is bulky and expen-
sive method. Glucose level sensing using THz TDS
has promising prospects due to making THz technol-
ogies more cheap, effective, compact and stable, for
example as in quasi-TDS technology >’ .

It is still a lack of the data about the effect of
human whole blood glucose levels on the refractive
indices and absorption coefficients. This paper pres-
ents the results of transmission THz spectra measure-
ments of whole blood of one person with diabetes
mellitus during a short time period after insulin in-
jection. These results will be useful for development

of non-invasive method based on reflective signal

measurement from nail bed.

2 Experimental setup

The optical properties of blood samples were
studied in the frequency range of 0.1 —1.0 THz
using THz TDS in transmission mode >, The
scheme of the setup is shown in the Fig. 1.

Broadband pulsed THz radiation is generated by

means of an InAs semiconductor in the magnetic
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field of 2.0 T by irradiating it with femtosecond pul-
ses of an Yb: KYW laser ( wavelength of 1 040 nm,
the pulse duration of 120 fs, the pulse repetition fre-
quency of 75 MHz, the power of 1 W). THz radia-
tion has the following output characteristics; the
spectral range from 0.05 to 2.0 THz, the average
power up to 30 W, the pulse duration of 2.7 ps.
The main power is concentrated at the frequency
range from 0.3 to 0.5 THz. THz radiation passes

through a teflon filter ( which cuts the wavelengths

shorter than 50 pm). After that, the radiation pas-
ses through the sample fixed in a focal plane perpen-
dicularly to the beam. THz pulse affects the anisot-
ropy of the electrooptical CdTe crystal. As a result,
the THz pulse induces birefringence of the probe
beam in the crystal due to the electrooptical effect.
The birefringence magnitude is directly proportional
to the amplitude of terahertz radiation electric field
in the time point E(¢). These data are required to

calculate E(w) using the Fourier transform.

FL-1

BD Wol. CdTe

GTP BS M,

Fig. 1 Schematic diagram of the setup( FL-1 :femtosecond laser based on potassium-ytirium tungstate crystal activated with

ytterbium( Yb: KYW) , generating femtosecond pulses; F1,2:a set of teflon filters for IR wavelength range cutting

off, BS:beamsplitter, DL:optical delay line, M1,2,3:mirrors, Sam:investigated sample, Wol. ; Wollaston prism,

CdTe:electro optical cadmium-telluric crystal, BD:balanced detector, LA :lock-in amplifier, PC: personal comput-

er, GTP.Glan-Taylor prism, PM1,2:parabolic mirrors, Ch:chopper, DAC:digital to analog converter, ADC ;analog

to digital converter

3 Sample preparation

In the experiment, 8 blood samples were used.
Each sample had different glucose concentration. In-
vestigated samples were obtained from the same per-
son during short time period ( about 2 hours). This
fact helped us to provide the stable concentration of
blood components ( excluding glucose concentration )
to avoid multiple dependences within the time of ex-

periment. The study was performed in accordance

with Good Clinical Practice ( GCP) and with the
1964 Helsinki declaration and its later amendments.

The first step of sample preparation was in-
creasing glucose level of the diabetic patient up to
hyperglycemia level. It is quite a fast process so
samples were obtained during the time of decreasing
glucose level after insulin injection.

This experiment contained samples with the fol-

lowing glucose concentrations shown below in the

Tab. 1.
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Tab.1 The list of the glucose concentrations of

samples used in experiment

Sample No. mmol/L mg/dL
1 3.0 54.0
2 3.8 68.4
3 6.2 111.6
4 9.2 165.6
5 11.0 198.0
6 14.9 268.2
7 18.0 324.0
8 19.0 342.0
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Fig.3  Polymethyl methacrylate(PMMA) container with
blood

In the middle, this container has a recess
which is 75 pwm in depth. This type of blood holder
can keep stable thickness of a sample and protects
biological fluid from drying. Moreover, PMMA is

transparent for the THz radiation.

4 Data acquisition

For each sample, a time-amplitude transmission

waveform was taken 100 times and averaged for each

The glucose concentrations in the blood were
measured twice per a sample using Abbott Freestyle
Optium'*’ glucometer. This electro-chemical glu-
cometer model is widely used in clinical re-
search'” .

The blood drops were located inside a special
polymethyl methacrylate( PMMA) container ( Fig. 2,

Fig.3).

I/a.u.
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(a) The scheme of sample preparation and (b)experimental signals

timepoint. In addition, transmission waveforms of
air, bottom and top parts of container were meas-
ured. All the acquired waveforms were converted to
their Fourier transforms E (@), respectively. Then

the THz electric field is:

[ 1 v —iwt _
E(w) = Ej_wf(t)e dr =

Ey(w)e ™, (1)
where f(t) is time-amplitude waveform, @ is angu-
lar frequency, E,(w) is amplitude data, ¢(w) is
phase data.

At the first step, T, and T, waveforms were
used for data calculation of the bottom part of con-
tainer, and T and T, for the top part. At the sec-
ond step, T, and T,

sam

were used for properties cal-
culation of the container with blood. At the third

step, Ty, T.p and T, were used to calculate the

phase delay and amplitude decrease for the blood
layer inside the container. As a result, the refractive

index n can be calculated for a sample inside the
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container. The real part of the refractive index n

w15 no (f) = 20 (5)

calculated as: 4mf
oo () =0 (N] Both parts of the permittivity & use both parts of
e (f) =1+ 27fd , (2) the refractive index n .
where ¢ is speed of light in vacuum, d is thickness e () = mia (f) - Mg (F) (6)
of medium, f is frequency. Eimag () = 200,00 () i () - (7)
The absorption coefficient « is calculated using All of these optical properties are available as

the amplitude data . results of Spectrina software'”’ .

E; (f)
E ()

In addition, the penetration depth L is the re-

a(f) = *ln [~ (3)

5 Results and Discussion

verse function to the absorption coefficient a: Based on 8 biosamples, we have investigated
L(f) = (4) the frequency dispersions of 1,1, &, €,41s Eipae rom
(f) fin the THz range ( as shown in Fig.4).

The imaginary part of the refractive index n,

imag

requires data about the absorption coefficient «:
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Fig.4  Dispersions of optical parameters of samples with different glucose concentration ¢, : (a)the real part of refractive

index n_, (f); (b)the absorption coefficient a(f) ; (c)the real part of permittivity e, (f) ; (d)the imaginary part

of permittivity &, (f)

After the data acquisition, the next step is to stable experimental data at 0. 3, 0. 35 and 0. 4 THz.
find dependencies between glucose concentrations Fig.5 shows the dependences of glucose concentra-
and optical properties. tion with real part of refractive index and with real

To determine the dependence of blood optical part of permittivity.

properties with glucose concentration we selected the
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Fig.5 Dependencies of glucose concentration with (a) the real part of refractive index ¢

permittivity ¢, (£,.,) at different frequencies

The dependence is not linear with the blood
glucose concentration above 16 mM/L. This may be
due to the change in physical-chemical properties of
blood components with high glucose concentra-

[28-29]

tion . As known hyperglycemia caused by insu-

From n at 0. 30 THz.

Ctncose (M) = 17.517exp | — exp[ - 11. 654 (n

From n at 0.35 THz.

Caucone (M) = 17.5698exp{ — exp[ — 11. 11506 (n

From n at 0.40 THz.

Cg]ucose ( I peal )

From ¢ at 0.30 THz.

Cg] ucose ( € real )

From ¢ at 0.35 THz.

Cucose (Ereat) = 18.9587exp{ — exp[ - 1.2201 (&

From ¢ at 0.40 THz.

Coucone (Ereat) = 18.8836exp | — exp[ — 1.27206 (&

These dependencies indicates that quantitative
blood glucose levels analysis is feasible by using
TDS in THz frequency range. According to this, we
can simulate glucose level analysis to make numeri-
cal modelling in reflective mode.

It should be noted that results cannot be suited
into model of effective medium theory due to that
model was developed for non-interacting compo-
nents' ',

As a result, this work confirms the direction of

dependence shown at our previous work'”’ | but this

18. 716exp{ — exp[ — 7. 2434 (n

19. 426exp{ — exp[ — 1. 0065 ( &

* 0.30 THz
* 0.35 THz
2 0.40 THz

Catucose/ (MmOl - L71)
=

and (b)with the real part of

glusose

lin deficiency is accompanied by a large loss of elec-
trolytes, dehydration of tissues and osmolality in-
crease of blood plasma.

By fitting the data with the Gompertz function,

we found relationships on few frequencies.

 —2.2883) 11, (8)
o —2.26704) 11, (9)
o —2.2624) 11, (10)
w —4.7860) 11, (11)
 —4.78379) 11, (12)
o —4.74102) 11 . (13)

experiment used more accurate technique, that pre-
vents blood drying and provides stable thickness of
blood layer. In addition, we found mathematical
functions to use these results in a numerical model-
ling process. Finally, this work contains wider range
of dispersions; not only real part of refractive index,
but also absorption coefficient, real and imaginary
parts of permittivity.

These results will be used in numerical model-

ling purposes with software instruments like CST Stu-

dio, COMSOL Multiphysics and other. In addition,
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results of further experiments in reflective mode in
the THz frequency range can be validated by these
repeatable data.

At the other hand, the main task for now is in-
creasing of specificity of signal for glucose mole-
cules. We are going to do this by using effect of res-

onance at specific fingerprint frequencies.

6 Conclusion

The experiment contained 8 blood samples with
different glucose concentrations. The frequency dis-
persions of optical properties of each biosample have
been obtained. Based on the data, this paper indi-

cates the dependences of glucose concentrations
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