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Abstract
A new method for diagnosis of diabetes mellitus is proposed, which uses for mea-
surement a lyophilized blood plasma sample prepared in the form of a pellet. The
paper develops a methodology for fast spectroscopic measurements of such pellets
with terahertz pulse time-domain holography. For that reason, blood plasma pel-
lets were experimentally measured by terahertz time-domain spectroscopy system in
transmission mode and its characteristics were obtained to be then used in numerical
simulation of pulse terahertz hologram formation and extraction of its optical prop-
erties. Thus, a demonstration of the proof-of-concept was given for the techniques of
pellet inspection, which contains information about the presence of glycated proteins,
reflecting a diabetic pathology.
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1 Introduction

Modern terahertz (THz) systems for the diagnosis of biological objects are mainly
based on the principles of THz pulse time-domain spectroscopy (TDS) and raster-
scanning focal-plane imaging (RSFPI). The widespread use of these systems is due to
their coherent detection approach that allows providing both the real and the imagi-
nary parts of index of refraction [1]. Previous works reported the use of THz radiation
at both the sub-cellular level and the super-cellular one. At the sub-cellular level, var-
ious candidates for interaction were reported to be sensitive to THz radiation such
as biological water [2, 3], nucleic acids [4], proteins [5], lipids [6], and carbohy-
drates [7]. Sensing life sub-units is not an end on itself. The purpose behind these
investigations is to understand the interaction mechanisms at a more complex stage,
where sub-units gather to build tissues and organic fluids. Tissues and fluids are the
sub-units of organs and thus are of primary importance when dealing with injuries,
diseases, and disorders. Research towards biomedicine applications of THz waves at
a super-cellular level can be separated into two axis: (i) in vivo diagnosis near the
body surface and (ii) in vitro tissues and fluids. While the first axis mainly gathers
skin [8, 9], eyes [10, 11], and teeth [12] examinations, the second one largely focuses
on studies for oncology [13–16] and diabetes [17–19].

While for cancer, specific THz-sensitive markers are yet to be fully understood, THz
waves were found to be sensitive to glycated protein concentration increase in blood
plasma, which is often related to diabetes [20]. Changes among blood plasma compo-
sition caused by pathological processes may considerably affect its optical properties.
Fasting glucose concentration in plasma collected from patients without glucose
metabolism disorders lies in the range 3.3–6.1 mmol/L, while in diabetes mellitus
glucose level is ≥ 7.0 mmol/L [21]. Increased glucose concentration leads to gly-
colization of proteins (albumin), which is a nonenzymatic process in which glucose
attaches to the amino groups of proteins [22, 23]. Prior investigations on different soft
tissues on both human and animals in vitro show that the optical properties of dia-
betic tissues differ from the ones of healthy tissues [24, 25]. However, studying soft
tissues remains difficult to carry out since tissues dry out during the experiment and
their biochemical and optical properties are progressively being modified. Investiga-
tions on whole blood are on their side tedious since blood cells (leukocytes, platelets,
and red blood cells) are expected to be predominant in the THz frequency range
[26], hence blurring glycated proteins’ response. Therefore, one way to proceed is to
study blood plasma as performed in [26]. Nevertheless, liquid samples are difficult
to study since they cannot be stored for a long time and their biochemical properties
are expected to change during the experiment. Suitable forms to study blood plasma
properties are therefore lyophilized blood plasma prepared in the form of pellets [27].
Such samples are transportable and convenient to store. Moreover, they practically do
not absorb moisture, they have low absorption in the THz frequency range, and they
can be conveniently fixed in a vertical holder for THz TDS in transmission mode.

This work solves two important problems: (i) development of the THz diagnostic
approach by popularizing the biological object’s inspection in the form of specially
prepared pellets. To do this, we finalized and described the methodology for prepar-
ing pellets of diabetes mellitus from two types of biological tissue: pathological
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(diabetic) and healthy, and also studied their optical properties. The pellets are the
tablets pressed from small-fractional protein crystals. Each crystal of pellets contains
a certain percentage of fats (triglycerides), proteins (albumin), and fibrinogen—all
of them normal or glycated (in diabetic case). This causes spatial inhomogeneities of
the index of refraction of pellets. To obtain statistically reliable data about the pellets
it makes sense to adapt the THz imaging, which provides two-dimensional surface
inspection. Basically, THz-RSFPI coupled with TDS is able to deal with that, but its
drawback is the long time it takes for a raster scanning. And this circumstance leads
us to the formulation of the problem (ii): an adaptation for these measurements is the
THz pulse time-domain holography (THz PTDH) as a tool providing the fast mea-
surement during a single delay line passage. Previously, this technique has already
demonstrated its ability to reconstruct a stepped and smooth relief of the techno-
logical objects that are sufficiently transparent in the THz frequency range [28, 29],
and the prospects of application for biological objects were also considered [24, 30].
However, a complete related methodology has not been presented, and the specifics
of its application in the tasks of inspection of such biological objects have not yet
been described. An advantage of this technique is the ability to register in one pass
the data delay line in three dimensions: two spatial and one temporal [31, 32]; and
this is achieved by detecting the THz field onto a wide-aperture electro-optical crystal
coupled to a matrix photodetector.

Figure 1 shows a conceptual diagram of objects (shown as red-framed elements)
and actions (orange-framed elements). The diagram illustrates the main stages of
given basic research (green arrows path), aimed at developing a methodology for the
holographic assessment of blood plasma pellets, as well as the expected sequences
of the actions that may be used directly in clinical practice (blue arrows path). The
basic research, whose results are reported in this paper, contains two stages, namely
physical and numerical experiments. The physical study, shown at the top sequence
row of Fig. 1, involves pellet preparation (described in this work in Section 2.1) and
characterization of their properties using THz-TDS (Section 2.2), while the numerical
study (remaining two sequence rows on Fig. 1) deals with the development of THz
PTDH approach laying the foundation for subsequent preparation of an experimental
protocol for reliable express-diagnosis based on a single measurement. It includes a
full cycle of solving direct and inverse diffraction problems.

The spatial distribution of the optical characteristics extracted by the TDS-RSFPI
and information about object topology are used as initial data. In the case considered
in the framework of this study, only the information on the pellet thickness should be
known as topological characteristics. Using experimental data, the numerical model
of the wavefield transmitted through the object is synthesized (Section 3.2). Then,
using the THz PTDH mathematical approach, the raw THz hologram is simulated (as
described in Section 3.3), and the setup response (it includes noise and features of the
detection) is incorporated to such a hologram. Thus, a solution of the direct diffrac-
tion problem is obtained. Starting from this step (bottom sequence row of Fig. 1),
the data emulates the results of real holographic measurements that can be obtained
while using the technique during clinical practice. Here, the influence of the features
of the detection process should be eliminated and the inverse diffraction problem is
solved (Section 3.4). The noise reduction filters can be embedded in the processing
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Fig. 1 Conceptual diagram of the THz PTDH method shows the current state of development and the
possibilities of the THz holography method of diabetes express-diagnostics

algorithm responsible for numerical calculation of backward diffraction propagation
of THz field and to the object plane [29, 33]. The obtained spatial-temporal profiles
are then analyzed, and the possibility of calculating the optical characteristics of pel-
lets based on holographic measurements is checked from the corresponding spatial
distribution of a complex-valued time spectrum. In clinical practice, prepared pellets
will be directly measured in an expanded collimated THz beam (the configuration of
the experimental setup is discussed in Section 3.1). The spatio-temporal THz field
waveforms diffracted on the pellet—THz holograms—will be measured, from which
numerical models of the THz field in the object plane will be obtained. Then, the
spatial distribution of optical properties of pellets will be extracted and statistically
processed with further database matching for diagnosis.

2 Experimental Study of Optical Properties of Blood Plasma Pellets
by THz TDS

2.1 Pellet Preparation

The study was carried out with samples of venous blood plasma taken from a male
patient suffering from decompensated second type of diabetes mellitus and from a
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healthy male participant, being 43 and 39 years old, respectively (Almazov National
Medical Research Centre, Saint-Petersburg, Russia). All experimental protocols used
in this investigation were reviewed and approved by the participants and the Local
Ethics Committee. Venous whole blood was collected in the morning in an empty
stomach after 8–12 h of fasting in a test tube with K3EDTA. Blood plasma was
obtained by centrifuging the blood during 15 min at a speed of 3000 revolutions
per minute. Blood plasma samples were frozen at a temperature of −80 ◦C and
lyophilized by freeze-drying VaCo2 (ZirBus, Germany) at a temperature of −50 ◦C
and a pressure of 3 Pa. Dried blood plasma represents a sponge composed of crystals.
The sponge was destroyed by a metal spatula and crushed to a crystal size of several
tens of micrometers. The use of a mortar and pestle was not possible due to the pres-
ence of various proteins in the plasma and grinding of proteins would lead to their
unwanted adhesion and the formation of round granules. For dosing the samples into
the matrix, a volumetric measure of 5 mm in diameter and 5 mm in height was used.
The dry mixture of 200 mg blood plasma crystals has been pressed into a flat pellet
in a steel press-mold with a diameter of 5 mm on a Corvette 590 hand press (Enkor,
Russia) at a pressure of 500 kg/cm2. The diameter of each pellet was 5 mm while
measured thickness was 1.81 mm, “diabetic pellet,” and 1.79, “non-diabetic pellet.”
The thickness of the pellets was fixed between two thin plates with a known thickness
and measured using a mechanical micrometer with an accuracy of ±10 µm. Pellets
consist of biological crystals with average size of about tens of micrometers; some
surface roughness of the pellets remains. The blood plasma pellets were a little frag-
ile; therefore, this method for measuring the thickness prevented possible damages.
We prepared ten diabetic and ten non-diabetic pellets. In a separate protocol, we draw
up the averaged optical properties of these pellets in the THz frequency range. The
dispersion of the heterogeneity of the index of refraction within the non-diabetic and
diabetic pellets was around ±9.9% and ±7.2%, respectively. In this work, we present
an image of the restored optical properties of one non-diabetic and one diabetic pel-
let. Photographs of these pellets are presented below in Fig. 2. Visual characteristics
of blood plasma pellets, illustrated in Fig. 2, are not reliable. Different physiological
reasons may influence their color in visible EM range, for example, hemolysis (the
release of blood cell content into plasma) or lipid concentration. Increased triglyc-
eride concentration may cause turbidity, which also can be visible [34]. In clinical
practice, diagnostic studies are carried out in liquid blood plasma using standard-
ized methods and THz holographic reconstruction of optical properties in lyophilized
plasma samples can be used as an additional tool for measuring the plasma properties.

2.2 Experimental Setup of THz Time-Domain Spectroscopy

THz-TDS has been around for over 30 years and has found widespread applicability
with studies ranging from the study of electronic and transport properties of com-
plex semiconductor nanostructures to biological and biomedical studies, such as cell
detection (including blood, cancer, and bacterial cells). THz-TDS is a unique spectro-
scopic technique that allows determining the properties of a sample probed by short
pulses of terahertz radiation [35].

International Journal of Infrared and Millimeter Waves (2020) 41:1041–1056 1045



Fig. 2 Photographs of non-diabetic a and diabetic b pellets

To obtain experimental data that are necessary for calculating the index of refraction
and the absorption coefficient of the pellets in the THz frequency range, a THz-
TDS system was used (Fig. 3). This technique is based on coherent generation and
detection of THz radiation. A Ti:sapphire laser reaches a beam splitter that splits the
laser beam in half—pump pulse and probe pulse. The pump pulse passes through the
delay line and excites an INAS epilayer grown on a semi-insulator GAAS wafer. Off-
axis parabolic mirrors were used to form a paraxial THz beam, which comes at the
optically nonlinear zinc telluride crystal. Concomitantly, the probe pulse focuses at
the same point on the crystal. Displacement of the delay line allows to detain a probe
pulse relatively to the THz pulse, which makes it possible to obtain a waveform of the
THz pulse. Due to the interaction of the THz-wavefield with the probe light beam,
the polarization of the probe beam changes in an electro-optical crystal, (EOC). This
process is detected using the optical circuit that includes a quarter-wave plate λ/4,
the Wollaston prism, WP, and the balance photo-detector, BPD (for more details see
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Fig. 3 Experimental setup of THz time-domain spectrometer
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[27]). The pellets (P) were placed on the holder, which moves by means of motorized
stages in the vertical and horizontal direction relative to the plane of incidence of the
paraxial THz beam. In the usual case, the THz pulse was focused on the center of
the pellet; however, in the case of the study of the uniformity of transmission, nine
different points with corresponding coordinates (x, y) were studied.

During the experiment, waveforms, which are representing the dependence of the
THz signal amplitude on the time delay between the pump pulse and the probe pulse,
were recorded. These waveforms were obtained for THz pulses passing through the
samples and through free space (without P on Fig. 3). To obtain the spectral compo-
nents of the terahertz field, the fast Fourier transform (FFT) [36] was used. Based on
part on the FFT results (spectral amplitude and phase), the index of refraction and
absorption coefficient were derived.

2.3 Blood Plasma Pellet Optical Property Extraction

To calculate the optical properties of the objects (blood plasma pellets), the frequency
dependence of amplitude A(ω) and phase ϕ(ω) was used. As a result, the following
dependencies were calculated: Aref (ω), ϕref (ω), Aobj (ω), ϕobj (ω) [37].

Since the phase spectral dependencies had different values at zero frequency, a
correction was carried out by means of linear approximation and phase shift.

Calculations were based on the equations for electromagnetic radiation passing
through absorbing medium in the form of a plate with a thickness d [38]. For the
ratio of complex amplitudes of the THz field of the pulse passing through the object
and the free space, the following ratio can be obtained:

Es
ex

Er
ex

= 4 · ñ

(ñ + 1)2
· 1(

1 − (ñ−1)2

(ñ+1)2 ei2kd
)2

· eikñd− ω
c
d , (1)

where k = ω
c

is the wave vector, ñ = n + iκ is the complex index of refraction,
ω = 2πν is the angular frequency, and d is the object thickness.

Since we have chosen a time interval where only the first pulse is located and there
are no THz pulses associated with the reflection of the THz wave from the object
surfaces, the Eq. 1 can be simplified:

Es
ex

Er
ex

= As
ex

Ar
ex

· eϕs−ϕref = 4 · ñ

(ñ + 1)2
· eikñd− ω

c
d , (2)

where As
ex = |Es

ex |, Ar
ex = |Er

ex—.
Equation 2 indicates that there are no analytical expressions for n and κ from

As
ex

Ar
ex

and eϕs−ϕref
. For the environments with absorption coefficient α < 100 cm−1,

n
κ

∼ 0.03 (ν ∼ 1 THz), which allows to count in the first approximation in the Eq. 2.
Then, for spectral amplitudes and phases, respectively, we obtain:

As
ex

Ar
ex

= 4 · n

(n + 1)2
· e− ω

c
κd , (3)

ϕs − ϕref = ω

c
nd − ω

c
d . (4)
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From Eq. 4, we obtain the index of refraction:

(ϕs − ϕref ) · 0.3

360 · d · ν
+ 1 = n. (5)

If the index of refraction is known, and taking into account that ω
c
κ = α

2 , it
becomes possible to calculate the absorption coefficient of the object from Eq. 3:

α = 2

d
ln

(
4 · n · Eref

(n + 1)2 · Es

)
. (6)

3 THz PTDH Theory For Blood Plasma Pellet Study

3.1 THz PTDH Experimental Setup

The principle of THz PTDH operation is the same as THz-TDS, but the experimen-
tal setup has some differences. To eliminate the raster scanning requirement, we
use broad collimated THz and IR beams for investigation of the necessary area of
the object (Fig. 4). After passing a polarizer Gl1, the probe beam is reflected by a
BS to propagate collinearly to the EOC. The phase of the reflected from the EOC
probe beam is modulated by the THz electrical field inside the EOC via Pockels
effect, and this phase change is converted into intensity modulation by an analyzer
Gl2. A CMOS camera is used to catch the spatial distribution of the probe beam.
The difference between two images with THz field on and off gives the THz dis-
tribution [39–41]. Also, the lens system can be used to match the diameter of the
collimated IR beam with the CMOS matrix size. Such a scheme provides express
registration of two-dimensional distribution of THz wavefield, which is important for
the statistics collection.

3.2 Object Wavefront Simulation

We present here the mathematical model of THz hologram formation. Firstly,
the initial real valued function of input THz pulse in temporal domain can be

Gl

BSEOC CMOS

L L

Gl

P

THz
Generator

M

Fig. 4 Fragment of the THz PTDH experimental setup scheme
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represented by the equation, describing the single-cycle electric field amplitude
ETHz(t) [42, 43]:

ETHz (t) = E0
t

τ
exp

(
− t2

τ 2

)
, (7)

where t ∈ [− t̃0
2 ; t̃0

2 ], and t̃0 is the time window size; E0 is the amplitude of electric
field in time-domain, and τ is the pulse duration. Then, electric field is decomposed
by the Fourier integral to the complex spectrum form:

GTHz (ν) =
∞∫

−∞
ETHz (t) exp (−i2πνt) dt . (8)

To obtain THz wavefront after the investigated object (in our case, the blood
plasma pellet), the initial complex spectrum GTHz(ν) is frequency-wise multiplied on
the object function O (x, y, ν). Under “frequency-wise,” we mean that object func-
tion is multiplied by initial spectrum for each frequency. In the calculation program, it
is realized using “for loop” for all frequencies. This object function O (x, y, ν) con-
tains both amplitude transmittance T (x, y, ν) and phase delay caused by refraction
in the object ϕobj (x, y, ν). Knowing the information about the thickness d (x, y),
dispersion of the index of refraction nobj (x, y, ν), and assuming the index of refrac-
tion of media around the object nref (x, y, ν) = 1 (e.g., for the air), we can formalize
the wavefront at the exit of the object plane:

G (x, y, ν, z = 0)=GTHz (ν)· O (x, y, ν)=GTHz (ν)· T (x, y, ν) exp (iϕ (x, y, ν))

= GTHz (ν) · T (x, y, ν) exp
(
i 2πν

c

(
nobj (x, y, ν) − 1

)
d (x, y)

)
,

(9)
where c is the speed of light in vacuum. Note, that here we assume the thin object
approximation where the diffraction inside the object is neglected. We also formalize
the coordinate, corresponding to the object position, i.e., the exit of the object plane,
to be z = 0 mm.

3.3 THz Hologram Formation

Formation of the pulsed THz hologram occurs when input wavefront after the object
O(x, y, ν) propagates some distance in the media until registration plane. To perform
the propagation of the initial wavefront to the arbitrary plane z, we use the spec-
tral approach theoretically described in [44, 45]. In these papers, the applicability of
the spectral equations for broadband single-cycle THz beam nonparaxial propaga-
tion is demonstrated. This spectral approach is based on two-dimensional complex
wavefield decomposition to the angular spectrum:

C
(
fx, fy, ν, z = 0

) =
∞∫

−∞

∞∫

−∞
G(x, y, ν, z = 0) exp

(−2πi
(
xfx + yfy

))
dxdy.

(10)
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Then, the equations for the transverse gx and longitudinal gz spectral component’s
propagation in homogeneous isotropic dielectric media with an arbitrary complex
index of refraction are formalized:

⎧⎨
⎩

gx

(
fx, fy, ν, z

) = C
(
fx, fy, ν, zo

)
exp

(
i

2πνn(ν)
c


 · z
)

gz

(
fx, fy, ν, z

) = 2πfx ·C(fx,fy,ν,zo)
2πνn(ν)

c



exp
(
i

2πνn(ν)
c


 · z
)

,
(11)

where taking into consideration the condition for the radicand


 =
⎧⎨
⎩

√
1 − c2

ν2n2(ν)

(
fx

2 + fy
2
)
, if

(
fx

2 + fy
2
) ≤ ν2n2(ν)

c2 ;
i

√
1 − c2

ν2n2(ν)

(
fx

2 + fy
2
)
, if

(
fx

2 + fy
2
)

>
ν2n2(ν)

c2 .
(12)

Note, that the second condition with imaginary root corresponds to the evanescent
waves, which describes the loss of the energy during wavefront propagation.

Furthermore, reverting back from the spatial frequencies (fx, fy) to the original
spatial coordinates (x, y) by the inverse 2D Fourier integral, we obtain the spectrum
of the field propagated over the distance z:

G (x, y, ν, z) =
∞∫

−∞

∞∫

−∞
g

(
fx, fy, ν, z

)
exp

(
2πi

(
xfx + yfy

))
dfxdfy . (13)

Then, 1D inverse Fourier transform for the propagated spectrum G (x, y, ν, z)

allows reconstructing the temporal form of the field E (x, y, t, z):

E (x, y, t, z) =
∞∫

−∞
G (x, y, ν, z) exp (i2πνt) dν. (14)

Thus, we consider the registered electric field E(x, y, t, z) as a pulsed THz
hologram.

The setup resonance, which includes the features of the detection process and the
noise generation model, must be taken into account in order to simulate the THz
hologram view closer to the real one. In this paper, we consider quite a simple setup
response model for the wavefield detection on a wide-aperture EOC. The response
features of THz PTDH setups with a detection system based on a raster-scanning
diaphragm were considered earlier in [29, 33, 46].

3.4 Object Optical Property Reconstruction

Reconstruction of the object properties is connected with inverse problem of wave-
front propagation. For this purpose, complex spectrum G(x, y, ν, z) in registration
plane z is numerically back-propagated to the initial object plane z = 0 by the
previously described method. Such reconstructed wavefront allows us to study
the spectroscopic properties of the object [24, 28, 30, 31], accounting a spatial
distribution of complex index of refraction dispersion of the object’s material [47].
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To estimate the object properties O(x, y, ν) in Eq. 9, we need to divide the spec-
trum amplitude G(x, y, ν, z = 0) by the initial THz spectrum GTHz(x, y, ν). Thus,
amplitude transmittance T (x, y, ν) in each (x, y) point is represented as:

T (x, y, ν) =
∣∣∣∣
G(x, y, ν, z = 0)

GTHz(x, y, ν)

∣∣∣∣ , (15)

and phase properties of the investigated object will be presented as phase difference
between the input and reconstructed wavefronts:

ϕ(x, y, ν) = arg (G (x, y, ν, z = 0)) − arg (GTHz (x, y, ν)) . (16)

Thus, the spatial distribution of index of refraction could be extracted from Eq. 9
if knowing the information about the object thickness d(x, y) in each point:

nobj (x, y, ν) = 1 + ϕ (x, y, ν) · c

2πν · d (x, y)
. (17)

4 Numerical Simulation of Phase Imaging of Pellets

We have designed the numerical model of blood plasma pellet with the following
parameters: object thickness was 1.81 mm (diabetic pellet) and 1.79 (non-diabetic
pellet); the field of view at the object and detection planes was 5 × 5 mm2 with
the pixel dimensions of 128 × 128 pixels; distance between object and detector was
5 mm. THz pulse duration τ was 0.65 ps with the corresponding spectrum interval
approximately from 0.2 to 1.2 THz. The number of points N in the temporal pro-
file was 1024; the time window size t̃0 was equal to 95 ps. The phase according to
Eq. 9 is simulated by plane mask with thickness d(x, y). The spatial distribution of
index of refraction n(x, y, ν) constructed from experimentally measured data (see
Section 2.3) and resized to 128 × 128 pixels.

Due to the direct measurement of the electric field by THz PTDH, we have the
initial data of E(x, y, t, z). Thus, we can plot spatio-temporal distribution of the field
in the object plane. These results are presented in Fig. 5 for non-diabetic and diabetic
pellets. This picture represents the spatio-temporal slice of 3D data E(x, y, t). Here,
we fix y coordinated at the center (y = y0) and plot E(x, t).

Time delay in the field of diabetic case is caused by the local difference in the
index of refraction of the pellet. This time delay could be observed also in THz-TDS,
but only point-by-point for the focused beam. The huge advantage of THz PTDH
is that we can register the wide-aperture collimated wavefront simultaneously using
CMOS camera, and thus getting spatio-temporal structure of the investigated field,
as presented below.

Analyzing the data in spectral domain G(x, y, ν, z), we can visualize amplitude
and phase distribution and compare the information for individual frequency compo-
nent. Figure 6 demonstrates amplitude and phase spatial distribution. For amplitude
pictures corresponding to the diabetic case, we can observe some diffraction caused
by local absorption in the pellet.

Phase images also demonstrate some phase differences between non-diabetic and
diabetic pellets
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Fig. 5 Time domain image for non-diabetic and diabetic pellets for different cross sections of the THz
beam. Cross-section regions are depicted by red lines 1, 2, 3 in the inset of the first image. This inset
illustrates transverse profile of the beam which corresponds to Gaussian intensity distribution

More valuable information than phase images is reconstructed index of refraction
of the pellets, which can be obtained using Eq. 17 . Figure 7 depicts this reconstructed
index of refraction for different frequencies for non-diabetic and diabetic pellets. The
spatial distribution of n for non-diabetic pellet preserves its homogeneity for different
frequencies. Contrary to this, the distribution the index of refraction for diabetic pellet
has several local inhomogeneities. These local inhomogeneities are presented in the
inset of Fig. 7 by blue dotted circles. This is a clear illustration on how THz PTDH
allows distinguishing spatially distributed spectroscopic information.

Fig. 6 Spatial distribution of spectral amplitude (2 upper rows) and phase (2 lower rows) for non-diabetic
and diabetic pellets
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Fig. 7 Spatial distribution of reconstructed index of refraction for non-diabetic and diabetic pellets. Labels
1–5 show spatial points where we plotted index of refraction versus frequency. Green line corresponds to
non-diabetic pellet and red corresponds to the diabetic one

At point 4 of Fig. 7, the optical properties of the blood plasma pellets (diabetic and
non-diabetic) do not show significant differences. This may be due to the fact that
non-diabetic and diabetic pellets may contain glycated and non-glycated proteins in
different concentrations. Thus, at a given point, glycation of proteins could be similar
in diabetic and non-diabetic pellets; therefore, their optical properties are similar.
Analyzing the frequency-dependent character of index of refraction, we also plotted
n(ν) for fixed spatial positions (labels 1–5), both for non-diabetic and diabetic pellets.
In these specific points (except 4th), we can observe the sufficient differences in index
of refraction in range 0.2–1.2 THz.

From a biological point of view, patients with decompensated diabetes mellitus are
characterized by a change in many parameters (increased concentration of glucose,
lipids, glycated proteins). Increased triglyceride concentration, which is common
for diabetic patients, may cause turbidity of plasma [34]. Both diabetic and non-
diabetic plasma pellets could contain glycated and non-glycated proteins in different
concentrations. These factors could lead to inhomogeneity of pellets.

The results of proposed holographic approach correlates well with the results of
RSFPI technique described in the work [48]. While THz-RSFPI was applied for non-
destructive visualization of an inhomogeneous structure in the coated theophylline
pellets, we focused our holographic approach on the inspection of blood plasma pel-
lets. Both techniques are capable of providing images of acceptable quality, but the
advantage of the holographic approach is the rapid imaging in a single pass of the
delay line.

In this subsection, we demonstrated the ability of the holographic approach to
reconstruct spatial properties of the investigated objects in terms of 2D distribution
of the index of refraction, as well as frequency-dependent refraction in each point of
the sample. Note that we shown the applicability of the THz PTDH method to the
specific case of biological objects where the magnitude of absorption is relatively
low and where the index of refraction has local features to be resolved.
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5 Conclusion

A new approach for diagnosis of diabetes mellitus is proposed, which uses THz
measurement of a lyophilized blood plasma sample prepared in the form of pellets.
Since pellets are the pressed tablets from small-fractional crystals from triglycerides,
albumin, and fibrinogen, their surface contains certain roughness and their internal
composition is characterized by spatial inhomogeneities of the index of refraction.
At the same time, they were relatively uniform and quasi-flat to effectively transmit
THz radiation, and can be used in holographic measurements to obtain a spatially
resolved distribution of optical properties providing statistically reliable results.

In our experiments, we created and characterized pellets from the venous blood
plasma of healthy and suffering from the decompensated second type of diabetes
mellitus male patients. Using information obtained by TDS-RSFPI about optical
properties of the pellets, we synthesized a numerical model of the corresponding
spatio-temporal distribution of THz broadband wavefield and assessed the capabili-
ties of pulse time-domain holography for obtaining authentic information required for
a diagnosis of diabetic disease. Thus, we have laid the foundations of a new approach
for the diagnostics of human diabetes using innovative THz equipment and special
proteins contained in the blood as a marker. This approach is being tested now at the
Almazov Medical Center (St. Petersburg, Russia), and in the nearest future we expect
the appearance of novel express-diagnostics tools based on it.
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