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Abstract. The research aim is to study the associations of changes in the content
of hemoglobin complexes by the Raman spectroscopy with electrical and
viscoelastic parameters of erythrocytes (using the dielectrophoresis method)
among patients with arterial hypertension (AH) (including resistant AH), to
evaluate the possibility of using these parameters for diagnostic purposes. Fifty
males (54 £ 6 years) with stage 2 of AH have been examined, 24 of them have
showed resistant AH. We have determined a significant decrease in the level of
hemoglobin-ligand complexes, Hb-NO (II) complexes in patients with resistant
AH compared to those among patients with controlled AH and among healthy
patients (p <0.001 —0.05). We have found correlations between intensities of the
most important signals of hemoglobin Raman spectra (1325, 1350, 1550, 1580,
1660, 1668 cm™') and electric and viscoelastic parameters of erythrocytes
(amplitude of erythrocytes deformation, summarized indicators of viscosity and
rigidity, the magnitude of the dipole moment, polarizability at the frequency
106 Hz, electrical conductivity, index of destruction), the intensity of which had
been the biggest one for resistant AH. It has been shown that the combined use of
two methods (Raman spectroscopy of hemoglobin and electrical and the studies of
erythrocytes by the dielectrophoresis method) allowed to increase the diagnostic
accuracy to detect the resistant arterial hypertension up to 88%, sensitivity up to
84.6%, specificity up to 91.7% compared to the data of the combined clinical and
instrumental methods of research. The capability of this combination approach
exceeds the capabilities of the methods separately. © 2020 Journal of
Biomedical Photonics & Engineering.
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1 Introduction relevant due to its high prevalence (it ranges 3 to 24%
among patients receiving antihypertensive therapy [l1,
2]), an ambiguity of the mechanisms of refractoriness
appearance [3], the role of various factors, such as

Diagnostic issues and therapeutic tactics for patients
with resistant arterial hypertension (RAH) are very
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endothelium [4], regulatory cytokines, immunological
components, blood cells that affect the development of
the RAH.

One of the possible pathogenetic factors influencing
the development of RAH is a violation of the
bioavailability of nitrogen oxide (NO) produced by
erythrocytes [5]. There are three main sources of NO in
the body, two of which are associated with erythrocytes:
there are S-Nitrosothiols of hemoglobin and NO
produced by hemoglobin nitrite reductase [6]. The role
of erythrocytes as a participant of the vasoregulation is
connected with both a direct “liberation” of NO and
stimulation of nitrogen oxide liberation by the
endothelium through ATP synthesis by involving
erythrocytes. The ATP release from erythrocytes occurs
in response to their mechanical deformation: declining
plasticity of erythrocytes leads to a decrease in ATP
levels, and, consequently, to a decrease in the NO
synthesis. The aspect of the interplay between
erythrocytes and NO for patients with RAH is very
promising in terms of existing possibilities to intervene
in NO metabolism [7-9].

Modern approaches of the diagnosis of RAH imply
the use of a whole set of studies to exclude a pseudo-
resistant AH, as well as the factors contributing to
resistance of antihypertensive therapy, secondary AH,
associated clinical conditions (metabolic syndrome,
obesity, smoking, alcohol), genetic characteristics [2,
10]. However, if the resistance persists after the
exclusion of the factors described above, possible
pathogenetic disorders come to the fore, including the
effect of nitrogen oxide levels [11].

Previous pilot studies to identify pathogenetic
features of the RAH have proved the promising
approach, associated with the assessment of the NO-
hemoglobin complexes level for the diagnosis of this
pathology [12—-14]. At the same time, we have received
information about a close association of electrical and
viscoelastic parameters of erythrocytes with the
development of resistant hypertension [15].

The hypothesis of the present study was the
assumption of a possible association of altered levels of
hemoglobin complexes with electrical and viscoelastic
parameters of erythrocytes that can be used for
diagnostic purposes for patients with AH.

This fact has determined our choice of research
methods. To determine the content of the NO-
hemoglobin complexes of erythrocytes for patients with
AH, a modern physical and chemical research method
of biological media, namely the coherent Raman
scattering spectroscopy (Raman spectroscopy), was
used. This method has all the advantages of optical
methods that are important for the study of biological
objects (high sensitivity, non-destructive nature of
impact on biological objects, lack of complex sample
preparation) and it has been successfully used for
various studies [16, 17].

The study of electrical and viscoelastic parameters
of erythrocytes has been performed by the
dielectrophoresis method in an non-uniform alternating
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electric field (NUAEF), which demonstrated high
efficiency in the diagnosis of diffuse liver disease,
cardiovascular diseases, and cancer processes, being of
non-invasive, informative, and low-cost nature [18-23].

Research aim is to identify the dependence of the
content of  hemoglobin  complexes  (Raman
spectroscopy) on the electrical and viscoelastic
parameters of the erythrocytes (dielectrophoresis) for
the patients with AH, including the resistant one, and to
evaluate the possibility of applying the results for
diagnostic purposes.

2 Materials and methods

Fifty males (54 + 6 years) with 2 AH stage have been
examined, 24 of them showed RAH [10]. We have
analyzed patients with controlled hypertension
(26 persons — group 1) and resistant hypertension
(24 persons — group 2) separately. The comparison
group consisted of 25 males of comparable age
(52+ 7 years) without hypertension and any other
manifesting pathology of internal organs. Criteria for
inclusion in the study were as follows: 1) males
40-60 years old with or without stage II of
hypertension; 2) signing an informed consent to
participate in the study.

The survey was performed with the approval of the
Biomedical Ethics Committee of the Research Institute
of Internal and Preventive Medicine (session of
15.01.2017).

The patients have undergone a comprehensive
clinical, instrumental and laboratory examination,
including  electrocardiography, heart ultrasound,
computed tomography, and electroencephalography.

According to the office measurement, the average
blood pressure (BP) of the patients with RAH was
174/100 + 13/9 mm Hg; the Apnea—Hypopnea Index
(AHI) — 63.8+3.6; BMI — 37.5+7.2 kg/m’. All
patients with RAH received multicomponent
antihypertensive  therapy, including angiotensin-
converting enzyme inhibitors, aldosterone receptor
antagonists, diuretics, beta-adrenergic blocking agents,
calcium antagonists, and centrally acting
antihypertensive drugs in maximum or maximum
tolerated doses. Patients with RAH had the higher levels
of clinically measured systolic and diastolic BP, AHI,
longer duration of AH as compared to patients with
controlled AH. (12.9+4.8 years vs 5.8 +£2.5 years,
p<0.01) (BP — 141.2/92.4+7.1/47 mm Hg; AHI —
28.5+4.2 p <0.01-0.05 in patients with controlled BP,
respectively).

The risk stratification of patients with hypertension
is presented in Table 1. It shows that in a group of
patients with RAH there are no patients with low
additional risk, more often there are a high additional
risk (p <0.01).
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Table 1 Risk stratification for patients with AH.

Additional 1% group 2" group
risk (controlled AH), (RAH),
n=26 n=24
Low,n 2 (no RF) 0
Average, n 16 (1 to 2 RFs) 5 (1 to 2 RFs)*
High, n 8 (3 or more RFs, 19 (3 or more
TODs, MSs or RFs, TODs,
DMs) MSs or DMs)*

RF - risk factors, TOD - target organ damage,
MS — metabolic syndrome, DM — diabetes mellitus;

* Statistically significant result between groups is
p<0.01.

Blood samples were obtained on an empty stomach
from the ulnar vein using standard single-use sterile
vacuum tubes with anticoagulant (citrate buffer of 3.7%
in a ratio of 9:1). In groups of patients with AH, as well
as among males of the comparison group, the levels of
hemoglobin complexes (deoxyhemoglobin (d-Hb),
oxyhemoglobin (ox-Hb), hemoglobin complexes with
nitrogen oxide (Hb-NO (I, I)) in its aqueous solutions
were studied by Raman spectroscopy using a T64000
spectrometer (Horiba Jobin Yvon) with a triple
monochromator. Preparation of hemoglobin solutions,
conditions and sequence of measurements are described
in Ref. [14].

The study of electrical and viscoelastic parameters
of erythrocytes was performed by the dielectrophoresis
method in an NUAEF using an automated specialized
installation [19]. We evaluated the electrical
conductivity of membranes, indices of aggregation and
destruction of erythrocytes, the capacity of the cell
membranes, the velocity of erythrocytes to the
electrodes, the position of the crossover frequency, the
amplitude of deformation of erythrocytes, polarizability
of cells, summarized indices of viscosity and rigidity,
the magnitude of induced dipole moment. The original
CELLFIND software package was used for computer
data processing. The error of the method assay
reproducibility is equal to 7-12%.

Statistical data processing was performed using the
software SPSS ver. 17. The distribution of quantitative
characteristics was determined by the Kolmogorov-
Smirnov test. In the case of a normal distribution, the
average value (M) and the standard error of the mean
(m) were calculated. The significance of the difference
values was assessed by the Student's and Pearson's
criteria (in a normal distribution), and nonparametric
tests (Mann-Whitney U-test, Kolmogorov-Smirnov test)
were used in cases of deviation from the normal
distribution. The criterion x> was used for evaluating
qualitative features. The relationships between features
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were evaluated using the partial correlation analysis. In
all statistical analysis procedures, the critical
significance level of the null hypothesis (p) was
assumed to be equal to 0.05. To assess the significance
of the parameters of Raman spectroscopy and
dielectrophoresis in terms of differential diagnosis of
controlled and resistant hypertension, ROC analysis was
used with the construction of characteristic curves
(ROC curves).

3 Results and discussion

The Fig. 1 shows a typical spectrum of an aqueous
hemoglobin solution obtained wusing the Raman
spectroscopy. It allows one to evaluate changes in
porphyrin conformation and levels of hemoglobin
complexes (d-Hb, ox-Hb, and Hb-NO) [24]. The
literature suggests that the ratio of Raman spectrum
peaks L1355/ Lisa indicates the ability of
deoxyhemoglobin (d-Hb) to bind O, and NO; the
complex with nitrogen oxide without breaking the
connection between the protein and hemoporphyrin was
estimated by the ratio of peaks I/ I1s30. The Hb
complex with nitrogen oxide should regulate the ability
of Hb to release 02 (11668/11580) when the protein-
hemoporphyrin bond is broken. The peaks I, III
correspond to the vibrational frequencies of
deoxyhemoglobin molecules; peaks II, IV — of
oxyhemoglobin molecules; peaks V, VI — comply with
the vibrational frequencies of NO molecules associated
with hemoglobin; the ratio (II/II) / (I/IV) reflects the
affinity of hemoglobin to O,.
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Fig. 1 A typical Raman spectrum of an aqueous
hemoglobin solution. I, III — vibrational frequencies of
deoxyhemoglobin molecules; II, IV — oxyhemoglobin
molecules; V, VI — vibrational frequencies of NO
molecules associated with hemoglobin; the ratio
(I/111) / (I/IV) reflects the affinity of hemoglobin to O,
[24].

The hemoglobin complex with nitrogen oxide
(Hb-NO) regulates the ability of hemoglobin to release
the oxygen when the bond between protein and
hemoporphyrin was broken, that is measured by the
ratio of Raman peaks Ijg30/ Ijs50. We determined a
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significant decrease in the level of hemoglobin-ligand
complexes, Hb-NO (II) complexes in patients with RAH
compared to those among patients with controlled AH
and among healthy patients (p <0.001-0.05), that
probably reflects the reduced reserves of erythrocytic
NO and a decrease in O, release (Fig. 2). The ratio of
signals Ij4g0/ 1550 in cases of resistant hypertension was
the lowest in comparison with that in controlled
hypertension and in the comparison group (0.36 + 0.07
vs 0.45 £ 0.08 in controlled hypertension, p <0.01 and
0.56 +0.09 under control, p<0.001), reflecting a
decrease in the ability of hemoglobin to give oxygen in
RAH. Rodnenkov O. V. et al. [24] have observed a
decrease in the level of Hb-NO complexes in cases of
coronary heart disease (CHD), hypertension, and
circulatory insufficiency. The researchers had explained
achieved result by increasing hypoxia in these
pathologies; on the contrary, in cases of
mountain sickness (hypoxia), an increase in the content
of ox-Hb and Hb-NO (II) complexes was observed that
increases the exchange of O, and probably has a
compensatory character.
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Fig. 2 Hemoglobin complexes levels according to the
Raman spectroscopy among patients with RAH,
controlled AH, and individuals in the comparison group.
Statistically significant results: * — control group:
*p<0.05, ** p<0.001; ~ patients with controlled AH:
p <0.05.

An insufficiency of the NO production system
leading to endothelial dysfunction is to be considered as
one of the renal mechanisms of RAH development.
During the experiment, it was found that NO-synthase
inhibitors were caused systemic and glomerular
hypertension, glomerular ischemia, tubulointerstitial
injury, and proteinuria. We obtained evidence for the
relationship between the decrease in total NO
production and renal damage for patients having AH.
The NO deficiency develops as a result of an oxidative
stress due to inactivation of nitrogen oxide by
superoxide anions and due to an exposure to an
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unpaired NO synthase, resulting in superoxides being
produced to a greater extent than NO [25].

Thus, the intra-erythrocyte NO reserves for patients
with RAH are reduced and followed by a decrease in the
vasodilating NO effects at the microcirculatory level.
On the other hand, there are studies that suggest that the
levels of NO or NO metabolites in the erythrocytes can
directly affect the ability of this cell to release the ATP
[6, 71.

A revealed decrease in intra-erythrocyte reserves of
nitrogen oxide, and a decrease in its bioavailability
associated with changes in the level and composition of
intracellular macroergic compounds, viscoelastic
parameters of the erythrocytes are probably the
pathogenetic factors for the development of resistant
hypertension and targets for therapeutic effects.

The study of electrical and viscoelastic parameters
of erythrocytes revealed significant differences between
groups of patients with controlled and resistant AH. Red
cells of patients with controlled AH after conversion to
sucrose solution were predominantly discocytic,
22 + 4% of the cells acquired the form of a “deflated
ball” or spherocytic. The level of non-discocytic forms
among patients with RAH increased to 47+ 5%
(p <0.001), in addition, about a third of the discocytes
became spiked. To ensure the integrity of the membrane
and the biconcave shape of the erythrocytes, the
macroergs’ energy shall be of great importance [26].
Energy support for intracellular homeostasis (and,
above all, ion) in erythrocytes is provided by the ATP
formed during glycolysis, which is the main way of
energy exchange in the erythrocytes [27]. The ATP
depletion in erythrocytes leads to a number of disorders;
including the interlocking the ionic pumps and changing
the ion balance in the medium-cell system. This helps to
reduce the ratio of surface area to erythrocytes’ volume
and the transformation of cells into hard-to-form
spheres, the appearance of spiked processes that
complicates the transport of oxygen from the
erythrocytes to tissues and exacerbates hypoxia It
stimulates the phenomenon of fibrogenesis, leading to
internal remodeling of vessel walls [28, 29].

In the group of patients with RAH the levels of
electrical conductivity, summarized rigidity, viscosity,
aggregation and destruction indices have increased, and
the amplitude of cell deformation, polarizability of
membranes at a frequency of 10° Hz, the speed of cell
movement to the electrodes, the dipole moment, and the
electrical capacity of erythrocyte membranes have
reliably decreased (p <0.001-0.05) compared with the
control group and patients with controlled AH
(Table 2). Inverse correlations of AH resistance with the
strain amplitude (r=0.675, p=0.03) were obtained, as
well as direct correlations with summarized parameters
of rigidity (r=0.527, p<0.001) and erythrocyte
viscosity (r = 0.493, p = 0.005).
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Table 2 Electrical and viscoelastic parameters of the erythrocytes among patients with arterial hypertension (controlled

and resistant) and in the comparison group (M + m).

doi: 10.18287/JBPE20.06.020302

Viscoelastic and electrical Group I Group II G'roup m
roperties of erythrocytes of comparison controlled AH, resistant AH,
P n=25 n=26 n=24
The amplitude of Er % % % p 0.62x10°+ 0.22x10°
deformation [m] 2.7x10°+ 0.6x10 0.81x 10+ 0.4x 107 * A
-6 -7
Summarized rigidity [N/m] ~ 4.4x10°+ 0.6x10°° 6.1x10° + 0.7% 107 * 8.0x107 £ 0.5x10
Summarized viscosity 0.31+0.04 0.5840.11% 0.75 % 0.09%AM
[Pa - sec]
Index of Er aggregation 0.43 £ 0.02 0.6+ 0.1% 0.82 & 0,03/
[relative un.]
Index of Er destruction [%] 1.07 + 0.69 5.7 4 0.5%%* 8.2 & 0.3###AN

Polarization at frequency of 5.8%10754 0.8 1073

0.71x10° £ 0.6x10*

0.52%10"°+0.5%107'°

10°Hz [m’] FHEAAA
Electric[acllil(;nm(ﬁuctivity 28107+ 0.3x10° 61107+ 0.451075%* 7.3% 19{'::A(2.A1x 107
Cellular men[llt:)]rane capacity 79510+ 02107 S 110744 0.4 014 3.9x10;{1:fA(2_A2x10-14
Velocity of Er motion, 13.942.5 70+24 5.4+ 1.8%M
[mcm/sec]

Position of crossover

S 5
frequency [Hz] 4.7%10°+ 0.4%10

7.1x10°+ 0.3x10°

L ZAVAVAN

6.2x10%+ 0.2x 10%**

Dipole moment [Kl'm] 1.5%10%' + 0.4x 10!

M stands for mean values, m stands for mean error,

0.52%1072" £ 0.08%102"*

0.29%102'+ 0.07% 102!

KAN

* — statistical significance (p) of differences from Group I (* p <0.05, ** p < 0.02, *** p <0.001);
~ — statistical significance (p) of differences from Group II (* p < 0.05, " p < 0.02, * p <0.0001);
Dipole moment was calculated at electric field tension of 8.85°10"% F/m.

A deterioration of the deformability of the erythrocytes
causes a development of stagnation in the
microcirculatory bloodstream and, as a consequence, an
occurrence of tissue hypoxia [30]. In experiments on an
isolated rabbit lung, it was shown that the plasticity of the
erythrocytes may affect the blood pressure value in it and
the pulmonary oxygen diffusion coefficient [31]. The
deformability of the erythrocytes due to an increased
convection of their contents is more conducive to oxygen
transport than facilitated diffusion [32].

It has been suggested that there should be a unique
mechanism for controlling the resistance of pulmonary
vessels, according to which the ATP release from the
erythrocytes occurs in response to their mechanical
deformation, causing stimulation of the synthesis of a
NO vasodilator [33].

When identifying associations between the electrical
and viscoelastic parameters of erythrocytes and
hemoglobin complexes, the most significant correlations

J of Biomedical Photonics & Eng 6(2)

020302-5

were found in the group of patients with resistant AH
(Table 3).

It has been found that the closest and most reliable
correlations was established between the intensity of
peaks reflecting the levels of hemoglobin complexes
with nitrogen oxide, and the amplitude of deformation
and summarized indicators of viscosity and rigidity.
Moreover, the latter association was the strongest one
that is probably possible due to the fact that the value of
this indicator depends on both the properties of the
erythrocyte membrane and its internal content —
hemoglobin. The summarized viscosity index is
determined by the degree of friction between different
cell layers, i.e. it depends on the properties of the entire
cell volume [19].

The correlations revealed are obviously not random.
It was shown that erythrocytes react with NO
synthesized and delivered from the endothelial cells
[34]. At the same time, it was found that the
erythrocytes have their own NO-synthase for the
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Table 3 Correlations between the levels of the coherent Raman scattering peaks of hemoglobin complexes and the
values of electrical and viscoelastic parameters of erythrocyte among patients with resistant arterial hypertension.

The The Summariz Summarize Polarization Index of Er  Electrical Dipole
position amplitude of  ed rigidity d viscosity  at frequency destruction conductivi moment
of the Er [N/m] [Pa x sec] of 10°Hz [%] ty [Cm/m] [KI'm]

peak deformation [m’]
[em™] [m]
1325 (1) 0.312 -0.243 -0.215 0.181 -0.217 -0.169 0.232
(0.03) (0.001) (0.05) (0.014) (0.03) (0.002) (0.002)
1350 (I1) 0.401 -0.415 -0.397 0.298 -0.413 -0.314 0.362
(0.001) (0.008) (0.043) (0.003) (0.009) (0.033) (0.05)
1550 (III) 0.284 -0.118 -0.239 0.211 -0.262 -0.218 0.301
(0.04) (0.008) (0.001) (0.023) (0.017) (0.006) (0.009)
1580 (IV) 0.378 -0.412 -0.349 0.409 -0.362 -0.422 0.437
(0.001) (0.007) (0.004) (0.01) (0.04) (0.001) (0.05)
1610 (V) 0.435 -0.463 -0.417 0.354 - 0.330 -0.397 0.428
(0.01) (0.001) (0.003) (0.016) (0.056) (0.04) (0.033)
1680 (VI) 0.571 -0.610 -0.466 0.411 -0.367 -0.429 0.503
(0.0001) (0.0001) (0.0001) (0.004) (0.05) (0.038) (0.008)
Lo /1 0.537 -0.560 -0.447 0.463 -0.419 -0.407 0.471
16807 71580 (0.007) (0.004) (0.002) (0.006) (0.003) (0.005) (0.02)

The numbers in brackets in the first column correspond to the main signals of hemoglobin forms and its complexes as
indicated in Fig. 1.
The confidence level of the association is indicated in parentheses.

Table 4 Results of the combined assessment of the Raman signals for aqueous solutions of hemoglobin, electrical,
viscoelastic parameters of the erythrocytes among patients with AH for detecting resistant and controlled forms of the
disease in comparison with the data of combined clinical and instrumental research methods.

Results of a combined study of Results of clinical and instrumental research methods
Raman spectra for aqueous solutions
of hemoglobin, electrical, viscoelastic

parameters of erythrocytes

The group with resistant AH
n =24 cases

The group with controlled AH
n =26 cases

True positive False positive
The group with controlled AH The group with resistant AH
n=22 n=2
False negative True negative
The group with controlled AH The group with resistant AH
n=4 n=22

The group with controlled AH
n =24 cases

The group with resistant AH
n =26 cases

Below are calculations of the main characteristics of the method according to Greenhalgh T. [24].
22 /(22 +4) x 100% = 84.6%
22/(22+2)x100% =91.7%

Sensitivity

Specificity

Prognostic value

of positive method results
Prognostic value

of negative method results
Accuracy index

22 /(22 +2) x 100% = 91.7%

22 /(22 + 4) x 100% = 84.6%
(22 +22) /(22 +2 +22 + 4) x 100 % = 88%

synthesis of their own NO but this process is resistance will increase, leading to an increase in BP,

implemented with a sufficient degree of deformability
of the erythrocytes [35]. Based on these data, the plastic
erythrocytes are a powerful endogenous source of NO.
Therefore, the erythrocytes with reduced deformability
and low reserves of intra-erythrocyte NO do not provide
sufficient levels of extracellular nitrogen oxide with
subsequent  vasodilation. = Therefore,  peripheral
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that is a pathogenetic basis for the development of
resistant AH.

It should be noted that the levels of
deoxyhemoglobin, oxyhemoglobin, and hemoglobin
complexes with NO were significant for the indicator of
cell polarizability that reflects the degree of their
viability. Reduced intra-erythrocyte reserves of
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hemoglobin complexes affect the resistance of the
erythrocytes as a  likely  manifestation  of
decompensation in RAH, determining a decline of this
resistance. This results in excessive hemolysis of the
erythrocytes that probably explains the correlation of
the destruction index with the peak intensities of
hemoglobin compounds. On the other hand, the changed
levels of hemoglobin forms and its complexes may
affect the mechanisms of their transformations related to
the state of cell membranes. Indirectly, this is evidenced
by correlations of erythrocyte compounds with the level
of electrical conductivity of cell membranes and the
value of the dipole moment reflecting the electric charge
of the cell [18, 19]. It should be noted that the ratio of
Raman signals Ijg50/ Ijsg9, reflecting the ability of
hemoglobin to give oxygen, was directly related to the
ability of the erythrocytes to be deformed. At the same
time, this ratio was correlated with parameters that
reflect the charge of cells — the dipole moment, the
degree of cell viability — polarizability and the index of
destruction. The resulting associations are obviously
one of the factors that lead to an increase in tissue
hypoxia for patients with RAH [2].

1.0 &
0.8
206 R
=
2
2 i AUC Sens. Spec.
I.' — 1 095 085 0.92
o2 | ---2 086 076 083
S 3 082 0.73 0.86
0.0 - I I ! 1
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity

Fig. 3 ROC-curves of signal intensities of Raman
spectra of aqueous solutions of hemoglobin, electrical
and viscoelastic parameters of erythrocytes for
differential diagnosis of resistant and controlled AH. 1 —
a ROC-curve when using Raman spectroscopy and
dielectrophoresis combined; 2 — a ROC-curve for
Raman spectroscopy; 3 — a ROC-curve for erythrocyte
dielectrophoresis.

To evaluate the significance of the peak intensities
of the Raman spectra for hemoglobin solutions,
electrical and viscoelastic parameters of the erythrocytes
in terms of differential diagnosis of resistant and
controlled hypertension, the ROC analysis has been
used by means of the construction of receiving
characteristic curves (ROC curves), the results of which
are presented in Fig. 3. During the analysis, the first
model has been formed from the peak intensities of the
coherent Raman scattering spectrum of hemoglobin, the
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second one from a set of electrical and viscoelastic
parameters of the erythrocytes, the third one is a
combination of Raman spectroscopy data and of
dielectrophoresis. It was turned out that the use of two
methods simultaneously increases diagnostic accuracy
(88%), sensitivity (84.6%), and specificity (91.7%) in
distinguishing resistant from controlled hypertension, as
opposed to methods used separately.

Results of the combined assessment of the Raman
peaks for aqueous solutions of hemoglobin, electrical,
viscoelastic parameters of the erythrocytes among
patients with AH for detecting resistant and controlled
forms of the disease in comparison with the data of
combined clinical and instrumental research methods
are presented in Table 4 [36]. Especially, the prospects
are important for determining truly positive results for
RAH (according to the prognostic value of the negative
result) due to the need for a complex of social,
therapeutic, and adaptive measures.

4 Summary

Thus, the study of changes in the content of hemoglobin
complexes by the Raman spectroscopy, electrical and
viscoelastic parameters of the erythrocytes among
patients with AH allowed us to draw the following
conclusions:

e We have determined a significant decrease in the
level of hemoglobin-ligand complexes, Hb-NO (II)
complexes in patients with RAH compared to those
among patients with controlled AH and among healthy
patients (p <0.001-0.05), that probably reflects the
reduced reserves of erythrocytic NO and a decrease in
O, release.

e Among patients with resistant AH, the levels of
electrical conductivity, summarized indicators of
rigidity, viscosity, the indices of aggregation, and
destruction are significantly higher, and the amplitude
of cell deformation, polarizability of membranes at a
frequency of 10° Hz, the speed of cell movement to the
electrodes, the dipole moment, and the -electrical
capacity of erythrocyte membranes are lower than those
in the control group and patients with controlled AH
(p < 0.0001-0.05);

e We have found -correlation between the
intensities of the most important signals of Raman
spectra of hemoglobin (1325, 1350, 1550, 1580, 1660,
1668 cm'l, Tigso/ I1sgo) and electric and viscoelastic
parameters of erythrocytes (amplitude of deformation of
erythrocytes, summarized indicators of viscosity and
rigidity, the magnitude of the dipole moment,
polarizability at the frequency 10° Hz, electrical
conductivity, index of destruction), the intensity of
which was the biggest one for resistant AH;

e The combined use of two methods (Raman
spectroscopy of hemoglobin and electrical and
viscoelastic indicators of the erythrocytes) allowed to
increase the diagnostic accuracy in detecting RAH up to
88%, sensitivity up to 84.6%, specificity up to 91.7%
compared to the data of the combined clinical and
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instrumental methods of research, which exceeds the
capabilities of the methods separately.

Thus, the combined use of the above methods in
clinical practice will reduce the material, time, and labor
costs for the diagnosis and treatment of the RAH and its
consequences, and will make it possible to identify new
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