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Summary

Aim. The study aims to evaluate impairment of the rheological and electrical properties of blood, plasma viscosity and
blood conductivity in patients with type 2 diabetes mellitus (T2DM) in comparison with the data of the control group of healthy
individuals. It also aims to investigate the changes of the skin blood flow responses to cold stress in T2DM patients through
wavelet analysis of the peripheral skin temperature pulsations and to estimate their relationships with the blood viscosity and
blood conductivity parameters, obtained from the simulation of experimental data with mathematical equations. Materials and
methods. The whole blood viscosity was measured by Contraves LS30 viscometer (Switzerland) at a steady flow in 9 healthy
individuals and in 13 patients with type 2 diabetes mellitus. Time variation of whole blood conductivity ¢ under transient
flow at rectangular and trapezium shaped Couette viscometric flow and under electric field of 2 kHz was determined. The
amplitudes of the skin temperature pulsations (ASTP) were monitored by «Microtesty» device («FM-Diagnostics», Russia). To
analyze the temperature fluctuations, wavelet transformation analysis of the low amplitude oscillations of skin temperature in
accordance with myogenic (0.05-0.14 Hz), neurogenic (0.02—0.05 Hz), and endothelial (0.0095-0.02 Hz) control mechanisms
of the vascular tone (WAST method) was applied. Results. Blood viscosity was increased in the T2DM patients’ group, while
blood conductivity decreased in comparison to controls. Two sigmoidal equations were applied to describe the kinetics of blood
conductivity. Both models include conductivity indices (6, 6,, 6,) and time indices too. The Pearson correlations between these
parameters and the ASTP in the frequency ranges, corresponding to the myogenic, neurogenic and endothelial mechanisms
of the microcirculation tone regulation were analyzed. The correlation analysis revealed good ASTP—(5, 6,, 6,) relationships
in the neurogenic range 3 minutes after the cold test, while the ASTP—(5,, 6,, 6,) correlation in the myogenic frequency range
before the cold test was negative (r<—0.8, p<0.5). Conclusion. The results complement the studies of the microvascular regula-
tory mechanisms and endothelial dysfunction in patients with type 2 diabetes mellitus, as well as their relationships with the
rheological and electrical properties of blood.
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Pesiome

I]env — nccienoBaHre HANPABICHO HAa OLIEHKY HAPYLIEHUS! PEONOTMYECKUX M DJIEKTPUYECKHUX CBOWCTB KPOBH, BA3KOCTH
TUTa3MBbl ¥ TPOBOAMMOCTH KPOBH Y TTAIIMEHTOB ¢ caxapHbiM nuaberom 11 Tnna (C/12) B cpaBHEHNH ¢ JaHHBIMH KOHTPOJIBHON
TpyMIIBI 310pOBBIX UL [Tpy 3TOM Takke IPOBOAUIM U3YUEHUE, HA OCHOBE BelBIIeT-aHAIN3A MTyIbCallUil TeMIIepaTyphl KOXKH,
peaxIuii KOKHOTO KPOBOTOKA Ha XOJOAOBYIO HAarpy3Ky y manueHToB ¢ C/12. BBIMOMHATHN OLIEHKY B3aHMOCBSI3M yKa3aHHBIX
BBIIIIE TIAPAMETPOB € MOKA3ATEISIMU BA3KOCTU M IPOBOJUMOCTH KPOBH, IOJNYYEHHBIMH B PE3YJIBTATE MOAEIHPOBAHMS JKC-
TIEPUMEHTAIIBHBIX JaHHBIX MaTeMaTHYeCKUMH YPaBHEHUSAMU. Mamepuanst u memooul. BsI3KOCTh EIIbHON KPOBH M3MEPSUIIN
BuckosumeTpoMm Contraves LS30 (IlBefiuapust) y 9 3n0poBbix jun 1y 13 manuentos ¢ C/A2. Onpenensuin n3MeHEHHE BO
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BPEMEHH HJIEKTPHUYECKOH MPOBOJAMMOCTH LEIBHOI KPOBH G ITPU HECTAIIMOHAPHOM TEYEHHH B IIPSIMOYTOJIBHOM U TPAIICLIUEBHIHOM
BHCKO3UMETpHIecKoM 1otoke Kyartra, mpu anexrpudeckoM mose 2 k[ . AMIITHTYIBI mynbcanuii Temieparypbl Koku (ACTK)
peructpuposaiu mpudopom «Mnkporect» («d®M-/lnarnoctrka», Pocenst). bein necnons3oBan MeTo ] BEHBIICT-aHATIN3a HU3KO-
AMIUTUTYIHBIX KOJIeOaHMH TeMIepaTyphl KOXKH B COOTBETCTBHH ¢ MHOTeHHBIM (0,05-0,14 I'r), HefiporenusvM (0,02—0,05 ') u
supoTemmanbHbM (0,0095-0,02 ') Mmexanu3mMamMu KOHTpoJIs Toryca cocynoB (WAST-meton). Pe3yiomamot. BS3KOCTh KPOBH
yBeJIM4YMiIachk B rpymnme nanueHtoB ¢ C/12, Torna kak ee 3J1eKTpuieckasi IpoBOANMOCTh CHU3HMJIIACH 110 CPABHEHUIO C KOHTPO-
neM. Jli1st onucaHusi KWHETUKY ITPOBOANMOCTH KPOBU TIPHUMEHSITH JIBA CHTMOUAAJIBHBIX ypaBHEeHUs. O0e MO/iesIn BKIIIOYA0T
MHJIEKCHI IPOBOIMMOCTH (G, G, G,), & TaK)Ke BpEMEHHbIE MHEKCHL. [IpoananusupoBansl Koppensiuu [Iupcona Mexk Ty STHMH
napamerpamu 1 ASTP B 4acTOTHBIX AMana3oHax, COOTBETCTBYIONIMX MUOTEHHBIM, HEHPOTEHHBIM M SH/IOTEIHATLHBIM MeXa-
HH3MaM PETYJISIHH TOHYCa MUKPOIMPKYIIAIUA. KOppensauuoHHbIH aHaiu3 BeIsBuI Xopomue otHomenns ASTP - (6, 0,,6,) B
HEMPOTEHHOM JJHANa30He YePE3 3 MUH MOCIIE XOJIOM0BOTO TECTA, B TO BpeMs Kak Koppemsiuusi ASTP — (o, 6,, 6,) B MHOTEHHOM
YaCTOTHOM JMamna3oHe JI0 XOJIOMOBOro Tecta Obuta oTpuiiareibHoit (r<—0,8, p<0,5). 3axmouenue. Pe3yasraThl HOTONHIIOT
HCCIIEJOBaHUSI MEXaHU3MOB PETYIISIIMA MUKPOCOCYIIOB ¥ SHOTEIHANBHON TUCHYHKIMHN Y MAIIMEHTOB C CaXapHbIM JnadeToM
II Trma, a TakKe UX B3aMMOCBSI3U C PEOJIOTHUECKUMH | AJIEKTPUIECKUMH CBOHCTBAMH KPOBH.

Knrwouegwie cnosa: caxapnulii ouabem Il muna, nynocayuu memnepamypbl KOJiCU, KOHMPIAMEPAIbHAsl X010006ds npooa,

pezyiiayusi monyca MquOCOCyOOB, 6A3KOCMb KPpOBU U NIA3Mbl, I’lpOGOduMOCI’I’lb Kposu, mamemamuvyecKue ypaeHeHus

Jnsa uutupoBanus: Anmornoea H. M., Ilackoea B. K., Benvueea H. B. Peonozuueckue u snekmpuyeckue c6OUCMBa KPOBU U 63AUMOCEA3b C PeyiAyU-

ell MOHYca MUKpOCOCy008 Y NAyueHmos ¢ caxapHolm ouabemom I muna. Pecuonaproe kposoobpawenue u mukpoyupkyniayus. 2021;20(1):25-33. Doi:

10.24884/1682-6655-2021-20-1-25-33.

Introduction

The blood rheological properties have important role
in ensuring blood circulation, along with neurogenic and
humoral regulation, and properties of the vascular wall.
In our previous studies we found that in the patients
with diabetes mellitus type 2 (T2DM) the impairment of
the cutaneous microvascular blood flow hemodynamic
responses and the temperature oscillations were associ-
ated with increase of the blood viscosity values [1, 2].

Along with other optical methods a laser Doppler
flowmetry is used to investigate the microcirculation [3].
This method provides useful information about the lo-
cal skin factors of the microcirculatory regulation [4].
It was proved that the myogenic oscillation frequency
spectrum of the vascular wall tone is 0.05-0.14 Hz, the
neurogenic activity is in the range of 0.02 to 0.05 Hz and
the vascular endothelial function is determined in the
spectrum of 0.0095-0.02 Hz. Changes of the vascular
tone influence the blood flow and cause the appearance
of low-amplitude fluctuations in the temperature on the
skin surface [5, 6]. A statistically significant correlation
between the variations in the skin temperature and the
blood flow changes recorded by Doppler flowmetry has
been established [7, 8]. This allows the use of wavelet
analysis of temperature variations on the skin surface
for analysis of the dynamics of the vascular tone in the
frequency bands resulting for myogenic and neurogenic
activity, as well as for functioning of the endothelium
[6, 9, 10].

In our previous studies the oscillations in the skin
temperature after cold test in patients with T2DM, the
blood rheological properties and the relationship with
disturbances of the microvascular tone regulation were
analyzed [9, 10].

It was found that the electrical properties of the flow-
ing blood depend on the flow conditions and the modes
(regimes) of the applied shear rates. The reason is the
erythrocyte orientation and deformation under flow,
erythrocytes’ slightly electronegative charge, the hema-
tocrit and the different shear rates [11]. It was also shown
that the blood conductivity is a very sensitive tool and
that the RBCs aggregation-disaggregation processes can
be characterized by measuring the electrical conductivity
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of blood under conditions of non-steady viscometric
flow [12].

The present study aims through novel approaches,
methods and tools to study impairments of the rheo-
logical and electrical properties of the blood and plasma
viscosity and blood conductivity under different flow
conditions and modes of steady and unsteady flow in
a group of patients with T2DM and in a control group
of healthy subjects. Another aim is to analyze the pe-
ripheral vasomotor reactivity and vascular endothelial
function in these patients using the wavelet analysis of
skin temperature oscillations (WAST) method. The last
aim is to analyze the data obtained using mathemati-
cal models and to seek correlations, characterizing the
relationships between the blood rheological parameters
and the micromechanical properties of the blood cells as
well as the parameters of microvascular tone regulation
in T2DM patients.

Materials and methods

Subjects

The study included 13 patients (9 women and 4 males,
mean age 66.92+11.10 years) with T2DM with mean
duration of the disease 12.33+£5.3 years and 9 healthy
controls (8 women and 1 male, mean age 52.3+9.4 years).
The diagnosis of T2DM was based on clinical exami-
nation and estimation of blood glucose, insulin and
HbA1C. The clinical examinations of the patients were
performed in the University Hospital of Neurology and
Psychiatry «St. Naumy, Medical University in Sofia,
Bulgaria. Blood samples were collected in Li heparin
tubes and rheological measurements were completed
within 3 hours after the blood sample withdrawal. Both
groups gave voluntary informed consent to participate
in the study.

Biochemical and hematological examinations. The
examined hemorheological blood constituents were: he-
matocrit (Ht), fibrinogen (FIB), erythrocytes (Erythr),
platelets (PIt), mean cell volume (MCV). The relationship
between the dynamic viscosity and Ht, Fib, Erythr and
MCYV were evaluated using the correlation coefficient r.
The mean hematocrit values of the studied groups were:
Ht (T2DM)=38.9 +5.04 %; Ht (controls)=42.7+1.82 %
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Methods

Statistical analyses were performed using the sci-
entific graphing and data analysis software packages
SigmaPlot 11.0 (Systat Software Inc., 2008) u Origin
6.1 (OriginLab Corporation, 2009). The data were pre-
sented as mean+standard deviation (SD). According to
normality of the data distribution (Shapiro — Wilk’s W
test) the significance of inter-group differences was
evaluated by using the Student’s t-test and Mann —
Whitney U test. Pearson correlation coefficient was
used to evaluate the relationship between the whole
blood conductivity, the hemorheological and the mi-
crorheological parameters and the parameters obtained
for the amplitudes of the skin temperature pulsations
(ASTP). A p value less than 0.05 was considered as
statistically significant.

Rheological and electrorheological measurements.
A rotational viscometer Contraves LS30 (Switzerland)
with MS 1/1 standard measurement system and the con-
current measuring system MS 1/1 was used to investi-
gate the rheological and electrical properties of blood
simultaneously [11]. Whole blood viscosity (WBV) was
examined under conditions of a steady blood flow at
12 shear rates from 0.0237 s™' to 94.5 s™' at 37 °C.

A method based on dielectric properties of dispersed
systems in Couette viscometric blood flow was applied
to investigate the kinetics of RBC aggregation and the
formation and break-up of the aggregates. Time variation
of whole blood conductivity ¢ and shear stresses under
transient flow at rectangular and trapezium shaped
Couette viscometric flow were investigated under electric
field of 2 kHz. To investigate aggregation process in stasis
and under flow conditions after subjected to shearing for
30 seconds to disperse all aggregates, RBC suspension
was stopped or decreased to allow RBCs aggregation.
Immediately after beginning and complete stoppage of
shearing kinetics of conductivity and torque signals were
recorded. If the higher shear rates had no further effect
on ¢ values measured during shearing, the applied shear
rate was sufficiently high for complete dispersion of the
aggregates [11, 12].

Equations. The obtained experimental data on
the kinetics of the whole blood conductivity in both
studied groups of T2DM patients and of controls were
described by the following equations, derived in our
previous studies [11] and used for estimation of RBC
aggregation-disaggregation process at loading (1) and

at relaxation (2).

— (0-1 — 0'2) +0

= ’ )]
1+(t/t,)" :

where 6, is the initial value of the blood conductivity; o,
is the final value of the blood conductivity; p is power
and #, is the center of the curve.

(0, —03)f (0, —03)(1—f)
1+ 10t-logtos 1+ 10t-logtoz ’

2

0 =03+

where 0, is the initial asymptotic value of the blood con-
ductivity; o, is the final asymptotic value of the blood
conductivity; 0<f<1 is a fraction and #,, and ¢, are first
and second curve centers.
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Based on the blood viscosity experimental data the
index of erythrocyte aggregation (IAE) index, character-
izing the erythrocyte aggregation and T, index, character-
izing erythrocyte deformability were calculated. The IAE
is determined as the relation of whole blood viscosity at
11,02 s! to whole blood viscosity at 94,5 s [13].

IAE = 7711,02. 3)

N9a,5

T, index characterizes the erythrocyte deformability
[14]. It is determined by the relation:

0.4
= 2t (4)
Tk - 1719.4,1_” s

where 7 is the relative viscosity; # = 7,/ Nop My is the
apparent dynamic blood viscosity at shear rate 94.5 s~
'and 7 is plasma viscosity at the same shear rate, Ht, %
is the hematocrit [14].

Skin temperature oscillations recording. Recording
of the skin temperature on the volar surface of the distal
phalange of the 2" finger under basal conditions 10 min,
during a 3 min immersion of the contralateral hand in
ice water and 10 min thereafter by means of platinum
thermistor sensor is performed.

The amplitudes of the skin temperature pulsations
(ASTP) were monitored by «Microtest» device («FM-
diagnostics», Russia) providing the actual resolution
of temperature is 0.002 °C. The operating principles
of the «Microtest» device are based on the recording
the low-amplitude fluctuations of the skin temperature
caused by change of the microvascular tone in the skin
with a high temperature resolution. To analyze the
temperature fluctuations innovative wavelet-analysis
algorithms were used with Wavelet transformation
analysis of the low amplitude oscillations of the skin
temperature in accordance with myogenic (0.05-0.14
Hz), neurogenic (0.02—0.05 Hz), and endothelial
(0.0095-0.02 Hz) control mechanisms of the vascu-
lar tone [6, 8, 15].

Contralateral cold test. The patients were in supine
position during the contralateral cold test. The measure-
ments were conducted at room temperature 22.5+0.5 °C.
The skin temperature was recorded on the palm surface
of the index distal phalanx of the right hand. The ther-
mal sensor has low-conductive enclosure to prevent the
influence of ambient air flows. Another sensor controls
the room temperature.

During the cold test, the left hand was immersed into
ice-water mixture at 0 °C for 3 min. Skin temperature
was continuously measured for 10 min before the test,
3 min during the test and 10 min after the cooling. The
temperature recording started after the establishment of
a stationary thermal regime, approximately 5—10 min
after the sensor attachment. The minimal initial skin
temperature to find reliable response to cold test was
30°C 1, 2,6, 8, 15].

Results

A comparison of the mean whole blood viscosity val-
ues (WBYV) of the diabetic patients with the mean WBV
ofthe control group and their standard deviations within
the wide range of shear rates is shown in Table 1.
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Table 1

Mean values and standard deviations of whole blood viscosity (WBV) at different shear rates in the group
of patients with diabetes mellitus type 2 (n=13) and in healthy subjects (n=9) [15]

Shear rate [s—1] ndiabetes [mPa.s], mean+SD ncontrols [mPa.s], mean+SD
0.0237 65.73+£15.18 58.56+4.59
0.0596 50.92+12.09 40.03+4.29
0.1102 47.28+13.58** 29.86+3.41

0.277 38.63£11.42%* 22.81£3.33
0.512 32.49+11.19% 21.46+3.21
1.285 22.18+6.95%* 13.78+2.96
2.37 18.84+5.52 13.38+2.74
5.96 12.94+3.21 9.95+1.75
11.02 8.28+2.80 7.99£0.97
20.40 8.00+1.66* 6.72+0.7

51.20 6.14+1.10 5.38+0.55
94.5 5.37+0.87* 4.63+£0.44

* - p<0.05; ** — p<0.01 significance in comparison to controls.
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Fig. 1. Experimental data for blood conductivity in a patient obtained by rectangular regimes of the shear rates from 0's ' to 94.5 s,
37,6 s',20,45", 11,02 s, 3,23 57! (a) and back (b) of whole blood, H=40,1 %, T=37 °C [15]

An increase in the mean values of WBYV in the group
of T2DM patients was observed [15, 16]. Statistically
significant differences were found between the T2DM
and the control groups at the shear rates of 0.1102 s™!
(p<0.01),0.277 s7' (p<0.01),0.512 57! (p<0.05), 1.285 s
(p<0.01),20.4 s (p<0.05) and 94.5 s (p<0.05), shown
in Table 1. It was observed that the plasma viscosity
was also increased in the patients’ group as compared to
the controls. Statistically significant differences for the
plasma viscosity were observed at shear rates —5.96 s,
51.20 s"'and 94.5 s (p<0.05) [15].

Typical experimental dependences of whole blood
conductivity at loading are shown on Fig.1, a. Starting
from zero, the shear rates are increased up to 3,23+94,5

- and the experimental data of the kinetics of blood
conductivity at loading (Fig. 1, a) are recorded. These
records are approximated by equation (1) and the mean
values of its parameters, determined from the experi-
mental data are presented in Fig 3. The results show
that the mean values of the parameters of whole blood
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conductivity (c,, 6,), obtained from eq. (1) at loading
from zero up to five different shear rates in the group of
T2DM patients are lower than in the control group of
healthy subjects (Fig. 3).

The experimental data for blood conductivity — time
dependences at relaxation, starting from five different
shear rates within the range 94,5+3,23 s™' and then back
to zero (Fig. 1, b) are recorded. These data are simulated
by the equation (2) and the mean values of its parameters
are presented in Fig 4. The results show that the mean
values of the parameters of whole blood conductivity
(0,, ©,), obtained from eq. (2) at relaxation from five
different shear rates to zero in the group of T2DM pa-
tients (n=13) are also lower than in the control group of
healthy subjects (n=9).

The amplitudes of the skin temperature pulsations
(ASTP) were monitored by «Microtest» device («FM-
Diagnostics», Russia). To analyze the temperature
fluctuations wavelet transformation analysis of the low
amplitude oscillations of skin temperature in accordance
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Fig. 2. Box-plot diagrams of the amplitudes of the skin temperature pulsations (ASTP) in the T2DM patients’ group: a — in the endothelial
(T,), b —neurogenic (T) , c — myogenic frequency ranges (T,,)

with myogenic (0.05-0.14 Hz), neurogenic (0.02—
0.05 Hz), and endothelial (0.0095 — 0.02 Hz) control
mechanisms of the vascular tone (WAST method) was
applied. The distribution of the obtained values of the
root mean square (RMS) of the amplitudes of the skin
temperature pulsations (ASTP) in the T2DM patients’
group are shown as box-plot diagrams (Vertical Boxplot)
on Fig. 2: (a) in the endothelial (T ), () —neurogenic (T))
and (c) — myogenic frequency ranges (T,,). The median
of the sample (straight black line), the confidence interval
(25-75 %) and the obtained minimum and maximum
value (errors) are shown on the figure. Statistically
significant differences (p<0.05) were found only in the
endothelial frequency range (T,): before the cold test,
during the cold test and 3 minutes after it (p<<0.05) in the
T2DM group (Fig. 2, a).

The results from the linear correlation analysis (the
Pearson correlation coefficient) between the parameters
of whole blood conductivity (o, 6,), derived from eq.
(1) at loading and ASTP are shown in Table 2. Linear
positive correlation is found between o, (mS/cm) and
o, (mS/cm) at high shear rates (37,6 s and 94,5 s)
and ASTP in the neurogenic frequency range, 3 min-
utes after the cold test — N3 (r=0,6). Linear negative
correlation is found between the o, (mS/cm) and o,
(mS/cm) at high shear rates too (37,6 s'and 94,5 s!)
and ASTP in the myogenic frequency range, before the
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cold test — M1 (r=~0,6). Significant linear negative cor-
relation was found between ¢, (mS/cm) and calculated
from the viscosity [AE index at loading from 0+3,23 s™!
(r=-0,999, p=0,0206). The correlation analysis revealed
significanto, T, ando, T, (r=~0.8, p<0.05) correlation
at high shear rates (Tabl. 2).

The conductivity parameters — the initial value of
blood conductivity, the final value of the blood conduc-
tivity and the asymptotic final value of the blood con-
ductivity (o, 6, 6,), derived from both equations (1)
and (2) revealed high negative linear correlation with
sodium at high shear rates 37,6 s 'and 94,5 s!, for both
types of experiments evaluating the kinetics of whole
blood conductivity at loading (r=~0,79+-0,83, p<0.05)
and at relaxation (r=~~0,79+-0,86, p<0.05) (Tabl. 2; 3).
Sodium usually forms ionic compounds involving the
Na™ cation. As a result, the total charge of blood, con-
sisting of slightly electronegative erythrocytes in blood
plasma decreased. This could explain the negative linear
correlation of the parameters of the specific conductiv-
ity (o, ©,, 6,) with sodium at high shear rates, when the
erythrocytes are oriented along the current lines. The
conductivity parameters (c,, 0, 6,) revealed strong linear
correlations with each other (Tabl. 2; 3).

The results from the linear correlation analysis
(the Pearson correlation coefficient) between the pa-
rameters of whole blood conductivity (o,, 6,), derived
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Fig. 3. Mean values and standard deviations of the parameters
of the whole blood conductivity (,, ,), obtained from eq. (1)
at loading from zero up to different shear rates in the group
of T2DM (n=13) and in healthy subjects (n=9)
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Fig. 4. Mean values and standard deviations of the parameters
of whole blood conductivity (o,, 6,), obtained from eq. (2)
at relaxation from different shear rates to zero in the group

of T2DM patients (n=13) and in healthy subjects (n=9)

Table 2

Pearson correlation coefficients obtained from the linear correlation analysis between the parameters of whole blood
conductivity (o, 6,), calculated from eq. (1) at loading and the amplitudes of the skin temperature pulsations (ASTP)
in the myogenic (M1, before the cold test) and the neurogenic (N3, 3 minutes after the cold test) frequency ranges and

microrheological parameters (IAE, Tk) and sodium (Na) in the group of patients with T2DM

o, (mSjem) | % (mS/cm) N3 M1 Na, mmol/l Tk IAE
2 (at relaxation)
Shear rate |0l (mS/cm)| r=0,992*** r=0,996*** r=-0,591* | r=-0,833*
0+94,5 s7! (17) (17) (13) (8)
o, (mS/cm) r=0,998*** r=0,554* r=-0,862**
(17) (13) (8)
Shear rate |0, (mS/cm) | r=0,998*** =1 r=0,614* | r=-0,654% | r=-0,793* | r=-0,627*
0+37,6 57! (15) (15) (12) (12) (8) (13)
o, (mS/cm) r=0,998** | r=0, 619* | r=- 0,672* | r=-0,792* | r=-0,626*
(15) (12) (12) (8) (13)
Shear rate |o, (mS/cm) | r=0,996*** r=0,656*** r=-0,690*
0+20,4 5! (17) (15) (12)
o, (mS/cm) r=0,676*** r=-0,689*
(15) (12)
Shear rate |0, (mS/cm) | r=0,997*** r=0,997*** r=0,679* r=0,860**
0+11,02 57! (13) (10) (10) 9)
o, (mS/cm) r=0,994*** (9)
Shear rate |o, (mS/cm) | r=0,996* (3) r=1%* r=-0,957*
0+3,23 57! (4) (3)
0, (mS/cm) r=0,997* r=-0,999*
(3) (3)

* - p<0,05; ** - p<0,01; *** - p<0,001- significance differences.

from eq. (2) at relaxation and the amplitudes of the
skin temperature pulsations ASTP are shown in Table 4.
Moderate linear positive correlation is found between o,
(mS/cm) and o, (mS/cm) at high shear rates (37,6 s ' and
94,5 s') and ASTP in the neurogenic frequency range,
3 minutes after the cold test— N3 (r= 0,6, p<0.05). Line-
ar negative correlation is found between the 6, (mS/cm)
and 6, (mS/cm) at high shear rates (37,6 s 'and 94,5 s™)
and ASTP in the myogenic frequency range, before the
cold test— M1 (r=-0,6). Significant linear negative cor-
relation was found between o, (mS/cm) and calculated
from the viscosity IAE index at loading from 0+3,23 s*!
(r=-0,999, p=0,02) which means that at low shear rates
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with increasing of conductivity the erythrocyte aggre-
gation is decreased. The correlation analysis revealed
significant 6, T, and o, T, (r=-0.8) correlations at
high shear rates (Tabl. 3). Moderate linear negative
correlation was observed o, Plt (r=~0,6) at 20,4 s' and
high (r=-0,89) at 94,5 s'.

Moderate negative linear correlations (= 0.4, = 0.5,
= (.6) between the amplitudes of the skin temperature
pulsations ASTP and the dynamic whole blood viscosity
(n) at a shear rate of 94.5 s! in the endothelial frequency
range during the cold test (T2), 3 min after (T ;3) and 10
min after it (T, 4) for the group of patients with T2DM
were found (Tabl. 4).
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Table 3

Pearson correlation coefficients obtained from the linear correlation analysis between the parameters of whole blood
conductivity (¢,, 0,), obtained from eq. (2) at relaxation from five different shear rates to zero shear rate and the
amplitudes of the skin temperature pulsations (ASTP) and some microrheological parameters as IAE and Tk and
platelets (Plt) in the patients with T2DM

0, (mS/cm) N3 Ml Na, mmol/l Tk IAE Plt -10°/1

Shear rate o, (mS/cm) r=0,998*** r=0,554* r=-0,859**
94,5+0 s (17) (13) (8)

o, (mS/cm) r=0,556* | r=-0,553* | r=-0,857**

(13) (13) (8)

Shear rate |o, (mS/cm) r=0,998*** r=0, 614* | r=-0,654* | r=-0,793* | r=-0,627*
37,6=0s! (15) (12) (12) (8) (13)

o, (mS/cm) r=0,619% | r=-0,672% | r=-0,792*% | r=-0,626*

(12) (12) (8) (13)

Shear rate |0, (mS/cm) r=0,997*%*
20,4+0 s7! (15)

o, (mS/cm) r=-0,658*

(11)

Shear rate |0, (mS/cm) r=0,992%%*
11,02+0 s (10)
Shear rate |0, (mS/cm) | r=0,996*** (8) r=-0,850%
3,23+0s7! (6)

o0, (mS/cm) r=-1,000% r=-0,892%

(3) (6)
* — p<0,05; ** — p<0,01; *** — p<0,001- significance differences.
Table 4

Pearson correlation coefficients obtained from the linear correlation analysis between the dynamic whole blood
viscosity (1) at a shear rate of 94.5 s and the amplitudes of the skin temperature pulsations (ASTP) in the endothelial
frequency range during the cold test (TE2), 3 min after (TE3) and 10min after it (TE4)
for the group of patients with T2DM

n, mPa.s TE2

JES TE4

y=94.5s-1 r=—-0.560**

r=—0.669** r=-0.438*

* - p<0,05; ** - p<0,01 - significance in comparison to controls.

Discussion

Using novel approaches, methods and tools, impair-
ments of the rheological and electrical properties of the
blood (plasma and blood viscosity, blood conductivity)
under different flow conditions and modes of steady and
unsteady flow in the group of patients with diabetes mel-
litus type 2 (T2DM) have been determined. Peripheral
vasomotor reactivity and vascular endothelial function
in patients with type 2 diabetes mellitus using WAST
method were analyzed too. Correlations, characterizing
the relationships between the blood rheological and con-
ductivity parameters, obtained from approximation of
experimental data and the micromechanical properties of
the blood cells as well as the parameters of microvascular
tone regulation in T2DM patients have been searched.

The methodology for diagnosing the peripheral mi-
crocirculation based on the wavelet analysis of data from
the contact thermometry (WAST) method was used to
estimate disturbances of the mechanisms of regulation of
the vascular tone in patients with type 2 diabetes melli-
tus. We used the contralateral cold test, as one of the
pathogenetical tests to assess microvascular function

[17]. Dysregulation of microvascular tone in patients
with type 2 diabetes mellitus is accompanied by distur-
bances of the rheological and electrical characteristics
of blood, which presumably is a complex manifestation
of endothelial dysfunction.

Two sigmoidal equations were applied to describe
the kinetics of blood conductivity. Both models include
conductivity parameters (¢, 6,, 6,) — 0, 0,are the ini-
tial asymptotic value of the blood conductivity; o, is
the final asymptotic value of the blood conductivity and
time indices too. The Pearson correlations between these
parameters and the ASTP in the frequency ranges, cor-
responding to the myogenic, neurogenic, and endothe-
lial mechanisms of the microcirculation tone regulation
were analyzed. The correlation analysis revealed good
ASTP - (0,,0,,0,) relationships in the neurogenic range
3 minutes after the cold test, while the ASTP — (5,5,
o,) correlation in the myogenic frequency range before
the cold test was negative (r<—0.8, p<0.5).

Several authors have studied the electrical properties
of blood and blood cells in patients with type 2 diabetes
mellitus. Using a new method based on the dielectric
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properties of disperse systems and blood admittance
measurements abnormal erythrocyte aggregability was
determined in diabetic patients [18]. The authors found
a significantly higher sensitivity of the method to detect
enhanced RBC aggregation than techniques based on the
phenomenon of light scattering, microscopic observa-
tions, and others. Zilberman—Kravits et al. also found in
[18] that aggregability is increased in type 1 DM and even
more markedly in type 2 diabetic patients. The enhanced
RBC aggregation in type 1 diabetes was significantly
correlated with the levels of HBA1C, cholesterol and
triglycerides. However, no correlation between metabolic
control and RBC aggregability was found in T2DM.

Rheological and electrical behavior of blood in pa-
tients with diabetes mellitus type 2 is studied by O. De-
souky [19]. The obtained results show that there is an
increase in rheological properties (viscosity and yield
stress) and electrical properties (dielectric constant, di-
electric loss, relaxation time and AC conductivity) of
diabetic erythrocytes compared to healthy individuals.
The authors suggest that rheological disorders of dia-
betic erythrocytes (increased aggregation and decreased
deformability) will cause microvascular complications
of diabetes [19].

The feasibility of differential diagnosis of the degrees
of rheological disturbances in patients with T2DM by
dielectrophoresis of erythrocytes has been investigated
by Kruchinina et al. [20]. By applying this method, the
authors found different changes of several rheological
parameters of the erythrocytes, their combined interpreta-
tion showing high sensitivity and specificity for diagnosis
of rheological disturbances in T2DM. They emphasize
that the study of more than 20 parameters of erythrocytes
like decrease in deformation amplitude, dipole moment,
polarizability and membrane capacity and increase in
conductivity, viscosity, rigidity, hemolysis, and formation
of aggregates, allows assessment of local and systemic
microcirculation. Our findings for increased whole blood
viscosity at high shear rates in T2DM patients are in ac-
cordance with the results of Kruchinina et al. for raised
internal viscosity and summarized rigidity of RBCs.

Conclusion

Impairments of the rheological and electrical prop-
erties of the blood (plasma and blood viscosity, blood
conductivity) under different flow conditions and modes
of steady and unsteady flow in a group of patients with
diabetes mellitus type 2 (T2DM) and in a control group
of healthy subjects were found. The changes of the skin
blood flow responses to cold stress in T2DM patients
through wavelet analysis of the peripheral skin tempera-
ture pulsations were found and their relationship with
the blood viscosity and blood conductivity parameters
were estimated.

The simulation results and their comparison with the
experimental data obtained in the study will allow us to
search specific parametric models, which can reliably
describe the main distinguishing features of the microme-
chanics of blood cells, its theology, the microcirculation
impairments in patients with diabetes mellitus type 2
(T2DM). They could be used in the study of microvas-
cular and hemorheological complications in patients with
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various forms of pathology. These methods are based on
the high sensitivity of the measured characteristics and
the ability to detect pathological deviations.

The combination of these tests with an easy-to-per-
form technique (WAST method), could be successfully
applied in the routine clinical practice to detect vascular
complications in the patients with T2DM. The data from
the results obtained are of interest and indicative of disor-
ders associated with vasodilation and vasoconstriction of
the peripheral vessels due to the endothelial dysfunctions.
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