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Abstract.

BACKGROUND: Endothelial dysfunction and microvascular disturbances are suggested to play a key role in higher
morbidity and worse prognosis in patients with COVID-19 and cardiometabolic diseases.

OBJECTIVE: Study was aimed to establish relationships between the skin microcirculation parameters and various clinical
and laboratory indicators.

METHODS: The study included 18 patients with moderate disease according to WHO criteria. Skin microcirculation
measurements were performed by laser Doppler flowmetry using a heating test on the hairy skin of the right forearm.
RESULTS: Baseline perfusion only correlated with C-reactive protein (Rs=0.5, p =0.034). Microcirculation indices charac-
terising the development of hyperaemia during the first minute of heating (LTH, and AUCg) showed significant correlations
(Rs from 0.48 to 0.67, p<0.05) with indices of general blood analysis and blood coagulation (fibrinogen, D-dimer,
haemoglobin, erythrocyte count and haematocrit). Indexes characterising the dynamics of hyperaemia development over
longer time intervals showed correlation with the glomerular filtration rate (Rs=0.6, p =0.009).

CONCLUSION: Known COVID-19 risk factors (haemorheological parameters, age) are correlated with the microvascular
reactivity to heating in patients with COVID 19. We suggest that, prospectively, the method of laser Doppler flowmetry could
be used for non-invasive instrumental assessment of microcirculatory disorders in patients with COVID-19.
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1. Introduction

Despite the large number of studies on COVID-19, we do not have exhaustive data on the pathogenesis
of this disease [1]. It is known that several diseases and conditions (old age, obesity, cardiovascular
diseases, diabetes mellitus, chronic lung diseases) are associated with a more severe course and/or poor
prognosis of COVID-19 [2—4]. E. Tibiricaand A. De Lorenzo suggest that endothelial dysfunction plays
a key role in higher morbidity and worse prognosis in patients with COVID-19 and cardiometabolic
diseases [5].

SARS-CoV-2 is known to infect cells in the body via the transmembrane angiotensin-converting
enzyme-2 (ACE-2) receptor, which is expressed in several tissue and organ cell types, including
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endothelial cells [5, 6]. It is currently unknown whether vascular abnormalities in COVID-19 are
associated with endothelial cell invasion by the virus [1]. In certain cases, histological studies of
tissues of COVID-19 patients show direct viral invasion of endothelial cells and development of
diffuse endotheliitis [6] and endothelial disfunction [7, 8]. COVID-19-associated endotheliitis may be
the cause of systemic microcirculatory dysfunction in various vascular beds. Varga Z. et al. suggest that
this hypothesis may form the basis for a selection of therapies that promote endothelial stabilization in
patients with COVID-19, which may be particularly important in patients with pre-existing endothelial
dysfunction (e.g., patients who smoke, individuals with hypertension, diabetes, obesity and established
cardiovascular disease) [6]. Hypercoagulation with microvascular thrombosis and increased cytokines
(cytokine storm) also suggest microcirculatory dysfunction in patients with COVID-19 [9].

Available knowledge about the pathogenesis of COVID-19 suggests that evaluation of microcir-
culation in patients with coronavirus infection may be informative [5, 9, 10]. In his review, Martini
R. suggests that monitoring the microcirculatory status in critical COVID-19 patients may be useful
for more competent patient management and could potentially help save many lives [9]. Dynamic
assessment of microcirculation is most convenient when performed with the help of non-invasive
technologies that allow the assessment of blood flow in skin vessels. Examples of methods allow-
ing non-invasive assessment of skin microcirculation include laser Doppler flowmetry (LDF), laser
speckle-contrast imaging (LSCI), novel method of incoherent optical fluctuation flowmetry (IOFF),
capillaroscopy, etc. [9-13].

The current study aimed to establish relationships between the parameters of skin microcirculation
registered with LDF and various clinical and laboratory parameters of patients in patients with COVID-
19.

2. Materials and methods
2.1. Patients

A cross-sectional observational study was conducted. Patients with moderate disease according to
WHO criteria were included in the study [14]. All patients were diagnosed with “Coronavirus infection
caused by COVID-19 (confirmed). Community-acquired bilateral pneumonia” based on PCR swab
results. A total of 18 patients with new coronavirus infection, 8 women (44.4%) and 10 men (55.6%)
aged 36 to 80, were included in the study. The mean patient age was 56.8 £ 10.4 years.

All patients signed an informed consent to participate in the study. The study protocol corresponded
to the principles outlined in the Declaration of Helsinki and was approved at the meeting of the
Independent Ethics Committee of the Moscow Regional Clinical Research Institute (No. 4 of May 13,
2020).

2.2. Instrumental and laboratory examination

On admission, patients were clinically examined with complaint analysis, medical history data, and
objective methods of examination.

The state of lung tissue and prevalence of inflammatory changes were assessed by CT scan. The
study was performed on a Phillips “Brilliance CT 64 slice”. The volume of the pulmonary tissue
involved in the pathological process was calculated, and according to the following data the degree of
severity was assessed: CT-0 - no signs of viral pneumonia; CT-1 - mild form of pneumonia with areas
of ground-glass opacity (GGO), severity of pathological changes less than 25%; CT-2 - moderate pneu-
monia, 25-50% of lungs were affected; CT-3 - moderate pneumonia, 50-75% of lungs were affected;
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CT-4 - severe form of pneumonia, >75% of lungs were affected. Evaluation and interpretation of the
data were performed by the specialists of the radiological department of the N.I. Pirogov National
Medical Center.

SpO, was measured using a PM-60 (Shenzhen Mindray Bio-Medical Electronics Co., LTD.) pulse
oximeter at least twice a day during the entire period of the patients’ stay in the department.

All patients underwent: a general blood count (haematology analyser XS-1000i, Sysmex, Japan);
coagulogram (haemostasis testing system CA-600, Sysmex, Japan); blood chemistry (automatic bio-
chemical analyser Olympus AU400, Beckman Coulter Inc., USA); inflammatory markers (C-RP,
procalcitonin test); measurements of blood oxygen status (ABL800 FLEX Radiometer).

2.3. Measurement of skin blood microcirculation

The study of skin blood microcirculation was performed using LAKK-02 and LAKK-TEST systems
(SPE LASMA, Russian Federation).

At the time of measurement, the patient was in the sitting position. The patient’s right arm was
placed horizontally on the table. Measurement of skin blood microcirculation was performed on the
dorsal surface of the forearm, 4 cm proximal to the wrist joint. The heating element of the module
“LAKK-TEST” and the sensor of the device “LAKK-02" were fixed to the skin using adhesive tape.
Measurements were taken after a 10-minute adaptation of the patient to the temperature conditions of
the room. The temperature of the heating element was set at 32.2 °C, after which the baseline perfusion
level was recorded for 2 minutes. Local heating of the skin to 42.1-42.2 °C was then performed at a
rate of ~1.5 °C/s and recording was continued for 5 minutes.

Post-registration data processing was performed in Excel 2019 (Microsoft corp., USA). Perfusion
level (in perfusion units - PU) recorded at a frequency of 20 Hz was exported to Excel and the following
set of indices characterising the state of skin microcirculation was calculated:

e Baseline perfusion level (BP), the average value of perfusion before heating was turned on;

e Local thermal hyperaemia (LTH, » 3 45) - the average value of perfusion during 1, 2, 3, 4 and 5
minutes of heating, respectively;

o Slope of the section of the microcirculatory curve (Slopeeo, 120.180,240,300) - the tangent of the slope
of the regression straight line, plotted to the section of the perfusion curve from the moment of
heating to 60, 120, 180, 240 and 300 seconds of heating multiplied by 10;

e Area under the microcirculatory curve (AUCg,120,180,240,300) - area under the section of the micro-
circulatory curve to the baseline of perfusion during the first 60, 120, 180, 240 and 300 seconds of
heating.

An example of the microcirculatory curve with the designation of the calculated parameters is shown
in Fig. 1.

2.4. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics v25 (IBM Corp., USA). Arithmetic
mean values and standard deviations (M 4 SD) were calculated for normally distributed quantitative
variables; medians and quartiles (Me [LQ; UQ]) were calculated for variables with a distribution
other than normal. Hypotheses about the normality of the distributions of quantitative variables were
tested using the Shapiro-Wilk test. Relative and absolute frequencies were calculated for qualitative
variables. The quantitative variables in the two groups were compared using the Mann-Whitney test.
The Spearman correlation coefficient was calculated to analyse the relationship between the two
quantitative variables.
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Fig. 1. Example of a microcirculatory curve with the designation of calculated parameters: baseline perfusion (BP), local
thermal hyperaemia (LTH, 53 45), slope of the section of the microcirculatory curve (Slopeeo,120.180.240.300), area under the
section of the microcirculatory curve (AUCs, 120,180.240,300)-

The statistical significance level (o) was accepted as 0.05, while the null hypotheses were rejected
atp<o.

The statistical power analysis was performed with the program G*Power 3.1.9.6 (Universitat
Disseldorf) [15]. At a significance level (o) of 0.05 and with a statistical power (1-3) of 0.8 the
sample size of 18 patients was sufficient to detect an effect size (p) of 0.57 or higher.

3. Results

The characteristics of the patients included in the study are shown in Table 1. Among 18 patients,
2 patients (11.1%) had normal body weight (BMI <25), 7 patients (38.9%) had excess body weight
(25 <BMI < 30), and 9 patients (50%) were obese (BMI>30). Arterial hypertension was detected in
8 (44.4%) patients, type 2 diabetes mellitus in 5 (27.8%) patients.

All patients had moderate disease according to WHO criteria. A body temperature above 37°C on
the day of measurement was detected in only 2 (11.1%) patients.

The results of the laboratory examination of the patients are presented in Table 2. Fibrinogen levels
were higher than the reference values in 17 (94.4%) patients. C-RP and ferritin levels were elevated in
16 (88.9%) patients. Lymphocyte and EPI levels were decreased in 14 (77.8%) patients. D-dimer was
elevated in 12 (66.7%) patients.

The results of the microcirculation study by laser Doppler flowmetry are presented in Table 3. A
correlation analysis was performed between microcirculation indices and age, physical examination,
and laboratory findings in patients with COVID-19. The correlation matrix is presented in Table 4.

Table 4 lists only the parameters with which statistically significant correlations were found. No
statistically significant correlations were found with BMI (kg/m?), body t° on the day of measurement
(°C), SBP (mmHg), DBP (mmHg), HR (contractions per 1 min), respiratory rate (1/min), procalcitonin
(ng/ml), prothrombin time (sec), mean erythrocyte volume (fl), hematocrit (%), platelet count (10°/),
white blood cell count (10°/1), lymphocyte count (10°/1), bilirubin (wmol/l), glucose (pmol/l), ferritin
(pgf/l) levels.

Only one indicator, C-RP level, was found to correlate with baseline perfusion levels. The remaining
correlations were found among the indices characterising the reactivity of the microcirculatory bed to
heating.
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Characteristics of patients included in the study

Table 1

Parameters

Patients with COVID-19 n=18

Age (years), M £ SD 56.8+£10.4
Sex (Male / Female), n (%) 10 (55.6%) / 8 (44.4%)
BMI (kg/m2), M & SD 314+£6.1
Systolic Blood Pressure (mm Hg), M & SD 131.9+£25.6
Diastolic Blood Pressure (mm Hg), M &+ SD 85.8£15.5
Heart rate (heats/min), M & SD 73+£15
SpO2 (%), M £ SD 959+1.5
Body temperature on the day of measurement (°C), Me [LQ; UQ] 36.8 [36.5; 37]
Percentage of lung involvement (%), M &= SD Left lung 42.5 [30; 50]
Right lung 40 [25; 55]
Severity of lung damage (CT staging), n (%) 1 2 (11.1%)
2 9 (50%)
3 7 (38.9%)
Comorbidity Arterial hypertension, n (%) 8 (44.4%)
Diabetes mellitus, n (%) 5 (27.8%)
Table 2
Results of laboratory examination of patients with COVID-19
Parameters Laboratory Reference Ranges Patients with COVID-19, n=18

Procalcitonin, ng/ml, Me [LQ; UQ]
C-RP, mg/l, Me [LQ; UQ]

aPTT, s, Me [LQ; UQ]

Prothrombin time, s, M + SD
Prothrombin % by Quik, M & SD
Fibrinogen, g/, M + SD

D-dimer, pg/mL, Me [LQ; UQ]
Haemoglobin, g/, M & SD

Red blood cells, 10%/l, M & SD
Mean erythrocyte volume, fl, Me [LQ; UQ]
Haematocrit, %, Me [LQ; UQ]
Platelets, 10°/1, M & SD

White blood cells, 10°/1, M & SD
Lymphocytes, 10°/1, Me [LQ; UQ]
Creatinine, pmol/l, Me [LQ; UQ]
GFR (EPI), ml/min/1.73 m>, M & SD
Total bilirubin, pmol/L, M £ SD
Ferritin, wg/L, Me [LQ; UQ]

0-0.046
0-5.0
24-35
9.8-18

70-130

2-4
0-0.5

120-140

3.9-4.7

80-100
3642

150400

4.0-9.0
19-37
53-97

>90
5-21
10-120

0.04 [0.033; 0.063]
10 [7.2; 16.6]
33.4[30.8; 34.9]
145+£13
85+ 12.1
6.2+1.18
0.59 [0.42; 0.83]
129.7+£19.7
44406
90.3 [87.6; 94]
41.1[37.5; 42.8]
291.5+151.4
6.67 £2.44
2.24[1.45; 3.06]
81.5 [74.6;90.2]
78.49£21.16
10.26 & 3.42
483.4[184.3; 641.9]

The age of the patients correlated with the highest number of microcirculatory indices character-
ising microcirculatory reactivity. The strongest correlation was found with the Slope;y parameter
(Rs=-0.737, p<0.001) characterising the rate of perfusion gain during the first two minutes of heat-
ing (Fig. 2A). All correlations detected were negative — patients with COVID-19 showed a decrease
in microcirculatory reactivity with increasing age.
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Table 3

Results of microcirculation assessment of patients with COVID-19

Parameter Patients with COVID-19 n=18
BP (PU), Me [LQ; UQ] 3.01 [2.47; 5.04]
LTH, (PU), M+ SD 14.65 £4.47
LTH, (PU), M+ SD 23.29+6.77
LTH; (PU), M+ SD 25.36£6.5
LTH, (PU), M+ SD 25.36£5.97
LTH;s (PU), M+ SD 25.87+7.04
AUC¢, (PU*s), M £ SD 671 £253
AUC|y (PU*s), M £ SD 1846 4+ 640
AUCg9 (PU*s), M+ SD 3144 +1010
AUC,4 (PU*s), M £ SD 4442 + 1363
AUGC;( (PU*s), M+ SD 5772 +1778
Slopegy (PU/s), M+ SD 3.28+1.27
Slopeyo (PU/s), M £ SD 1.52+0.58
Slopeigo (PU/s), M &= SD 0.93+0.35
Slope,so (PU/s), M 4+ SD 0.59+0.26
Slopesoo (PU/s), M £+ SD 0.42+0.19

Among the laboratory parameters, the highest number of correlations was found for the aPTT index,
which characterises the performance of the general cascade of the human coagulation system and is a
sensitive indicator of blood coagulation. aPTT was moderately correlated with reactivity indices — an
increase in aPTT was associated with an increase in reactivity indices. D-dimer and fibrinogen were
also moderately correlated with measures such as LTH;, AUCgg, Slopegg.

There was also a statistically significant effect of DM on the slope indices characterising the rate of
hyperaemic response on the section of the microcirculatory curve. Slope;gg, Slopesag, Slopesgg were
statistically significantly lower in patients with diabetes than in patients without diabetes (Fig. 3B, 3 C,
3D).

No statistically significant connections of microcirculation indices with sex or presence of arterial
hypertension were found.

4. Discussion/Conclusion

The scientific literature has repeatedly suggested that assessment of skin microcirculation, in par-
ticular endothelial dysfunction, may be informative in patients with COVID-19 [16]. In this study,
we conducted a non-invasive study of the parameters of skin microcirculation using a heat test in
patients with the coronavirus infection COVID-19. During the heat test, local thermal hyperaemia
developed due to neuroregulatory (axon-reflex) and endothelial mechanisms [17]. A decrease in the
severity of this hyperaemia may indicate the presence of microcirculatory disorders [18]. It has also
been shown that microcirculatory reactivity reduces in patients with moderate and severe COVID-
19 [19]. The rheological properties of blood can also affect the intensity of the hyperaemic reaction
[20].

The analysis of the data revealed several correlations between cutaneous microcirculation indices
and clinical and laboratory examination parameters. For example, a strong correlation has been shown
between age and microvascular reactivity. Age is a known risk factor for adverse outcomes in COVID-
19 disease [4]. This finding leads to the hypothesis (to be confirmed by further research) that age-



Table 4
Spearman rank correlation coefficients (with significance level) between clinical and demographic characteristics of patients and indices of skin microcirculation. “~” is
marked for p>0.05
BP LTH] LTH2 LTH3 LTH4 LTH5 AUCG() AUClz() AUC]g() AUCZ4() AUC3()0 SlOp660 SlOpelz() SlOpelg() Slope300
Age (years) - - -0.570 -0.571 -0.547 -0.624 - -0.555 -0.611 -0.564 -0.591 -0.503 -0.737 -0.556 -
p=0.014 p=0.013 p=0.019 p=0.006 p=0.017 p=0.007 p=0.015 p=0.01 p=0.033 p<0.001 p=0.017
SpO; (%) - - - - - 0.512 - - - - - - - - -
p=0.043
C-RP (mg/l) 0.501 - - - - - - - - - - - - - -
p=0.034
aPTT (s) - - 0.511 - - - - 0.491 0.519 0.474 - - 0.537 - -
p=0.03 p=0.038 p=0.027 p=0.047 p=0.022
Fibrinogen (g/1) - - - - - - 0.560 0.503 0.472 - - 0.42 - - -
p=0.016 p=0.034 p=0.048 p=0.083

D-dimer (p.g/ml) - 0.504 - - - - 0.482 - - - - 0.517 - - -

p=0.033 p=0.043 p=0.028
Haemoglobin - -0.670 - - - - -0.515  -0.493 - - - -0.502 - - -
(g/) p=0.002 p=0.029 p=0.038 p=0.034
Red blood cells - -0.550 - - - - - - - - - - - - -
(10%/u1) p=0.018
Haematocrit (%) - -0.542 - - - - - - - - - - - - -

p=0.02
Lymphocytes - - - - - - - - - - - - - - 0.485
(10°/L) p=0.041
Creatinine - - - -0.517 - - - - - - - - - -0.542 -
(pmol/1) p=0.028 p=0.02
GFR (EPI) - - - 0.494 - - - - - - - - 0.529 0.600 -
(ml/min/1.73 m?) p=0.037 p=0.024 p=0.009
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Fig. 2. Correlations between skin microvascular reactivity indices and clinical and demographic characteristics of patients.
A - Slopey and age of patients, B - LTH1 and haemoglobin (g/1), C — AUC60 and Fibrinogen (g/l), D - Slope;sp and GFR
(ml/min/1.73m?).

mediated reductions in microcirculatory reactivity in patients with COVID-19 may be one of the
factors causing an increased risk of a poor prognosis of the disease.

Another known risk factor for a negative COVID-19 outcome is DM [21]. In the current study, it has
been shown that diabetic patients show a decrease in microcirculation reactivity, which characterises
the rate of perfusion gain. The LTH parameters reflect the average perfusion level for each of the
5 minutes of heating, while the AUC and Slope values rather demonstrate the cumulative effect of
vasodilation. During the first minutes of heating, vasodilation is caused by neurogenic mechanism
(axon reflex), followed by endothelial-induced vasodilation [22]. Reduced reactivity is not observed
during the first minutes of hyperaemia, but at later periods where the contribution of endothelial
mechanisms of vasodilation mediated by nitric oxide release is increased [22].

The number of correlations were found with laboratory parameters characterising the performance
of the clotting system. aPTT, fibrinogen, D-dimer, and haemoglobin levels correlated with reactivity
indices. It is known that microcirculation can be affected by the composition of the circulating blood
[23]. Most of these correlations were manifested in the first minute of heating, and with the further
development of vasodilation, their strength decreased. This may suggest that the influence of the
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Fig. 3. Comparison of the slope of microcirculatory curve sections over 120 (A), 180 (B), 240 (C), and 300 (D) seconds of
heating in patients with (n=5) and without diabetes mellitus (DM) (n=13). * - p <0,05 (Mann-Whitney test).

rheological properties of blood on the development of a hyperaemic reaction is maximal at the initial
stage of a hyperaemic reaction.

The level of baseline perfusion is moderately correlated with the level of C-reactive protein, which
characterises the development of a systemic inflammatory response.

The conducted research has several limitations. Small sample size does not allow the identification
of correlations of weak intensity — at a power level of 80%, a sample of 18 observations only allows
the identification of correlations of moderate strength. Another limitation is the nature of the group
of patients, as the study mainly included patients with a moderate course of disease. Examination of
patients in serious condition was impossible due to technical limitations.

The study was conducted in the “red zone”, so the recruitment of the age-matched control group
was also limited. According to the literature, some of the correlations we found in the group of
patients with COVID-19 are also found in patients without the disease, such as age-related decrease in
microcirculatory reactivity [24, 25]. The association between age and baseline perfusion, as reported
by several studies [26, 27], may not have been found in our work because of the power of the study.

On the other hand, our study found unusual correlations of vascular reactivity parameters with
fibrinogen and aPTT. According to the literature, high levels of fibrinogen may be associated with
the development of endothelial dysfunction [28]. In our study, we observe a positive correlation with
microvascular reactivity for both fibrinogen and aPTT. This correlation is detectable in the first minutes
of hyperemia and is not detectable at 4-5 minutes, when the endothelial contribution increases. This
may be because all patients received anticoagulant therapy to prevent the thrombosis that develops
with COVID-19 [29, 30].
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5. Conclusion

Age, diabetes mellitus, obesity, and haemorheological disorders are known to be risk factors for
poor outcomes in patients with COVID-19. In the present study, within a group of patients with
moderate COVID-19 disease, most of these factors were shown to correlate with decreased reactivity
of cutaneous microvasculature. We suggest that assessment of microcirculation reactivity in patients
with COVID-19 may potentially be used as an additional, instrumental, non-invasive way of assessing
the risk of developing a negative outcome for the disease, and its prevention.
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