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INTRODUCTION
To date, it has been clearly established, that the coro-
navirus disease (COVID-19), caused by severe acute 
respiratory syndrome coronavirus type 2 (SARS-CoV-2), 
mostly affecting a respiratory system, simultaneously 
induces a multi-organ damage, which, in its turn, is 
associated with an increased risk of severe complicated 
course of SARS-CoV-2 infection [1]. 

While discussing a COVID-19 as a multifaceted sys-
temic disorder, it is worth mentioning that SARS-CoV-2 
negatively impacts on the microcirculation, involving 
the series of underlying pathomechanisms, particularly 
the endothelial damage, microthrombosis and micro-
vascular occlusion [2, 3]. Of note, the microvascular 
alterations are considered not only as a pathophysi-
ological aspect within the framework of acute SARS-
CoV-2 infection, but also as a factor associated with 

the increased risk of long-term postinfection sequelae 
in COVID-19 convalescents [4].

The growing body of evidence suggests that the pa-
tients with pre-existing cardiovascular comorbidities 
are more prone to COVID-19-related complications 
and subjected to higher associated mortality [5]. In 
particular, the coronary artery disease is linked to 
SARS-CoV-2 infection in a manner of mutually aggra-
vation [5-7]. Moreover, the microvascular alterations, 
including the endothelial dysfunction and damage, 
are likely to be the factors, significantly contributing 
to such a dramatic reciprocal deterioration of both 
conditions` course [8, 9].

At present, the methodology of non-invasive 
study of peripheral microcirculation, specifically in 
COVID-19 patients or convalescents, includes the 
use of nailfold (video)cappilaroscopy (NVC) [10, 11] 
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ABSTRACT
The aim: To evaluate the alterations in microcirculation of stable coronary artery disease (SCAD) patients with concomitant COVID-19.
Materials and methods: The cross-sectional study analyzed the data from 80 patients, being subdivided as follows: group 1 (G1) – SCAD without COVID-19 
(n=30); group 2 (G2) – SCAD with concomitant COVID-19 (n=25); group 3 (G3) – COVID-19 without SCAD (n=25). The control group included 30 relatively 
healthy volunteers. The state of microcirculation was assessed by nailfold videocapillaroscopy (NVC) and laser Doppler flowmetry (LDF).
Results: NVC data from G2 revealed the sings of capillary bed remodeling, along with the most pronounced decrease in capillary (arteriolar part of the loop) 
blood flow velocity (vs. G1 and G3). LDF data from G2 were evident for the alterations in both endothelium-dependent and -independent mechanisms of 
microvascular flow regulation. The 72 % of G2 constituted the cases of microcirculatory hemodynamic «congestion-stasis» (MHCS) type (characterized by the 
decreased laser Doppler perfusion index and reduced endothelium-dependent microvascular reactivity [MVR]), and the cases of mixed type with reduced MVR. 
The pooled hyporeactive profile (of both MHCS type and a mixed type with reduced MVR) demonstrated the higher frequency of G2 patients (40 %), as against 
11 % in the pooled alternative hemodynamic group (p<0,001) (included 80 % of cases with preserved MVR).
Conclusions: G2 profile demonstrated the predomination of patients, possessing a MHCS type or a mixed type with reduced MVR. The pooled microcirculatory 
hyporeactive profile was presented with G2 cases to a greater extent, than in the pooled profile with predominantly preserved MVR.
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Fig. 1. The present study design. * – Median (Me), interquartile range (IQR).

Fig. 2. CD (per 1 mm2) in G1-G3 patients and controls (box-and-whiskey plots; the significance of difference (p[CD]) between the studied groups)

Fig. 3. CalA (A) and CalV (μm) (B) in G1-G3 patients and CG (box-and-whiskey plots; the significance of difference (p[CalA] and p[CalV], respectively) between 
the studied groups)



Vasyl Z. Netiazhenko et al. 

2226

Fig. 4. LenA (A) and LenV (μm) (B) in G1-G3 patients and CG (box-and-whiskey plots; the significance of difference (p[LenA] and p[LenV], respectively) 
between the studied groups)

Fig. 5. VelA (A) and VelV (μm) (B) in G1-G3 patients and CG (box-and-whiskey plots; the significance of difference (p[VelA] and p[VelV], respectively) 
between the studied groups)

Fig. 6. Baseline LDPM (a.u.) in G1-G3 patients and controls (A – box-and-whiskey plots; B – the structure of LDPM patterns (a.u.) in the studied groups).
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Fig. 7. Baseline LDP variability in G1-G3 patients and controls (A – SD (a.u.); box-and-whiskey plots; the significance of difference (p[LDPSD]) between the 
studied groups; B – CV (%); box-and-whiskey plots; the significance of difference (p[LDPCV]) between the studied groups).

Fig. 8. AmaxE (Hz) in G1-G3 patients and CG (box-and-whiskey plots; the significance of difference (p[AmaxE]) between the studied groups)

Fig. 9. AmaxN (Hz) in G1-G3 patients and CG (box-and-whiskey plots; the significance of difference (p[AmaxN]) between the studied groups)
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Fig. 10. AmaxM (Hz) in G1-G3 patients and CG (box-and-whiskey plots; the significance of difference (p[AmaxM]) between the studied groups)

Fig. 11. AmaxR (Hz) in G1-G3 patients and CG (box-and-whiskey plots; the significance of difference (p[AmaxR]) between the studied groups)

Fig. 12. AmaxC (Hz) in G1-G3 patients and CG (box-and-whiskey plots; the significance of difference (p[AmaxC]) between the studied groups)
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Fig. 13. CFR1 (%) in G1-G3 patients and controls (A – box-and-whiskey plots and the significance of difference (p[CFR1]) between the studied groups; 
B – the structure of CFR1 patterns in the studied groups). z – Statistically significant difference by z-test. a, b – Each subscript letter denotes the subsets 
of the corresponding studied groups, whose column proportions do not differ significantly from each other at p<0,05.

Fig. 14. Hemodynamic types (HTs) of microcirculation in G1-G3 patients and controls (A-D: the structure of HTs (%) in CG and G1-G3; E – the significance of 
difference (p[HT1]) between the studied groups by HT1 frequency; F – the significance of difference (p[HT4]) between the studied groups by HT4 frequency)
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Fig. 15. The clinical status structure (%) of the pooled group [HT1+HT4] (N=45) and the non-[HT1+HT4] group (N=65). a, b – Each subscript letter denotes 
the subsets of the corresponding studied groups, whose column proportions do not differ significantly from each other at p<0,05 (z-test).

Fig. 16. The clinical status structure (%) of the pooled groups [HT2+HT5], [HT3+HT6], [HT1+HT4], and [H7] (A). The significance of difference between 
the groups by CG (B) and G2 (C) frequency.
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THE AIM
The aim of the study was to evaluate the alterations in 
microcirculation of SCAD patients with concomitant 
COVID-19.

MATERIALS AND METHODS
The present cross-sectional study consecutively enrolled 
and analyzed the data from 55 patients with SCAD (in-
cluding those with concomitant COVID-19 [n=25]), and 25 
patients with SARS-CoV-2 infection without SCAD, during 
the period 10 Dec 2019 – 31 Dec 2022. We also enrolled 
30 relatively healthy volunteers, being free from previ-
ous SARS-CoV-2 infection, and non-vaccinated against 
COVID-19 prior to the study (Fig. 1). The principal aspects 
of the study design, particularly the exclusion criteria, and 
the clinical and certain instrumental characteristics of the 
enrolled persons have been presented earlier [17].

and the laser-based techniques, particularly laser 
Doppler flowmetry (LDF) [12, 13]. In addition, there 
are data on the purposeful assessment of coronary 
microvascular dysfunction in COVID-19 patients and 
post-COVID-19 survivors [14-16], being, however, of 
limited availability to be obtained in routine clinical 
settings.

At the same time, one should be concerned over 
the lacking of data regarding the use of non-invasive 
tests for the assessment of peripheral microvascular 
flow and morphology, in particular NVC/LDF, in stable 
coronary artery disease (SCAD) patients with concom-
itant COVID-19. Therefore, there is an obvious need to 
extend our knowledge as to the clinical application 
of such more accessible technologies in the routine 
management of SCAD patients in the acute phase 
of SARS-CoV-2 infection, and those recovered from 
COVID-19.

Fig. 17. CFR2 (%) (A) and the frequency of CFR2<200 % (B) in G1-G3 patients and controls (box-and-whiskey plots; the significance of difference (p[CFR2] 
and p[CFR2<200 %], respectively) between the studied groups)

Fig. 18. The correlations of LDF and NFC parameters. All the significant correlations are bold (at p<0,05).
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activity in terms of both nitric oxide (II) (NO)-dependent 
and -independent ways of vascular tone regulation; 
the neurogenic oscillations (AmaxN) (0,021-0,052 Hz), 
reflecting the impact of neural (sympathetic) innerva-
tion on cutaneous blood flow; the myogenic oscillations 
(AmaxM) (0,052-0,145 Hz), corresponding to (precapillary) 
vascular smooth muscles activity; the respiratory (AmaxR) 
(0,145-0,6 Hz) and cardiac (pulse) (AmaxC) (0,6-2 Hz) 
oscillations, representing, respectively, the influence 
of macrohemodynamics (heart rate, pulse wave) and 
movement of the thorax («respiratory pump») on the 
microvascular blood flow. The AmaxE, AmaxN and AmaxM 
characterize the active mechanisms of microcirculatory 
flow modulation, whereas AmaxR and AmaxC are consid-
ered as passive ones [22-24].

After the measurement of basal microvascular flow, 
the occlusion functional test was performed. A pressure 
cuff was placed on the upper left, with the following 
steps of the test: the basal flow recording (for 1 minute); 
then the pneumatic cuff rapid inflation up to 200 mm 
Hg (or 50 mm Hg higher than the value of systolic blood 
pressure indicated by the participant) and holding for 
3 minutes; and, finally, the cuff rapid deflation with 
continuous blood flow recording for the next 6 minutes 
[20, 23]. After the cuff release, one can observe a short 
period of the rise of perfusion, reflecting the maximum 
filling of microcirculatory bed with blood, referred to as 
«post-occlusive reactive hyperemia» (PORH). PORH, in 
general, characterizes the whole microcirculatory blood 
filling capacity, being also an accepted parameter of the 
endothelium function, namely the endothelium-de-
pendent mechanisms of microvascular relaxation 
[23, 25]. According to the occlusion test results, we 
measured the capillary flow reserve (CFR1) as a ratio 
of the maximal flow (during the PORH period) to the 
basal flow (in %). The normal CFR1 was considered to 
be >200 % [23, 24].

The pharmacological provocative test (1  % nitro-
glycerin iontophoresis protocol) was performed 15 
minutes after the occlusion test according to previously 

NVC was performed by the use of a digital biomicro-
scope, with a dedicated software for image analysis, 
according to the standardized procedures [18, 19]. 
Following the application of maple oil, the right index 
finger (the eponychium) was examined. Other fingers 
(except the thumbs) bilaterally could be also exam-
ined, as required. The following static parameters were 
assessed: capillary density (CD) per 1 mm2; the caliber 
(diameter) of the arteriolar and venular parts of the cap-
illary loop (CalA and CalV, respectively); and the length 
of the arteriolar and venular parts of the capillary loop 
(LenA and LenV, respectively). In addition, the dynamic 
parameters were assessed, namely the blood flow (red 
blood cells (RBC) movement) velocity in the arteriolar 
and venular parts of the capillary loop (VelA and VelV, 
respectively).

LDF, being an optical technique for estimation of 
microcirculation, based on the Doppler principle [20], 
has been performed by the use of computerized laser 
Doppler flowmeter in accordance with the available 
principles and guidelines [20-24]. The laser probe was 
applied on the left extensor side forearm skin (in the 
midline, 4 cm above the basis of styloid processes, 
perpendicular to the skin surface), known to be lack of 
arterio-venous (AV) anastomoses, and the LDF signal 
was recorded for 10 minutes.

At the first step, we measured the parameters char-
acterizing the average basal cutaneous microvascular 
flow (per patient or control): the mean value of (laser 
Doppler) perfusion (LDP) index (LDPM; in arbitrary units 
[a.u.]); the standard deviation of LDP (LDPSD; a.u); and 
the coefficient of variation of LDP (LDPCV; %), calculated 
as a ratio (LDPM/LDPSD) x 100 %. 

At the second step, we performed the wavelet anal-
ysis of the basal LDF signal and measured the (maxi-
mal) amplitude of blood flow oscillations of different 
frequency bands, reflecting the series of mechanisms 
related to the microcirculatory blood flow regulation, 
namely the following: the endothelial oscillations 
(AmaxE) (0,005-0,021 Hz), representing the endothelium 

Table I. The hemodynamic microcirculatory types in the enrolled sample (N=110) (adapted from [23, 24])

HT LDPM (a.u.) Basal
MF CFR1 (%) MVR Description (type) n (%)

HT1 <4,5 ↓ <200 ↓* Congestion-stasis (CS) 26 (23,6)

HT2 <4,5 ↓ 200-300 N Mixed 36 (32,7)

HT3 <4,5 ↓ >300 ↑** Spastic 7 (6,4)

HT4 4,5-6,5 N <200 ↓* Mixed 19 (17,3)

HT5 4,5-6,5 N 200-300 N Normal 5 (4,6)

HT6 4,5-6,5 N >300 ↑** Mixed 4 (3,6)

HT7 >6,5 ↑ <200 ↓* Hyperemic 13 (11,8)

Note: MF – microvascular flow; MVR – microvascular reactivity; N – normal; ↓ – reduced; ↑ – increased; * – hyporeactivity; ** – hyperreactivity
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All three groups of patients demonstrated the de-
crease of LenA and LenV (vs. CG) (Fig. 4), with the lowest 
LenA value observed in G3 (Fig. 4A).

Moreover, G1-G3 demonstrated the drop of VelA and 
VelV, in contrast to controls (Fig. 5), with the lowest VelA 
value observed in G2 (Fig. 5A) and VelV – in G1 patients 
(Fig. 5B). Finally, G1-G2-G3 demonstrated a trend towards 
the increase in VelV (Fig. 5B).

The studied groups were comparable in terms of 
LDPM, as well as regarding the frequency of LDPM pat-
terns (Fig. 6). However, G3, in contrast to CG and G1-G2, 
was characterized by numerically, bot non-significantly 
lower frequency of LDPM <4,5 a.u. pattern, and higher of 
LDPM >6,5 a.u. category, being more «harmonized» by 
the presence of all three LDPM patterns (Fig. 6). More-
over, the LDP variability was reduced in all the groups 
of patients, as compared to controls (in G1-G3 – by LDPCV, 
and G2 – by LDPSD also) (Fig. 7).

The AmaxE was reduced in G1 and G2, in comparison 
with controls, with the lowest value observed in G2. At 
the same time, we did not observe a decrease of AmaxE 
in G3, which was even slightly higher than that in CG 
(Fig. 8). In addition, G1 and G2 demonstrated a drop in 
AmaxN (vs. CG and G3), which was comparable between 
controls and «isolated» COVID-19 patients (G3) (Fig. 
9). Patients from G1-G3 presented with a decrease of 
AmaxM (vs. CG), with the lowest value registered in G1 
(Fig. 10). We detected a rise of AmaxR in G1-G3 (vs. CG), 
which tended to be the most pronounced in G2 (Fig. 
11). Finally, despite the increase of AmaxC in G1 and G3 
(vs. CG), G2 did not present such a tendency (Fig. 12).

The results of the occlusion test were evident for the 
decrease of CFR1 in all three groups of patients, as com-
pared to CG (Fig. 13A). The CFR1200-300 % pattern was the 
most prevalent among controls, being more frequent 
in comparison to G2, where it constituted the minority 
of cases (57  % vs. 16  %, respectively; p=0,035) (Fig. 
13B). On the contrary, the frequency CFR1<200% pattern 
was higher in all three groups of patients, as opposed 
to CG, where it constituted the minority of cases (10 % 
vs. 57 % in G1 (p=0,003); 84 % in G2 (p<0,001); and 68 % 
in G3 [p<0,001]). In addition, the CFR1<200% pattern was 
the most prevalent (numerically, but non-significantly) 
in G2, in comparison to G1 and G3 (Fig. 13B). At last, the 
CFR1>300 % pattern constituted one-third of the controls 
(33 % [95 % CI 17-52 %]), being significantly higher vs. 
G1 (3 % [95 % CI 0-13 %]; p=0,040), G2 (0 [95 % CI 0-7 %]; 
p=0,010) and G3 (0 [95 % CI 0-7 %]; p=0,010) (Fig. 13B).

According to the HTs distribution in the studied 
groups (Fig. 14), CG was characterized by the prevalence 
of HT2 (mixed type with LDPM <4,5 a.u. and preserved 
endothelium-dependent microcirculatory reactivity) 
and HT3 (spastic type) (67 % in total). In turn, the half 

described principles [23, 26], with the following steps: 
the basal flow recording (for 1 minute); then the flow 
recording during the iontophoresis for 3 minutes; and, 
finally, the continuous blood flow recording after the 
stop of iontophoresis for the next 6 minutes. The nitro-
glycerin iontophoresis test is purposed to assess the 
endothelium-independent microvascular relaxation, 
induced by the direct effect of exogenous NO upon the 
capillary smooth myocytes [23]. According to the phar-
macological provocative test results, we measured the 
capillary flow reserve (CFR2) as a ratio of the maximal 
flow (on the top of nitroglycerin iontophoresis) to the 
basal flow (in %). The normal CFR2 was conventionally 
considered to be >200 %.

According to the proposed LDPM grades (<4,5; 4,5-6,5; 
and ≥6,5 a.u.; LDPM <4,5 a.u. referred to as «reduced 
flow») [24], and considering the proposed CFR1 patterns 
(<200 %; 200-300 %; and >300 % [CFR1<200 %, CFR1200-300 % 
and CFR1>300 %, respectively]) [23, 24], the 7 microcircu-
latory hemodynamic types (HTs) were identified and 
summarized in Table I.

We used the certain statistical software programs 
for the data analysis, namely Statistica v. 14.0.0.15 
(TIBCO Software Inc., USA), IBM SPSS Statistics v. 27.0 
(Armonk, NY: IBM Corp., USA), MedCalc v.  22.001 
(MedCalc Software Ltd., Belgium), MedStat v. 5.0 and 
EZR 1.61. Quantitative variables were presented as Me 
(IQR), and qualitative ones – as absolute and relative 
(%) frequency (with 95 % confidence interval (CI), as 
required). To compare the quantitative variables, we 
used Kruskal-Wallis H test with the following post hoc 
Mann-Whitney U-test (considering the Bonferroni cor-
rection). To compare the qualitative variables, we used 
the χ2 test with the following z-test, as required, or with 
post hoc Marascuilo-Liakh-Gurianov procedure, and 
Fisher`s exact test (for «2x2» tables). The relationship 
between the quantitative variables was determined by 
the use of Spearman`s rank coefficient of correlation (ρ). 
A 2-tailed p<0,05 was considered statistically significant 
(considering the Bonferroni correction) (Table I).

RESULTS
The description of participants` profiles and comparison 
of clinical characteristics between the studied groups 
have been presented earlier [17].

The results of NFC were indicative for the capillary 
rarefaction in G1-G3, as compared to controls (Fig. 2).

The CalA tended to be lower in G1 (vs. CG), and was 
the highest in G3 (vs. CG, G1 and G2). Besides, G1-G2-G3 
demonstrated a trend towards the increase in CalA (Fig. 
3A). In addition, the CalV was lower in G1 (vs. CG), being, 
however, comparable between CG, G2 and G3 (Fig. 3B).
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In addition, we identified a strong positive correlation 
of VelV with AmaxM; and negative – between VelA and 
AmaxR (Fig. 18).

DISCUSSION
Currently available data have given us a new set of 
insights on the impact of SARS-CoV-2 on the structural 
and functional aspects of microcirculation [10-13], rais-
ing further questions regarding the alterations in the 
active and passive mechanisms of microvascular blood 
flow regulation, and their comprehensive evaluation 
in the management of COVID-19 patients, including 
those with SCAD. These issues could be, at least partly, 
bypassed by the use of laser-based technologies, par-
ticularly LDF, for non-invasive assessment of microcircu-
latory perfusion, bringing the valuable data in addition 
to NVC [20-24].

The presently obtained NVC results were evident for 
the changes in capillary bed, namely its remodeling (the 
capillary rarefication, along with dilation, narrowing 
or shortening of the capillary loops` parts) and func-
tional alterations (the drop in blood flow in both loop 
compartments), occurred universally across the entire 
spectrum of the enrolled patients [2, 11, 12, 18, 19, 27, 
28]. In particular, patients with «isolated» COVID-19 pre-
sented with the most advanced dilation and shortening 
of the arteriolar part of the capillary loop, along with 
the least slowing of the venular flow, corresponding 
with currently available data regarding the impact of 
SARS-CoV-2 infection upon the capillaries [2, 11, 12, 27, 
28]. In contrast, «isolated» SCAD patients demonstrated 
the narrowest arteriolar part and the lowest VelV among 
the enrolled subjects. At last, the slowest RBC motion 
in the arteriolar part of the capillary loop was inherent 
to SCAD patients with concomitant COVID-19.

Despite the fact that presently studied groups of 
controls and patients were comparable by the average 
perfusion index value, we observed the decrease in LDP 
variability in G1-G3, suggesting the deterioration of the 
dynamic component of microvascular flow regulation 
in both SCAD and COVID-19, as well as their constella-
tion [22-24].

The wavelet analysis revealed a decrease of AmaxE in 
both G1 and G2, indicating not only the microvascular 
endothelium to be functionally compromised in both 
non-infected and infected SCAD patients, but also as-
suming the SARS-CoV-2 infection to be superimposed 
on the preexisting endothelial dysfunction, that would 
probably provide a basis for its further aggravation 
in SCAD patients with concomitant COVID-19. At the 
same time, patients with «isolated» COVID-19 did not 
demonstrate a depressed AmaxE value, as compared 

of patients with «isolated» SCAD presented with a 
pattern of LDPM ≤6,5 a.u. and impaired microvascular 
reactivity (including CS-type (HT1) and mixed HT4), and 
one-third – with HT2. Moreover, HT1 and HT4 altogether 
prevailed in G2 and constituted 72 % of the cases. At last, 
patients with «isolated» COVID-19 (G3) presented with 
3 major HTs, namely H2, H4 and HT7 (the hyperemic 
one) (Fig. 14).

The studied groups differed significantly in terms 
of the frequency of HT1 and HT4 cases. In particular, 
HT1 was more prevalent in G1 (33 %) and G2 (52 %), as 
compared to CG (3 %; p=0,040 and p<0,001, respective-
ly). And the frequency of HT4 was higher in G3 (36 % 
[95 % CI 18-56 %]), in contrast to CG (0 [95 % CI 0-6 %]; 
p=0,004) (Fig. 14).

 Importantly, the group of patients with the pooled 
pattern [HT1+HT4], being characterized, as previously 
mentioned, by LDP ≤6,5 a.u. and impaired microvas-
cular reactivity (CFR1<200%), demonstrated the higher 
frequency of SCAD and COVID-19 constellation (40 %), 
as against 11 % in the pooled non-[HT1+HT4] group 
(p<0,001), including, predominantly, the cases of 
LDP ≤6,5 a.u. with preserved microvascular reactivity 
(CFR1200-300 % and CFR1>300 %) (52 of 65 [80 %]). Of note, 
the controls constituted only 2 % in the pooled group 
[HT1+HT4] (vs. 45 % in non-[HT1+HT4] group [p<0,001]) 
(Fig. 15).

Furthermore, while pooling H2 and H5 (based on the 
presence of normal microvascular reactivity [CFR1200-

300 %]), and combining H3 and H6 (based on LDP ≤6,5 
a.u. and microvascular «hyperreactivity» [CFR1>300 %]), as 
well as considering HT7 as a separate (hyperemic) type, 
the frequency of G2 was higher in the pooled [H1+H4] 
group vs. the pooled [H2+H5] pattern, and tended to 
be higher vs. H7 (Fig. 16). In addition, the pooled group 
[H3+H6] was represented almost entirely by the con-
trols (10 of 11 cases).

The results of the pharmacologic provocation test 
(nitroglycerin iontophoresis) demonstrated the de-
crease of CFR2 in G1-G3, as opposed to CG (Fig. 17A). 
Furthermore, G2 was characterized by the predomi-
nance of CFR2<200 % cases, which were more frequent as 
opposed to CG (significantly), G1 and G3 (numerically, 
but non-significantly) (Fig. 17B).

The NFC data, characterizing the capillary remodeling 
and blood velocity (in arterial and venous parts of the 
capillary loop), in general, correlated with microvascular 
flow parameters, obtained by means of LDF (Fig. 18). In 
particular, the moderate (or close to moderate) positive 
correlations were observed between CD and CFR1/
CFR2; LenA and LDPCV; LenV and LDPCV/AmaxM; VelA and 
CFR1/CFR2/AmaxE/AmaxM; VelV and LDPCV/CFR1/CFR2/
AmaxE; and negative – between VelV and AmaxR (Fig. 18). 
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at least partly, the known fact regarding the vasculature 
to be normally in a relatively constricted state [21].

At the same time, the «isolated» COVID-19 group 
was characterized by the presence of HTs with the 
wide spectrum of properties, being likely related to the 
multifaceted pathophysiology of SARS-CoV-2 infection 
[1, 4, 29, 30]. In particular, interleukin (IL)-6 is known 
to promote a vascular remodeling via the increased 
transforming growth factor-β1-mediated matrix metal-
loproteinases (MMPs) (2 and 3 types) signaling. In turn, 
the activation of MMPs contributes to the disruption 
in endothelial vasodilatory function, which is tightly 
linked to the stability of endothelial glycocalyx. The 
pro-inflammatory and pro-oxidative conditions, being 
clearly evident in COVID-19, are associated with the 
endothelial glycocalyx structural alterations, and its 
damage by pro-inflammatory cytokines (such as IL-1 
and IL-6) leads to the increased vascular permeability 
with the consequent interstitial fluid shift and gener-
alized edema [31, 32].

Finally, the SCAD patients with concomitant COVID-19 
presented with the predomination of pooled «conges-
tion-like» [HT1+HT4] pattern, being more frequent than 
in «isolated» SCAD group. In addition, the combined 
SCAD/COVID-19 cases occurred more often in the 
pooled [HT1+HT4] group, as compared to other HTs, 
namely the group with pooled [HT2+HT5] pattern. 
These data prompt us to make an assumption that the 
shift towards congestive or «congestive-like» micro-
vascular alterations in SCAD patients with concomitant 
SARS-CoV-2 infection is supposed to be the result of a 
dramatic additive effect of COVID-19-related patho-
mechanisms of vascular remodeling per se, along with 
the superimposition of coronavirus infection on the 
preexisting SCAD-associated endothelial dysfunction, 
and the probable myocardial damage leading to a 
more advanced decrease in LV contractility, being also 
demonstrated in our previous work [17].

Generally, the deterioration of the capillary bed 
structural and functional properties, detected by NVC, 
correlated with the alterations in the active mechanisms 
of microvascular flow regulation, and were associated 
with the changes in the passive ones. At the same time, 
the combined analysis of both NVC and LDF data allows 
us to provide an averaged integral evaluation of the 
«portraits» of patients with different studied conditions.

In particular, the abovementioned changes in the 
capillary bed and the LDF signal properties are focused 
on the shift towards «hyperemic» microcirculatory al-
terations, being specifically attributed to the «isolated» 
COVID-19 averaged phenotype.

At the same time, the «isolated» SCAD group rep-
resented a phenotype of the «increased arterial re-

to controls and SCAD groups, suggesting the more 
advanced «plasticity» of endothelial barrier function 
regulation and its higher compensatory ability to adapt 
itself to the homeostasis disruption in the case of lesser 
comorbidity burdened COVID-19 patients [3, 8, 9].

A drop in AmaxN and AmaxM, being detected in both G1 
and G2, and considering the registration skin site lacking 
of AV-anastomoses, reflects the rise of sympathetic ac-
tivity, and microvascular resistance (the increase in pre-
capillary smooth muscles tone), with the consequent 
decrease in the nutritive blood flow. In turn, the increase 
of AmaxR in G1-G3 could be the sign of venular outflow im-
pairment and, therefore, microcirculatory congestion, 
tended to be the most pronounced in SCAD patients 
with concomitant SARS-CoV-2 infection. Moreover, 
the sympathetic overactivity, along with presumably 
decreased arterial wall compliance, could underlie the 
rise in AmaxC in SCAD patients [22-24]. However, patients 
with SCAD and concomitant COVID-19 did not present 
the increase in AmaxC, as compared to controls, that 
could be, at least partly, related to the most pronounced 
left ventricular (LV) contractility decline in G2, in contrast 
to G1 and G3 (see [17]). Finally, as of G3, numerically (but 
non-significantly) more prevalent LDP >6,5 a.u. pattern, 
along with comparable AmaxN, the least decreased AmaxM 
and the increased AmaxC (all three parameters vs. CG), 
indicate the increased perfusion due to the lower (as 
compared to SCAD) precapillary resistance [22-24], 
being presently observed in «isolated» SARS-CoV-2 
infection, and probably linked to the COVID-19-related 
hyperproduction of proinflammatory cytokines [29].

Facing the evidence on the multifaceted nature of 
microcirculatory alterations [20-24], and accounting 
for the presently obtained data, the patients with 
SCAD, COVID-19 and their constellation are supposed 
to demonstrate the various patterns of microvascular 
flow disturbances, being characterized by the presence 
of «spastic», «congestive» and «hyperemic» properties. 
However, a more comprehensive approach to the eval-
uation of microvascular flow disturbances requires the 
series of functional tests to be additionally performed 
[20, 23, 24].

The presently obtained results of the vascular occlu-
sion test and pharmacologic provocation test (nitro-
glycerin iontophoresis) demonstrated the decrease of 
CFR1 and CFR2 in G1-G3 (vs. CG), suggesting both endo-
thelium-dependent and -independent mechanisms of 
microcirculatory reactivity to be universally affected in 
all the studied conditions [3, 8, 9, 23, 24, 30].

The combined analysis of both LDP and CFR1 pat-
terns revealed the predomination of HT2 (mixed type 
reduced perfusion and preserved microcirculatory reac-
tivity) and HT3 (spastic type) among controls, reflecting, 
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measurements [10]. Furthermore, the limitations of LDF 
technique are related to the standardization issues and 
the necessity of the control group enrollment [20-24].

Because of the partial overlapping between the stud-
ied groups in terms of different HTs, further research is 
highly necessary to provide an advanced phenotyp-
ing of such a specific pattern of SCAD patients with 
concomitant COVID-19. This issue could be, at least 
partly, resolved by the study of microcirculatory data 
relationships with the broad spectrum of patients` 
characteristics, including the parameters of central 
hemodynamics, and considering the applied pharma-
cotherapy, at baseline and follow-up. Such an approach 
to the data analysis is justified considering the purpose 
to improve the management of SCAD patients, suffering 
from SARS-CoV-2 infection, particularly regarding the 
better risk stratification for COVID-19-related complica-
tions (including the thromboembolic events) and post-
COVID sequelae, with the following personalization of 
treatment and preventive strategies.

CONCLUSIONS
SCAD patients with concomitant COVID-19 demonstrated 
a wide spectrum of microcirculatory disturbances, partic-
ularly the remodeling of the capillary bed, the alterations 
in the active (endothelium-dependent and -independent) 
mechanisms of microvascular flow regulation, and the drop 
in arteriolar and venular RBC movement velocity. At the 
same time, the profile of SCAD and COVID-19 constellation, 
as opposed to the «isolated» course of both conditions, was 
characterized by the predomination of patients, possessing 
a hemodynamic microcirculatory CS-type or a mixed pattern 
of reduced microvascular reactivity. Furthermore, the pooled 
microcirculatory hyporeactive profile was presented with 
the cases of combined SCAD and SARS-CoV-2 infection to a 
greater extent, than in the pooled profile with predominantly 
preserved microvascular reactivity. There is a need for the 
methods of non-invasive evaluation of microcirculatory 
system properties and the assessment of microvascular 
reactivity to be broadly applied while management of 
SCAD patients, suffering from COVID-19.

sistance», being reflected, inter alia, by the narrowing 
of the arteriolar part of capillary loops. Importantly, 
such a phenotype included the cases of both reduced 
and preserved microvascular reactivity. Here, it worth 
be considered the strong correlation of the reduced 
myogenic flow oscillations, being the most advanced 
in «isolated» SCAD patients, and the drop of venular 
blood flow, suggesting indirectly the reduce of arteri-
olar capillary flow related to the increased precapillary 
resistance. We surmise also that the reversibility of the 
observed microcirculatory alterations in SCAD patients 
seems to depend on the baseline structural and func-
tional properties of the arterial vascular bed, namely 
the state of endothelium, known to be affected in 
the setting of atherosclerosis, hypertension, diabetes 
mellitus etc. [33].

Finally, the potential aggravation of the preexisted 
endothelial dysfunction in SCAD patients under the 
impact of SARS-CoV-2 infection seems to contribute to a 
more frequent and more pronounced microcirculatory 
congestion, as compared to that in patients with both 
«isolated» conditions, being evident also by the slowest 
RBC movement in the arteriolar part of the capillary 
loops. It should be emphasized the strong correlation 
of VelA with the amplitude of respiratory oscillations, 
tended to be the highest in SCAD patients with con-
comitant SARS-CoV-2 infection, which was an addi-
tional argument for a shift towards the more advanced 
congestive microcirculatory alterations in the settings 
of such an associated pathology. Furthermore, the LV 
systolic function impairment, observed previously in 
G2 [17], due to probable COVID-19-related myocardial 
damage, could enhance the severity of microcirculatory 
congestion in an additive manner.

The present study is subjected to several limitations, 
including its cross-sectional design, modest sample 
size, and the enrollment of unvaccinated patients and 
controls. Moreover, the limitations of NVC and LDF 
should be also considered. In particular, NVC is not the 
examination of choice for the evaluation of the blood 
flow, thus requiring to be complemented with other 
dedicated methods for better peripheral perfusion 
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