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Abstract—The aim of this study was to investigate the ratio of baseline perfusion levels in the skin of the pal-
mar surfaces of the fingers and plantar surfaces of the big toe in healthy volunteers and patients with diabetes
mellitus. Three study groups were included: healthy volunteers (group 1, n = 29), patients with type 2 diabetes
mellitus (DM2) without diabetic foot syndrome (group 2, n = 27), and patients with diabetic foot syndrome
(group 3, n = 27). All subjects were measured for the level of perfusion in the skin of the upper and lower
extremities using the method of incoherent optical fluctuation flowmetry (IOFF). Perfusion was assessed in
perfusion units (p.u.). The measurement was carried out sequentially, first on the left side of the body, then
on the right. The baseline perfusion values from the index finger of the hand (BPh) and from the big toe of
the foot (BPf) in perfusion units (p.u.) were assessed at rest. The BPh value in group 1 was 11.5 [5.4; 16.8]
p.u.; in group 2, 17.4 [13.2; 24.8] p.u.; in group 3, 18.4 [13.2; 23.6] p.u. The BPh level was statistically signifi-
cantly lower in group 1 than in groups 2 (p;_, < 0.001) and 3 (p;_3 < 0.001). There was no statistically signif-
icant difference in finger perfusion between groups 2 and 3 (p,_3 = 1). The BPf values in groups 1, 2, and 3
were 4.4 [2.3; 8.8], 7.9 [5.4; 14.6], and 3.9 [1; 9.9] p.u., respectively. The BPflevel in group 2 was higher than
in group 1 (p;_, = 0.006), but the parameter in group 3 was comparable to the values from group 1 (p,_; =
0.73) and different from group 2 (p,_3 < 0.001). Thus, in group 3, there was a pseudonormalization of this
index due to abnormally low BPf values in the extremities with hemodynamically significant stenoses. The
baseline perfusion ratio (BPh/BPf) in groups 1, 2, and 3 was 2.11 [1.22; 3.03], 1.91 [1.18; 3.92], and 4.29 [1.8;
12.84], respectively. The BPh/BPfratio in group 3 was significantly higher than in groups 1 (p;_; <0.001) and
2 (p,_3 <0.001). The ability to detect the presence of hemodynamically significant lower limb arterial steno-
ses was analyzed by the BPf and BPh/BPf indices; the area under the ROC curve for BPf was 0.808 (0.729;
0.887); for BPh/BPf, 0.855 (0.782; 0.928). It was shown that an increase in the BPh/BPf ratio to exceed
3.7 with a sensitivity of 75.7% and a specificity of 81.4% indicates the presence of hemodynamically signifi-
cant stenoses according to the ROC analysis. The presence of arterial blood flow abnormalities in the great
arteries of the lower extremities leads to a significant reduction in BPflevel. Calculation of the BPh/BPf ratio
is more informative in identifying limbs with hemodynamically significant stenoses than the BPflevel and can
be used as a screening method for identifying patients with lower limb arterial disease.

Keywords: microcirculation, diabetes mellitus, diabetic foot, incoherent optical fluctuation flowmetry
DOI: 10.1134/S0362119722700025

The blood microcirculation system embraces many
functionally interconnected vessels and plays an
important role in maintaining the homeostasis of all
body systems, during many metabolic processes in tis-
sues, including the processes of oxygen transport and
consumption, both at the systemic and local levels [1].

Systemic microcirculatory disorders are a link in
the pathogenesis of many diseases, such as diabetes
mellitus (DM), arterial hypertension, etc. [2—4].

The study of microcirculation by most teams is car-
ried out at the time of functional impacts, since the
study of the average levels of basic perfusion is unin-
formative [5—7]. Thus, using the example of DM,
some authors report a decrease in basal perfusion in
patients with DM compared with the control group
[8]; others do not find significant differences [9], and
still others note a tendency for basic blood flow to
increase in patients with DM [10]. Such heterogeneity
of results may be related to the peculiarities of mea-
surement localization, heterogeneity of cutaneous
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blood flow, different severity of the patient’s condi-
tion, criteria for inclusion in the study, and many other
factors [11]. This partly determines the low clinical rel-
evance and applicability of modern methods of nonin-
vasive diagnostics of the state of the microvasculature,
for example, laser Doppler flowmetry (LDF). The
possibility of an individual assessment of the state of
microvasculature in a particular patient due to poor
reproducibility and high variability is reduced [12].

During this study, on the way to finding
approaches to creating a personalized diagnostic algo-
rithm, the task was to assess the ratio of the level of
baseline perfusion on the skin of the palmar and plan-
tar surfaces of the fingers and toes of the upper and
lower extremities in healthy volunteers and patients
with DM2. Unexpectedly, the analysis of this ratio
appeared to be more informative for the formation of
an individual conclusion than the assessment of base-
line perfusion parameters in the upper and lower
extremities separately. This article is devoted to the
description of this result.

MATERIALS AND METHODS

The study included three groups of subjects. The
inclusion criteria for group 1 (healthy volunteers) were
as follows: age from 18 to 44 years, absence of carbo-
hydrate metabolism disorders, absence of chronic car-
diovascular and pulmonary diseases, absence of kid-
ney damage, normal body mass index (body mass
index less than 25 kg/m?), and normocholesterolemia
(low-density lipoproteins within the reference values).

Group 2 (DM2 patients without diabetic foot syn-
drome) included patients who met the following crite-
ria: age from 45 to 74 years, a verified diagnosis of
DM2, the presence of peripheral neuropathy (auto-
nomic neuropathy is an exclusion criterion), the
absence of a history of cardiovascular events (heart
attack, stroke, coronary/carotid revascularization),
and absence of diabetic foot syndrome.

Group 3 (patients with diabetic foot syndrome)
included patients aged 45 to 74 with diabetic foot syn-
drome and diagnosed neuropathy.

The exclusion criteria were common for all groups
of patients: diagnosed malignant neoplasms in the last
5 years; diagnosed systemic autoimmune diseases;
severe heart rhythm disturbances (atrial fibrillation,
frequent extra beats); acute viral infections, such as
acute respiratory viral infection, influenza, etc.; fever
of any origin; exacerbation of concomitant chronic
diseases; blood diseases, such as thrombocytopenia
and anemia (hemoglobin less than 90 g/L); skin dis-
eases that prevent the study from being conducted;
current/a history of vascular thrombosis or a high risk
of thrombosis (except for group 3 patients); preg-
nancy; chronic stage 5 kidney disease
(GFR <15 mL/min/1.73 m? according to MDRD and
CKD-EPI); and regular intake of steroid, nonsteroi-
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dal anti-inflammatory drugs (with the exception of
acetylsalicylic acid administered as an antiplatelet
agent), hormone replacement therapy, and contracep-
tives.

A total of 83 subjects were enrolled in the study.
Group 1 included 29 apparently healthy volunteers
(10 men, 19 women). Median age in group 1 was 24
[23; 30] years. Median level of glycated hemoglobin
(HbAlc) was 5.25 [5.1; 5.5%]. Group 2 included
27 patients (5 men, 22 women). Median age was 59
[56; 64] years; HbAlc, 8.7 [7.7; 9.96%]. Group 3
included 27 patients (19 men, 8 women). Median age
was 64 [56; 68] years; HbAlc, 8 [7; 9.5%].

The study was carried out in parallel in two centers:
Moscow Regional Research and Clinical Institute
(MONIKI) (Moscow) and Almazov National Medi-
cal Research Center, Ministry of Health of the Rus-
sian Federation (Moscow).

The study of peripheral hemodynamics parameters.
The study of perfusion was carried out using the
method of incoherent optical fluctuation flowmetry
(IOFF) implemented by a prototype device (AO Ela-
tomskii Instrument Plant, Russia) [13, 14]. The design
of the sensors of the device used in this study is shown
in Fig. 1.

The IOFF method is based on the analysis of low-
frequency fluctuations (0—10 Hz) of an optical signal
backscattered from the tissue, emitted by an incoher-
ent source, a light-emitting diode (LED). To imple-
ment the IOFF method in the device prototype, three
LED radiation sources operating in the 560—580-nm
wavelength range and one silicon photodiode were
used in the optical sensor. The perfusion index calcu-
lated during signal processing is proportional to fluc-
tuations of blood filling in the probed tissue volume
per unit time and corresponds to the microcirculation
index calculated by the LDF method. The tissue prob-
ing depth in this case is 2—3 mm, which is slightly
greater than in LDF. Due to this, the signal backscat-
tered from the tissue is recorded from a larger tissue
volume than in LDF, into which, among other things,
the deeper vascular plexuses of the dermis fall. A
detailed description of the method can be found
in [14].

Patients were asked to refrain from smoking at least
3 h before the study. The study was carried out in an
air-conditioned room at an air temperature of 23—
25°C after a 15-min adaptation of the subject to the
temperature conditions of the room. At the time of
measurement, the subject was in the supine position.
A complete protocol for assessing hemodynamic
parameters using a device prototype includes registra-
tion of baseline perfusion, blood pressure measure-
ment, a 3-min pause, and functional tests (thermal
and occlusive). The duration of the complete mea-
surement cycle is 10 min. First, the measurement was
carried out on the left side of the body, then on the
right. In this publication, only the results of the assess-
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Fig. 1. Sensors of the device for recording perfusion parameters on the index finger (a) and the big toe (b).

ment of baseline perfusion parameters (baseline per-
fusion level —BP) are considered. Perfusion parame-
ters were simultaneously recorded for 40 s on the index
finger (BPh) and the big toe (BPf). The placement
scheme of the device sensors on the pad of the index
finger and the pad of the big toe is shown in Fig. 2.
Since each subject was measured on both the left and
right side of the body, the results will present an anal-
ysis of 58, 54, and 54 measurements in groups 1, 2,
and 3, respectively.

Ultrasound duplex scanning of the lower limb vessels.
All subjects underwent ultrasound duplex scanning
(USDS) of the arteries of the lower extremities for the
presence of hemodynamically significant stenoses.
The type of blood flow (magistral, magistral altered,
collateral) was analyzed in six arteries: common femo-
ral artery, deep femoral artery, superficial femoral
artery, popliteal artery, anterior tibial artery, and pos-
terior tibial artery. When stenoses leading to impaired
blood flow were detected according to the results of
USDS (magistral altered or collateral type) in one or
several vessels, a conclusion was made about the pres-
ence of hemodynamically significant stenoses of the
lower limb arteries/artery.

Statistical data processing. Statistical data process-
ing was performed using R Studio 1.4.1106 software
(RStudio PBC, United States) using the R 4.1.0 pro-
gramming language (R Foundation for Statistical
Computing, Austria). During the analysis of quantita-
tive variables, medians and quartiles (Me [LQ; UQ])
were calculated. To compare quantitative variables in
the three groups, the Kruskal—Wallis test with a poste-
riori pairwise comparisons using the Dunn test with
Bonferroni correction for multiple comparisons was

used. Quantitative variables in two paired samples
were compared using the Wilcoxon matched pairs test.
Sensitivity and specificity analysis of quantitative signs
in the detection of limbs with hemodynamically sig-
nificant arterial lesions was performed using ROC
analysis (pROC package v. 1.18.0). Difference between
groups was considered statistically significant at p <
0.05.

RESULTS AND DISCUSSION

The results of perfusion measurements in three
groups of subjects are presented in Table 1 and in
Fig. 3.

In all three groups, the level of perfusion in the
upper limb was significantly higher (p < 0.001, Wil-
coxon test) than in the lower limb. There are examples
of similar results in the literature [15, 16]. We can sug-
gest the following series of physiological causes of this
effect. Firstly, it is known that the density of the super-
ficial and deep vascular plexuses on the skin of the pal-
mar surface of the hand is higher than on the plantar
surface of the foot by 70 and 20% for the superficial
and deep plexuses, respectively [17]. Secondly, the
thickness of the stratum corneum on the plantar sur-
face of the lower extremities is twice as high as on the
palmar surface of the upper extremities, which leads to
the fact that a smaller volume of vascularized tissue
falls into the probing area on the lower extremity due
to the greater thickness of the stratum corneum [18].

The baseline perfusion level in the skin of the index
finger was significantly lower in group 1 than in
groups 2 (p;_, <0.001) and 3 (p,_3 < 0.001). No statis-
tically significant differences were found between
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Fig. 2. Scheme of placement of the device sensors.

groups 2 and 3 (p,_; = 1). Thus, a significantly higher
level of perfusion was recorded in the palmar surface of
the index finger in patients with DM than in healthy
volunteers.

At the same time, a different picture was observed
on the big toe. In group 2, the perfusion level was also
significantly higher than in group 1 (p,_, = 0.006);
however, the perfusion level in group 3 was compara-
ble to the values from group 1 (p,_; = 0.730). In other
words, in patients with “moderately severe” DM
(group 2), there was a significant increase in the level
of baseline perfusion both in the hands and feet com-
pared with healthy volunteers, and in the group of
patients with severe DM-associated lower limb dam-
age (group 3), “pseudonormalization” of baseline
perfusion on the toe was noted, the values were com-
parable to those in healthy volunteers.
No. 6
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The BPh/BPf ratio was analyzed (Table 1, Fig. 4).
The parameter is calculated as the ratio of perfusion in
the skin of the index finger to the perfusion in the skin
of the big toe; the perfusion ratio is a dimensionless
quantity. In the group of healthy volunteers, this
parameter was 2.11 [1.22; 3.03]. In several patients
with DM, abnormally high values of this parameter
were detected, which were not found in healthy volun-
teers (group 1). This was associated with very low BPf
values against the background of increased BPh val-
ues. Note that the BPh/BPf ratio in patients with dia-
betic foot syndrome (group 3) was significantly higher
than in groups 1 (p,_; < 0.001) and 2 (p,_; < 0.001).

Thus, when these three parameter values were ana-
lyzed, the following effect was found: the BPh param-
eter significantly differed in group 1 from groups 2 and
3; the BPf value significantly differed in group 2 from
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Table 1. Baseline perfusion results

GLAZKOV et al.

Group 1, Group 2, Group 3, pvalue (Dﬁr\;il’lsliest
Parameter (n=158), (n=54), (n=>54), (Kruskal—Wallis with Bonferroni
Me [LQ; UQ] | Me[LQ; UQ] | Me[LQ; UQ] test) correction)
e iy P1-2<0.001
aseline perfusion . . . < 1
on the index finger (BPh), p.u. 11.5[5.4; 16.8] |17.4[13.2; 24.8] | 18.4 [13.2; 23.6] p2<0.001 P1-3<0.00
pr3=1
b iy P12 =10.006
aseline pertusion . * . * . * < =0.73
on the big toe (BPf). p.u. 4.412.3; 8.8] 7.9 [5.4; 14.6] 3.9(1;9.9] 2<0.001 Pi-3 .
P2-3<0.001
po=1
BPh/BPf ratio 2.11[1.22; 3.03] | 1.91 [1.18; 3.92] |4.29 [1.8; 12.84] p<0.001 p1-3<0.001
P2-3<0.001

* Comparison with BPh; p < 0.001 (Wilcoxon test), p < 0.05 values are in bold.

groups 1 and 3, and the BPh/BPf ratio significantly
differed in group 3 from groups 1 and 2.

A significantly higher level of perfusion on the skin
of the index finger was noted in patients with DM
(groups 2 and 3) than in healthy volunteers. Higher
perfusion values were also recorded on the skin of the
big toe in group 2 than in the group of healthy volun-
teers. Higher perfusion values in the skin in patients
from groups 2 and 3 may be due to both the influence
of the underlying disease and age-related changes.
Healthy volunteers from group 1 were significantly
younger than patients from groups 2 and 3. It is known
that the level of baseline perfusion may increase with
age [19]. However, in patients with diabetic foot syn-
drome (group 3), the level of baseline perfusion in the
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feet was significantly lower than in sex- and age-
matched patients with diabetes mellitus (group 2) and
was comparable to that in healthy young volunteers.
Such a phenomenon of pseudonormalization of foot
perfusion in group 3 may be due to damage to the
lower extremity main arteries.

To test this measurement hypothesis, group 3 was
divided into two subgroups, 3a and 3b. Subgroup 3a
(n = 18) included measurements made on the limbs
without hemodynamically significant blood flow dis-
orders; subgroup 3b (n = 36) included measurements
made on the legs with hemodynamically significant
stenosis as shown by the results of USDS. In this anal-
ysis, one measurement was excluded from group 2,
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Fig. 3. Comparison of baseline perfusion recorded on the finger (a) and on the toe (b) in three groups.
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Fig. 4. Comparison in three groups of the ratio of the level of perfusion recorded on the finger to the level of perfusion recorded
on the toe. (a) Graph in standard coordinates; (b) graph in logarithmic coordinates.

because the patient had hemodynamically significant
blood flow disorders in this limb.

Comparison of the parameter values of baseline
perfusion with regard for the above-described division
of patients is given in Table 2. The presence of hemo-
dynamically significant stenoses in patients with dia-
betic foot (subgroup 3b) leads to the fact that BPf is
significantly decreased. That is the reason why BPfin
group 3 “mimicked” normal values and did not differ
from BPfin group 1. The decrease in foot perfusion in
the lower extremity artery disease is pathophysiologi-
cally justified and, according to the literature, can be
detected using various instrumental methods [12, 20—
22]. It is seen from Table 2 that in subgroup 3b, the

BPh/BPf ratio assumed anomalously high values
compared to the measurements in other groups.

In order to assess whether the calculation of the
BPh/BPf ratio provides additional information com-
pared to BPf assessment, ROC analysis was carried
out for all 166 measurements (Fig. 5). The purpose of
the analysis was to assess the diagnostic potential of
the BPf parameter and the BPh/BPf ratio in identify-
ing limbs with hemodynamically significant stenoses.

Based on the results of the ROC analysis, it was
shown that the calculation of the BPh/BPf ratio allows
us to expand the possibility of detecting hemodynam-
ically significant stenoses compared to the analysis of
the BPf parameter. The area under the ROC curve for
BPf was 0.808 (0.729; 0.887); for the BPh/BPf ratio,

Table 2. The results of the assessment of the baseline level of perfusion, depending on the presence of hemodynamic
disorders according to the results of ultrasound duplex scanning (USDS)

Group 2 Subgroup 3a Subgroup 3b p value (D[1)1 ;i]’l;iest
Parameter (n=153), (n=18), (n=18), (Kruskal-Wallis with Bonferroni
Me [LO; UQ] Me [LO; UQ] Me [LO; UQ] test) correction)
Baseline perfusion ) ) )
on the index finger (BPh), p.u. 17.4 [13.2; 25] | 18.2[11.2;26.6] | 18.4 [14.9; 23.1] 0.842 —
Baseline perfusion =1
: * : * 41 . _3, <0.001
on the big toe (BP), p.u. 8[5.6; 14.8] 10.9 [7; 14.2] 1.7 10.8; 4] <0.001 P2-3p
D3a—3p < 0.001
Prza=1
BPh/BPf ratio 1.9[1.17; 3.67] | 1.65[1.07; 3.97] |6.57 [3.57; 23.86] <0.001 P23 <0.001
DP3a_3p < 0.001

See Table 1 for designations.
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Fig. 5. The results of ROC analysis to detect damage to the
lower extremity arteries using the BPf (/) and BPh/BPf
parameters (2). BP is the baseline perfusion level (of the
hand (BPh) and foot (BPY)).

this parameter increased to 0.855 (0.782; 0.928). Thus,
the BPh/BPf ratio has a higher diagnostic potential in
detecting limbs with hemodynamically significant ste-
noses than BPf. This is due to the fact that the fre-
quency of false-positive detection of extremities with
hemodynamically significant stenoses decreases
among those examined from the first group. In
healthy individuals, the so-called “spastic” type of
microcirculation is not infrequently found, which is
characterized by a systemic increase in vascular tone at
rest (vasospasm) and, as a result, a decrease in perfu-
sion both in the upper and lower extremities. There-
fore, healthy subjects with a “spastic” type of micro-
circulation according to the results of the assessment
of solely BPf can be falsely classified as individuals
with hemodynamically significant stenoses. However,
the BPh/BPf ratio in such subjects does not assume
pathological values, since both the BPf and BPh
parameters decrease in systemic vasospasm, which
allows one to classify the subjects correctly.

ROC analysis showed that an increase in the
BPh/BPf ratio to more than 3.7 with a sensitivity of
75.7% and a specificity of 81.4% can detect limbs with
hemodynamically significant stenoses. At the same
time, abnormally high BPh/BPf ratio values (more
than 12.5) were found exclusively in the limbs with
impaired arterial blood flow, the specificity of detect-
ing hemodynamically significant stenoses in these
cases was 100%. Thus, the assessment of the BPh/BPf
ratio may be promising as a simple screening method
for detecting hemodynamically significant stenoses;
this approach is more revealing than the assessment of
BPf.

GLAZKOV et al.

CONCLUSIONS

It has been shown that in healthy volunteers and in
patients with DM without hemodynamically signifi-
cant stenoses of the lower extremity arteries, the level
of baseline perfusion on the finger is higher than on
the toe (palmar and plantar surfaces, respectively). An
increase in the baseline perfusion level was observed
against the background of diabetes mellitus, compared
with the control group.

The presence of arterial blood flow disorders in the
great vessels of the lower extremities causes a signifi-
cant decrease in the level of toe perfusion.

Low baseline perfusion values on the toe may indi-
cate the presence of hemodynamically significant ste-
noses of the lower extremity arteries. The calculation
of the finger to toe perfusion ratio increases the infor-
mativeness of identifying patients with hemodynami-
cally significant stenoses, since it improves the accu-
racy of diagnosis due to the correct classification of
healthy individuals with low baseline perfusion both
on the hand and on the foot (“spastic” type of blood
flow).
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