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Abstract

Background Morbid obesity leads to serious complications such as diabetes mellitus, arterial hypertension, and atheroscle-
rosis. Bariatric surgery aims to reduce body weight and correct metabolic disorders and associated macro- and microvascular
dysfunction. Metabolic disturbances can be assessed by biochemical markers, whereas microvascular function can be assessed
by the response to provocative stimuli. The aim of this work is to quantitatively assess the cutaneous microcirculatory change
caused by bariatric surgery using imaging photoplethysmography.

Methods The study included 20 patients with obesity whose body mass index (BMI) was greater than 40 kg/m? who
underwent bariatric surgery and 20 control subjects. Microvascular function was assessed twice, before and 6 months after
surgery, by measuring the perfusion response to local forearm heating up to 40 °C using imaging photoplethysmography.
Results The perfusion response to local heating was found to be significantly lower in patients with obesity before surgery
compared to the control group, but 6 months after surgery, it approaches indicators of the control group, along with a decrease
in BMI from 48 +5 to 36 +5 kg/m? P <0.001. Besides, bariatric surgery improves biochemical markers of metabolic
syndrome (glycated hemoglobin decreases from 6.3 +1.0 to 5.2 +0.4% and cholesterol from 5.2 + 1.4 to 4.2+ 0.8 mmol/l).
Conclusion Based on these results, we conclude that microvascular abnormalities caused by obesity could be repaired after
bariatric surgery and subsequent conservative treatment.
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Obesity Surgery

Introduction

Excessive accumulation of adipose tissue in the body can
cause serious diseases such as diabetes mellitus, arterial
hypertension, atherosclerosis, coronary heart disease, and
stroke [1]. Impaired microvascular vasomotor function is
a serious complication of obesity, manifesting itself in the
form of a significant reduction in skin microcirculation
due to a lower vasodilatory ability of microvessels [2], and
which aggravates as the body mass index (BMI) increases
[3]. As a result of obesity, adipocyte dysfunction, oxida-
tive stress, insulin resistance, and inflammation develop,
leading to microvascular dysfunction [4]. Microvascular
dysfunction is an early stage of atherosclerosis associated
with an increased risk of developing cardiovascular dis-
eases [5, 6] and also contributes to the onset of various
microvascular complications.

Recently, much attention has been paid to the study of
microcirculatory dysfunction in people with obesity [7]. In
obesity, microvascular disease is mediated by adipokines/
cytokines causing chronic, subclinical inflammation with
reduced NO-mediated dilatation, changed endothelial- and
smooth muscle-dependent vasoregulatory mechanisms,
altered vasomotor control with increased sympathetic
activity, and impaired cardiovascular adaptation to meta-
bolic demands [8]. These changes form the pathological
basis for the development of microcirculatory complica-
tions in patients with obesity, particularly in the context of
insulin resistance and chronic inflammation [9]. A compre-
hensive program is currently used to treat obesity, includ-
ing bariatric surgery, which is applied when non-invasive
approaches such as diet, increased physical activity, and
drug therapy do not provide satisfactory results. Bariatric
surgery is aimed not only to reduce body weight but also
to correct metabolic disorders and associated vascular
impairments, including hyperglycemia, diabetes mellitus,
and hypercholesterolemia [10]. Regarding the influence on
microcirculation, it has been shown that bariatric surgery
reduces the severity of microvascular manifestations of
diabetes mellitus [11, 12], reduces the risk of developing
retinopathy [13], and improves blood microcirculation in
the retina [14]. Bariatric surgery has also been shown to
improve both coronary microcirculation and peripheral
microvascular reactivity [15-17]. Structural changes in
the microcirculation in patients with severe obesity are
associated with rarefication of the capillary network, and
even with a significant reduction in BMI caused by bari-
atric surgery, the density of the capillary network is not
restored [18]. It has been found that in severe obesity, the
rigidity of vessel walls in the microcirculatory system does
not increase, unlike large and medium-sized arteries [18],
while the mechanical properties of vessels in people with
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obesity and the control subjects are similar and practically
do not depend on a reduction in BMI [19]. However, the
significant reduction in body weight resulting from bariat-
ric surgery leads to a significant increase in the number of
endothelial progenitor cells and collagen content [19], as
well as to normalization of blood rheological parameters
[20].

Methods to assess microcirculation impairment are usu-
ally based on measurements of cutaneous blood flow in
response to a provocative stimulus [7, 21]. A number of
studies have shown that in the long term, the bariatric sur-
gery leads to normalization of microcirculation and endothe-
lial function [22—-24]. However, ultrasound examination of
the blood flow response in carotid arteries to arterial occlu-
sion before and after bariatric surgery showed a deterio-
ration in endothelial function [25], which contradicts the
results of other studies that reported its improvement [16,
26, 27]. In addition, there are studies that have indicated no
improvement in endothelial function after bariatric surgery
[28-30]. Therefore, given the methodological difficulties in
quantifying blood flow, the effect of bariatric surgery on
microcirculatory parameters requires more in-depth study.

Recently, imaging photoplethysmography (iPPG) has
been demonstrated to be effective in assessing microcircu-
latory parameters during a local forearm heating test [31].
The iPPG technique made it possible to identify the presence
of endothelial dysfunction in patients with high cardiometa-
bolic risk [32]. The aim of our study was to assess cutaneous
perfusion parameters in patients with morbid obesity using
iPPG and to evaluate their changes after bariatric surgery.

Materials and Methods

The study involved 20 patients with metabolic syndrome,
12 of whom were diagnosed with type 2 diabetes mellitus.
All patients had stage 3 obesity (BMI> 40 kg/m?), and all
of them underwent bariatric surgery, namely laparoscopic
mini-gastric bypass surgery combining restrictive and
malabsorptive mechanisms. This type of surgery was cho-
sen because of its high efficacy in reducing body weight,
improving metabolic parameters such as insulin resistance
and hypercholesterolaemia, and correcting cardiometabolic
risks [33, 34]. Assessment of cutaneous perfusion response
to local heating was carried out in all patients before and
6 months after bariatric surgery. In addition, anthropomet-
ric characteristics, cholesterol, and glycated hemoglobin
were measured both before and 6 months after surgery (see
Table 1). The control group consisted of 20 healthy normo-
tensive subjects aged 27 + 10 years (5 men and 15 women)
without cardiovascular or metabolic diseases and with BMI
within the normal range. Exclusion criteria included a his-
tory of obesity, recent major surgeries, or any other chronic
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Table 1 Clinical and

. . Parameter Before the surgery After the surgery Significance
anthropometric characteristics .
. . . of difference
of patients with obesity
Number (male/female) 20 (3/17) 20 (3/17)
Age (years) 42+13 42+13
BMI (kg/m?) 48+5 36+5 P<0.001
Glycated hemoglobin (%) 63+1.0 52+0.4 P<0.001
Cholesterol (mM/1) 52+14 42+0.8 P=0.004
BMI body mass index

health conditions that could affect microcirculation. In the
control group, microcirculation response to local heating
was measured in all 20 subjects at the beginning of the study
and repeated in 11 of them 6 months later to simulate the
data collection protocol in patients with obesity. All patients
and subjects were informed of the study objectives and pro-
tocol and signed an informed consent form.

Local Heating Test

Measurements of changes in cutaneous microcirculation
in response to local heating were performed in a darkened
room at a temperature of 23 +1 °C. Prior to the study, the
subject adapted to the measurement conditions for approxi-
mately 15 min. A schematic of the experimental setup is

shown in Fig. 1. The subject was in a comfortable supine
position. We used a multimodal system described in detail
in our recent paper [31], which distinctive feature is the
synchronous registration of the iPPG signal and an elec-
trocardiogram (ECG) to assess microcirculatory dynamics
during a local heating test. Briefly, perfusion assessment was
performed on the subject’s right forearm by video recording
of a sufficiently large area of skin (about 2 x 5 cm?) through a
transparent temperature-controlled electric heater (Fig. 1B).
Vaseline oil was used to ensure heat transfer from the heater
to the skin. To minimize the impact of the skin-heater con-
tact on microcirculation, the heater pressure on the skin
was controlled to be constant during the measuring ses-
sion and not to exceed 15 mmHg in all subjects. The iPPG
module (Fig. 1C) consisted of 8 green LEDs emitting at a

Fig.1 Schematic of the experimental setup. A General view of the
installation consisting of three modules: imaging photoplethysmog-
raphy (iPPG), electrocardiograph (ECG), and temperature controller

(TC). B Photo of the heating element on the subject’s forearm. C TC
and iPPG modules: (1) temperature sensor, (2) transparent heating
element, (3) green light emitting diodes, and (4) video camera lens
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wavelength of 530+ 25 nm and a digital camera recording
of 480752 pixels frames at a rate of 39 frames per second.
Both the video frames and the ECG data were stored on a
personal computer for further offline processing.

The study protocol included three stages: (i) basal record-
ing for 5 min; (ii) turning on the heater to heat the skin up
to 40 °C at a rate of 1 °C in 20 s, followed by maintaining
a stable skin temperature at 40 °C; and (iii) turning off the
heater at the 25th minute of the session and recording skin
blood flow relaxation for further 20 min.

Data Processing

The dynamics of the perfusion in the forearm area was
assessed using custom software implemented on the MAT-
LAB® platform (MathWorks Inc., MA, USA). We used an
algorithm that differs significantly from that used previously
[31, 32]. The main difference is that the averaging of iPPG
signals in time (over 12—15 cardiac cycles) is replaced by
averaging in space. In the first step of the algorithm, the
spatial distribution of the perfusion index (PI) is calculated
for only one cardiac cycle, starting at 600th second. The
iPPG waveform consists of an alternating component (AC),
which oscillates with heart rate, and a slowly varying com-
ponent (DC). In this step, PI is calculated as the ratio of the

m Obesity, before surge

Obesity, after surge

AC amplitude to average DC in each cardiac cycle for every
2 %2 pixel region of the image. Examples of PI mappings
encoded in pseudo-colors and superimposed on the image
of subject’s forearm with the heater are shown in Fig. 2A. In
the second step, in the calculated perfusion distribution, we
selected a region of interest (ROI) of about 1 cm? in the area
with the most pronounced perfusion (circles in Fig. 2A).
In the third step, we repeated the PI calculations but did so
only for the selected ROI and continuously over the whole
session using a floating time-window of duration equal to
the mean cardiac cycle to compensate for motion artifacts.
While evaluating PI, the beginning and end of each cardiac
cycle were accurately determined using the synchronously
recorded ECG, and unavoidable motion artifacts were com-
pensated by means of a multi-section image stabilization
algorithm proposed in our previous paper [35]. These cal-
culations allowed us to assess the spatial distribution of the
PI within the ROI for every cardiac cycle during the entire
heating test. After averaging the PI over the ROI, we obtain
the PI dynamics (Fig. 2B).

Statistical Analysis

The normality of the distribution of experimental data was
tested using the Shapiro—Wilk test. In the case of normal

Control
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— Obesity, after surgery
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Fig.2 Cutaneous microcirculation responses to local forearm heating
in a patient with obesity (before and after bariatric surgery) and con-
trol subject. A Map of the perfusion index (PI) distribution assessed
through a transparent heater on the forearm at 600 s (300 s from the
start of heating), a dark rectangle in the images shows the heater
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frame. B Evolution of PI averaged within the circles marked in the
images shown in panel A: red curve for the patient before surgery,
blue curve in the same patient 6 months after surgery, green curve for
the control subject, and black curve is skin temperature dynamics
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distribution, the data was expressed as mean with standard
deviation (M + SD) and otherwise as median with interquar-
tile range (Me[Q1-Q?3]). The significance of the difference
in independent samples was estimated by the Mann—Whit-
ney test and in pairs by the Wilcoxon test. A 95% confidence
interval was used, and the significance level of all of the
statistical indicators is P <0.05.

Results

Forearm skin perfusion before local heating (baseline) is
not statistically different when comparing either patients
with obesity before and after surgery (0.17[0.10-0.33]
vs 0.21[0.11-0.30], P=0.5, paired Wilcoxon test) or
control and preoperative patients (0.28[0.16-0.38] vs
0.17[0.10-0.33], P =0.052, Mann—Whitney test) or
control and postoperative patients (0.28[0.16-0.38] vs
0.21[0.11-0.30], P=0.22, Mann—Whitney test). Heating to
40 °C leads to a multiple increase in PI in both patients and
control subjects, as shown in Fig. 2B, where examples of
PI dynamics are given for a patient with obesity before and
after bariatric surgery (by the red and blue lines, respec-
tively) and for the control subject by the green line. It is
clearly seen that the response of PI to heating, measured in
the same patient 6 months after the surgery, is higher than
before surgery but both responses are weaker than in the
control subject. It is worth noting that in all the cases shown,
the perfusion index remains quite high for a long time after
the heating is switched off, despite a fairly rapid decrease in
skin temperature.

Fig. 3 Boxplots of the perfusion
index (PI) averaged within each

Obesity: I before surgery M after surgery

As one can see in Table 1, the result of bariatric surgery
was both a decrease in BMI in all patients with obesity and a
significant improvement in biochemical markers of the meta-
bolic syndrome (cholesterol and glycated hemoglobin). To
assess changes in the microcirculation response to heating
against the background of a reduction in BMI after bariatric
surgery, we selected seven time intervals in which PI values
were averaged and compared both between patients before
and 6 months after surgery and between each of these group
and the control group. These time intervals are as follows: A
(50-250 s), B (400-500 s), C (500-750 s), D (750-1000 s),
E (1000-1250 s), F (1250-1500 s), and G (1500-1750s).
Boxplots of the data evaluated in these intervals are shown in
Fig. 3. During the basal recording (interval A, 50-250 s), no
statistical difference in perfusion index was found between
any of the groups. However, in intervals II-VI (from 400
to 1500 s), there is a statistically significant increase in PI
in patients with obesity after bariatric surgery compared to
what they had before surgery (paired Wilcoxon test). The
most significant increase in PI is observed in the interval C
(500-750 s): 1.10[0.85-1.28] vs 1.29[1.18-1,69], P =0.005.
It is worth noting that after turning off the heater (interval
G, 1500-1750s), PI in patients before and after surgery is
closer: 0.78[0.61-1.04] vs 0.94[0.78-1.14], so the difference
is not significant, P =0.22.

Figure 3 also shows that after heating (intervals B to G,
from 400 to 1750s), perfusion in the group of preoperative
patients becomes significantly less than in the control group.
In contrast, there is no statistically significant difference
between the postoperative patients and control subjects in
any of the time intervals. Note that similar studies in the
control group assessing the perfusion response in 11 subjects

M Control
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it ; *
positions on the time scale are —_—
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before surgery (red boxes),
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twice with a difference of 6 months also showed no statisti-
cally significant difference in pairwise comparison.

Discussion

The perfusion response to the local skin heating is a well-
established provocative stimulus for microvascular function
assessment [36]. Our study has revealed that people with
obesity have a significantly lower perfusion response to the
local forearm heating of compared to the control subjects.
Nevertheless, 6 months after bariatric surgery, the response
increases and approaches to that of healthy subjects. It is
worth noting that under basal conditions (before heating),
there was no statistically significant difference in forearm
perfusion between patients with obesity and control subjects.
In this study, the cutaneous microcirculation and its response
to heating were assessed using the multimodal system con-
sisting of imaging photoplethysmography synchronized with
an electrocardiogram. This technique is advantageous for its
simplicity, accessibility, and the ability to monitor cutaneous
perfusion with minimal external impact on the vasculature.
In addition, the synchronous recording of video frames of
the region under study and an electrocardiogram allows us
to significantly suppress motion artifacts and increase the
signal-to-noise ratio [31, 35], which is extremely important
for the correct and reliable assessment of tissue perfusion
and its dynamic changes in vivo. It should be emphasized
that effective heat transfer from the heater to the epider-
mis requires the presence of thermally conductive contact
between them. However, any physical contact with living
tissue will seriously affect the blood flow in the area of
contact. In our iPPG system, this effect is both minimized
and controlled throughout the data acquisition process. The
minimization of the contact influence was achieved by using
a sufficiently large contact area (>5 cm?), while the moni-
toring of the heater-skin pressure was possible due to the
fact that the vaseline-oil boundary is well identified in each
image, allowing us to assess the actual contact area.

In every cardiac cycle, the main force driving red blood
cells (RBC) in vessels is the difference between systolic and
diastolic pressure. The greater this difference, the more RBC
will be transported during the cardiac cycle to provide tis-
sue perfusion. According to the recently proposed theory of
the iPPG-signal formation [37], it is this pressure difference
that causes the green light to be modulated with heart rate,
thereby determining the AC/DC ratio of the iPPG signal or
PI. Another implication of the new iPPG theory is that the
superficial capillary layer serves as a distributed sensitive
network for assessing the state of the deep arterial vessels
feeding the area under study [38]. However, the pressure-
to-PI conversion factor can vary greatly from one biological
tissue to another, as well as from one subject to another.
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This may be the main reason why our study did not reveal a
statistically significant difference in PI between people with
obesity and control subjects under basal conditions (before
forearm heating). However, local forearm heating in patients
with obesity resulted in a significantly lower increase in PI
than in the control group or in the same patients, but after
bariatric surgery. This suggests that in patients with obesity,
relaxation of microvascular tone caused by the local skin
heating is impaired, indicating an abnormality in microvas-
cular function.

The mechanisms underlying the remission of type 2 diabe-
tes mellitus after bariatric surgery are extensively discussed
[39]. Meta-analyses, non-randomized, and randomized
clinical trials have shown that metabolic surgery is the most
effective treatment for patients with type 2 diabetes melli-
tus [11, 40]. Compared to conservative treatment and life-
style changes, metabolic surgery provides better results in
terms of improving glycemia [41]. In our study, a significant
decrease in the level of glycated hemoglobin (from 6.3+ 1.0
to 5.2+0.4%) was demonstrated 6 months after surgery. The
basics of glycemic control in bariatric surgery are not yet
fully understood but involve complex interaction between
improvements in beta-cell function and insulin secretion,
insulin sensitivity, intestinal gluconeogenesis and changes in
intestinal glucose utilization and absorption, and changes in
the secretory pattern and morphology of adipose tissue [40].
Several contributions are proposed, such as calorie restric-
tion, elimination of glucose toxicity, improvement of insulin
resistance, and changes in signals coming from the gastro-
intestinal tract [42]. In our study, we achieved a reduction in
BMI from 48 +£5 to 36 +5 in 6 months, while it has previ-
ously been shown that in a late postoperative period, weight
loss caused by bariatric surgery plays an important role and
is the main driver of additional improvement in insulin sen-
sitivity [10, 11]. Significant weight loss leads to a reduction
in adipose tissue and an improvement in body composition,
mainly due to visceral intramuscular fat depots. Adipose
tissue alters the secretory profile, adipocyte morphology,
glucose, and lipid metabolism. All these reasons lead to the
diabetes remission by bariatric surgery. It is known that in
remission of type 2 diabetes mellitus, microvascular function
is restored, and even microvascular morphology improves
[43, 44]. The aim of the present study was to determine
whether bariatric surgery leads to changes in any microcir-
culatory parameter assessed by iPPG. We focused on identi-
fying the overall effect of surgery, rather than analyzing cor-
relations with indicators such as BMI, glycated hemoglobin,
percentage of adipose tissue, or medication use. The study
of the effect of glycated hemoglobin on biophysical markers
of microvascular dysfunction will be useful and may provide
new insights into the field of physiology and pathophysiol-
ogy of the blood circulation. In this work, we have made the
first attempt to assess whether iPPG can identify at least one
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parameter of microcirculatory function that has been signifi-
cantly altered as a result of bariatric surgery.

Our results show that bariatric surgery significantly
improves the perfusion response to local heating, which is
undoubtedly one of the parameters of microvascular func-
tion. It should be noted that improvements in perfusion after
surgery are similar to changes observed with pharmacologi-
cal treatment of type 2 diabetes or a low-carbohydrate diet
[45, 46]. However, the surgical approach shows a more con-
sistent effect in normalizing microvascular function, which
may be associated with greater changes in body weight and
reduction in chronic inflammation [10, 47]. In contrast to the
transient effects observed with conservative therapy, surgery
provides long-term benefits in improving cardiometabolic
health. Our future plans include studying the relationships
between perfusion parameters, metabolic indices, and body
weight loss to better elucidate the mechanisms of the effects
of surgical treatment on the microcirculation.

Study Limitation

The age difference between the groups is a potential limita-
tion, as the mean age of the control group was lower than
that of the patient group, albeit with notable variance due to
the presence of older subjects. The age of the control group
has a non-Gaussian distribution, which may influence the
outcomes. However, our findings suggest a lower likelihood
of microvascular dysfunction in older healthy subjects as
compared with age-matched patients with obesity. Future
studies may be aimed at selecting an age-appropriate control
group to further elucidate the age-related risk factors for
microvascular complications in obesity.

Conclusion

BMI reduction caused by complex surgery and conservative
treatment for 6 months improves the cutaneous microvascu-
lar function. Based on our results, obtained by the assess-
ment of the perfusion index evaluated by the multimodal
iPPG + ECG system, we conclude that microvascular dys-
function caused by obesity is reversible. Our results confirm
that bariatric surgery is an effective method of correcting
microcirculatory abnormalities in morbidly obese patients.
The improvement of microcirculatory function is associated
with both weight reduction and improved glycemic control,
highlighting the importance of surgery in the long-term pre-
vention of cardiovascular complications.
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