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A B S T R A C T   

The endothelium plays an important role in the pathogenesis of cardiovascular pathology, so that revealing its 
dysfunction can predict outcomes of the disease. However, the correct assessment of the endothelial function 
remains an unsolved problem. Registration of endothelium dependent vasodilation in response to nitric oxide 
synthesis using available noninvasive technologies does not show sufficient specificity and sensitivity, although it 
helps to detect its differences in population studies. In this pilot study, we compared the dynamics of micro
circulation of the forearm skin and its spectral parameters during mild heating (up to 42 ◦С) between groups of 
smokers (n = 17) and non-smokers (n = 21) using imaging photoplethysmography synchronized with electro
cardiography. The study included healthy men with similar anthropometric characteristics at the age of 51 ± 8 
years and 48 ± 13 years, respectively. During the comparative analysis, no intergroup difference was found in 
the perfusion increase in either the axon- or endothelial-related phases of the reaction to local hyperemia. 
However, it was revealed that the power spectral density in the frequency band 0.01–0.02 Hz is significantly 
smaller in smokers than in non-smokers only during the phase of endothelium induced vasodilation: 4.0 ± 1.1 
versus 5.3 ± 1.2 rel.un., respectively (P = 0.005). At the same time, no difference in the spectral power in the 
same band was observed during the axon-mediated phase, thus indicating high sensitivity and selectivity for 
assessment of the nitric oxide dependent vascular reactivity. The obtained results can be used for noninvasive 
evaluation of other cardiometabolic risk factors for early prediction and timely prevention of adverse outcomes 
by optimizing and intensifying treatment.   

1. Introduction 

Functional abnormalities of microvessels are commonly observed in 
patients with cardiovascular risk factors such as hypertension [1,2], 
diabetes mellitus [3,4], dyslipidemia [5], smoking [6,7], and obesity 
[8]. Alterations in small resistance arteries occur very early in hyper
tension, increasing vascular resistance and risk of hypertension com
plications, potentially leading to a worse prognosis [9]. Exposure to 
cardiovascular risk factors accompanies by endothelial dysfunction 
which manifests itself as insufficient endothelium-dependent 

vasodilation in response to vasoactive stimuli [9–11]. Endothelial 
dysfunction is documented in most conditions associated with cardio
vascular pathologies, thereby allowing it to be considered as an early 
marker of future cardiovascular events [12,13]. Therefore, evaluation of 
endothelial dysfunction may provide clinically relevant information 
about cardiovascular risk with possible optimization of the treatment 
[14]. 

Non-invasive assessing of the functional changes provided by small 
resistance arteries in humans is a non-trivial and difficult task. Several 
methods were proposed to assess either anatomic features or the 
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response of peripheral blood vessels, which can be divided into distal 
and proximal, depending on the region in which the blood flow is 
assessed, or mainly anatomical and functional, depending on the nature 
of the studied indicators. A typical example of an anatomical approach is 
a nailfold videocapillaroscopy with post-occlusive reactive hyperemia, 
which allows us to assess a number of parameters indicating microcir
culation violation: changes in the number of functioning capillaries, the 
rate of erythrocytes after removal of occlusion, the ratio of the diameter 
of arterial and venous vessels, the thickness of the walls of arterioles and 
some others [15,16]. However, the use of different parameters to esti
mate microvascular alterations has led to inconsistent results on nailfold 
videocapillaroscopy capacity to provide reliable estimates of car
diometabolic risk [14,17]. 

The anatomic approach also includes the assessment of the 
anatomical features of retinal vessels, which has been used for a long 
time in clinical studies for the staging of hypertension. However, the 
technique is not enough sensitive and specific to detect early vascular 
abnormalities and does not allow performing a functional assessment of 
the endothelium. Nevertheless, the technology development and the 
recent use of adaptive optical ophthalmoscopy has made it possible to 
improve diagnostic indicators by objectifying visual assessment, which 
is achieved due to the possibility of measuring the wall-to-lumen ratio of 
retinal arterioles with diameters of 50 to 150 µm in-vivo [18,19]. Un
fortunately, there are still no studies that would objectively show the 
prognostic value of the identified parameters in the early stages of hy
pertension. An important deterrent to this technology is very expensive 
equipment and requirement to highly qualified specialists. 

Evaluation of the function of the endothelium of distal vessels is 
implemented in the technology of endothelial tonometry of peripheral 
arteries (EndoPat) [20–22]. This is one of the most widely used methods 
for assessing microvascular function, during which the reactivity of 
blood vessels is evaluated in response to the effect of under-oxidized 
products on the endothelium and, to a lesser extent, on the muscle 
wall, the response of which provides vasodilation of microvessels, thus 
increasing the volumetric blood flow rate. The main disadvantage of the 
method is its high cost, as well as some discrepancies in its prognostic 
value. In addition, there are still no significant population studies con
firming the efficacy of the EndoPat [11]. It is also assumed that the in
crease in the amplitude of the pulse wave during reactive hyperemia, 
along with endothelium-dependent, may also include endothelium- 
independent vasodilation due to the influence of under-oxidized prod
ucts directly on muscle cells [14]. 

Dynamic response of the endothelium to shear stresses causing 
vasodilatation can be assessed by measuring the diameter of the brachial 
(or radial) artery with high-resolution ultrasound [23,24]. The main 
disadvantages of this most common technique are a strong dependence 
on the operator, which makes it difficult to compare the results of 
different laboratories and significant variations in parameters measured 
on different days [25]. 

Laser Doppler flowmetry (LDF) is the most widely used functional 
approach to study the vascular endothelium, including measurements of 
the response of blood flow to various stimuli such as reactive hyperemia 
[26], physical exercise [27], and local heating [28–30], the latter being 
more frequently applied. It should be pointed out that vulnerability of 
LDF is in the physical principle behind this method: the measured signal 
is caused by a shift in the Doppler frequency, which is determined not 
only by the motion of red blood cells, but also by many other movements 
either unrelated or indirectly related to blood flow [31], which signifi
cantly reduces the reliability of the interpretation of the data obtained. 

There is another optical technique, laser speckle contrast imaging 
(LSCI), which is also widely used for microcirculation studies [32,33]. 
LSCI is a camera-based technique allowing full-field blood flow visual
ization with high spatial resolution [34]. Although speckle contrast 
values are indicative of the level of motion in the sample, they are not 
directly proportional to the either velocity of red blood cells or blood 
flow [35]. Since dynamic speckles are very sensitive to any variations of 

the biological tissue (such as pulsations of arteries’ walls or mussels 
contractions), and these changes which are aggravated by multiple light 
scattering, the results of the LSCI technique are ambiguous in interpre
tation [36]. 

Recently another optical modality, photoplethysmography, attracted 
attention of the researchers from different groups as a technique capable 
of quantifying activity of the autonomous nervous system by assessing 
changes in blood flow parameters [37–42]. Innovative modification of 
this technique, imaging photoplethysmography (iPPG), enables con
tactless extraction of physiological information about functioning of the 
cardiovascular system using conventional cameras [38,39,41]. In 
particular, feasibility of iPPG system to evaluate the vascular response to 
the cold stress [41], heat [43], and cognitive [39] tests have been 
demonstrated. Moreover, it was recently shown that iPPG allows for the 
assessment of the spatial distribution of the arterial tone [44] and 
vascular resistance [45]. More recent comparative studies of the 
response to physiological stimuli by iPPG and LSCI [39,46] confirmed 
that variations in the signal obtained by both techniques are determined 
by cutaneous blood flow whereas measurements of perfusion using iPPG 
was shown to be robust [46]. 

Functional tests are utilized for microvascular assessment. Local mild 
heating of skin to about 42 ◦C (thermal hyperemia) is known to induce 
significant relaxation of the microvascular smooth muscle cells due to 
the endothelial release of the nitric oxide (NO) and, thus, to achieve the 
local hyperperfusion [30,47]. Blood flow response has repeatable 
biphasic shape: first, blood flow rapidly increases, then reaches the local 
peak, and decreases down to the local nadir followed by a recurring 
increase, turning into a long plateau after 20–30 min of heating [47–49]. 
The peak in the first phase is mainly caused by the axon reflex of local 
sensory nerves [50]. It was shown that a greater contribution to the axon 
reflex is made by the cation-selective ion channel of vanilloid type 1 
(TRPV1), mainly localized on sensitive nerves [51]. In the second phase, 
the increase in blood flow is caused by the humoral response, mainly 
associated with endothelial factors, among which NO accounts for about 
two-thirds of the contribution [50]. The endothelial hyperpolarizing 
factor, part of the action of which depends on epoxyeicosatrienoic acid, 
is also involved in the formation of the second phase of the blood flow 
response to local heating [52]. Therefore, local thermal hyperemia 
provides an opportunity for instrumental assessment of global endo
thelial dysfunction [49,53]. 

All of the above features of thermal hyperemia were experimentally 
identified using an LDF probe [28], which evaluates blood flow at a 
single point in contact with the skin. Low reproducibility of the LDF 
method is often associated with variations in the site of measurement, 
while the pressure of the probe on the skin is not controlled [48,54]. To 
overcome the limitations of LDF, we recently proposed using iPPG for 
assessing reaction on the local heating as a technique capable of esti
mating blood flow parameters over an extended skin area [55]. This 
technique is featured by accurate control of the parameters affecting 
microcirculation during the prolonged study. Despite the fact that LDF 
and iPPG signals related to blood flow parameters in fundamentally 
different way, it was found that the response to local hyperemia is 
similar and has a biphasic character with multiple increase of the signal 
[55]. 

Evaluation of endothelial function is an important way to predict the 
development and course of the disease in individuals with various risk 
factors of the cardiovascular system [56]. One of the risk factors 
determining the prognosis is tobacco smoking because it leads to a 
pathological change in the vascular endothelium due to a decrease in the 
activity and bioavailability of NO [7,57,58]. The interaction of NO with 
free radicals contained in tobacco smoke causes a change in biosynthesis 
and a decrease in NO activity. These disorders subsequently lead to 
endothelial dysfunction, which is expressed in a decrease in its vaso
dilating, antithrombotic, anti-inflammatory and antioxidant properties. 
However, as further studies have shown, there are other reasons for the 
influence of smoking on the prognosis. On the one hand, smoking is 
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associated with a violation of endothelium-dependent vasodilation, 
even after one smoked cigarette [59]. On the other hand, smokers have 
an increased risk of diseases of the cardiovascular system not only 
associated with atherosclerosis, but also the progression of hyperten
sion, thromboembolism and possibly atrial fibrillation [60], the devel
opment of which may also be mediated by endothelial dysfunction. 

There were quite a few studies devoted to noninvasive assessment of 
smoker’s blood microcirculation [61–65]. Recent comparative study of 
blood circulation between smoking and non-smoking subjects using a 
wearable LDF sensor did not reveal significant difference in endothelial 
oscillations between these groups [65]. In contrast, basing on our more 
recent study of the response of blood flow parameters to moderate local 
heating using iPPG [55], we suggest that the latter method is more ad
vantageous for reliable non-invasive assessment of endothelial 
dysfunction. The present study is aimed at comparing the parameters of 
the blood flow response to local forearm heating in smokers and non- 
smokers by means of the iPPG system. 

The rest of the paper is organized as follows. In the Section 2, we 
describe material and methods of the study, namely groups of subjects, 
study protocol, measuring system, data processing, and statistical 
methods. The results of our study are presented in the Section 3. Sections 
4 and 5 include discussion and conclusions of the results obtained. 

2. Materials and methods 

2.1. Participants and study protocol 

The present study was carried out in the Private healthcare institu
tion “Central clinical hospital “RZD-Medicine” Vladivostok” and in the 
Institute of Automation and Control Processes of Far East Branch of the 
Russian Academy of Sciences in accordance with ethical standards 
presented in the 2013 Declaration of Helsinki. All subjects signed the 
written Informed Consent Form enclosed in the study protocol approved 
by the Interdisciplinary Ethics Committee of the Pacific State Medical 
University, Vladivostok, Russia, decision No. 10 of 20 June 2021. All 38 
participants in this pilot study were men. The mean age of subjects from 
the group of smokers (n = 17) was 51 ± 8 years. The average smoking 
experience was 28 years, and everyone was smoking at least one tobacco 
cigarette in 12 h. The control group (n = 21) consisted of non-smoking 
subjects of comparable age (48 ± 13 years). In addition, the subjects of 
both groups had comparable blood pressure levels and body mass index 
at the time of the study, the data are presented in Table 1. The exclusion 
criteria were as following: presence of cardiovascular disease risk factor 
such as hyperlipidemia, diabetes, and hypertension; severe concomitant 
systemic diseases, including respiratory, hepatic and renal failure, and 
skin diseases; history of drug dependence or persistent alcohol 
consumption. 

Measuring sessions were carried out in a specially prepared darkened 
room with appropriate sanitary conditions and a temperature of 23 ±
1 ◦C. At least two hours before the study, the subjects did not take drugs 

that affect the vasomotor properties of blood vessels, abstained from 
eating and a large volume of liquid (including tea and coffee), were not 
exposed to physical exertion, and did not smoke. The subject was invited 
into the room fifteen minutes before the measuring session to adapt to 
the conditions of measurements. During this time, his well-being was 
clarified, anamnesis was collected, anthropometric parameters were 
determined, arterial pressure and pulse rate were measured. The subject 
was offered to take a comfortable position sitting on a chair, leaning 
back, with his legs uncrossed and breathing normally. His right hand 
was comfortably positioned on the measuring support at the heart level. 
Assessment of the blood flow response to local heating was carried out in 
three stages. At first, a video of a skin area under study was recorded 
continuously and synchronously for one minute together with an elec
trocardiogram (ECG) and skin temperature (baseline recording). Then, 
the region under study was heated up to 40 – 42 ◦C at a heating rate of 
about 3.5◦ C per minute to avoid painful sensations [66]. The achieved 
skin temperature was maintained for 15 min. At the third stage, the 
heating module was turned off, and the skin temperature relaxed 
naturally. At all stages of the local heating test, the video, ECG, and 
temperature were continuously recorded. 

2.2. Measuring system 

Our custom-made iPPG system involved synchronous acquisition of 
video frames, ECG, and skin temperature signals. The layout of the 
system is shown in Fig. 1, while all components were described in details 
before [55]. Briefly, a glass plate sizing 70 × 20 × 2 mm3 with a 
transparent conductive layer (a heating device) was placed on the outer 
side of subject’s forearm providing local skin heating. The heating de
vice and the skin under it were evenly illuminated by 250 light-emitting 
diodes (LEDs) arranged in four concentric rings around the camera lens 
and operated at the wavelength of 530 ± 25 nm (green light). Images in 
reflected light were recorded by a monochrome 8-bit digital camera 
(model “UI-3060CP-M− GL,” Imaging Development Systems GmbH, 
Obersulm, Germany) mounted together with the LED-illuminator. The 
video recording of the heated area was made at the rate of 36 frames per 
second with a resolution of 340 by 286 pixels. The video data were 

Table 1 
Characteristics of subjects in the groups under study.   

Group of 
smokers 
(n = 17) 

Control 
group 
(n = 21) 

Significance of 
differences 

Age (years) 51 ± 8 48 ± 13 P = 0.49 
Male/Female 17/0 21/0  
Smoking experience 

(years) 
28 ± 12 0  

Body mass index (kg/m2) 29 ± 4 27 ± 3 P = 0.09 
Systolic blood pressure 

(mmHg) 
131 ± 12 125 ± 9 P = 0.11 

Diastolic blood pressure 
(mmHg) 

82 ± 7 83 ± 8 P = 0.88 

Data are expressed as mean ± standard deviation. 

Fig. 1. Schematic of the experimental setup. The measuring system includes a 
ring-shaped light-emitting-diodes (LEDs) illuminator providing green light 
(wavelength 530 ± 25 nm) for uniform illumination of an area under study, 
digital monochrome camera equipped with a 12-mm-focus length, a transparent 
heating device controlled by control unit and an electrocardiograph. The data is 
recorded synchronously and written to the computer’s memory. The laptop 
screen displays an example of a perfusion map superimposed on an actual 
image of the area under study. 
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transferred to a personal computer and recorded on a solid-state hard 
disk. A digital electrocardiograph (model “KAP-01-Kardiotekhnika- 
EKG,” Incart Ltd., Saint Petersburg, Russia) operating at the sampling 
rate of 1 kHz was used to record ECG in two leads. Recording of video 
frames and ECG were synchronized with accuracy of 1 ms. 

Note that the pressure of the heating plate on the skin was assessed 
for each subject and did not exceed 15 mmHg. Liquid petroleum jelly 
was applied between the heating plate and the skin to ensure heat 
transfer from the heating device. Skin temperature was measured syn
chronously with the video and ECG recordings by means of K-type 
thermocouple located between the heating plate and the skin. The 
control unit transmitted temperature readings with the rate of 5 Hz to a 
personal computer via a serial port, and also controlled the voltage 
applied to the heating device in accordance with the pre-recorded 
program. 

2.3. Data processing 

The recorded data were processed offline by using an algorithm 
described in details in our previous paper [55]. Briefly, it includes the 
following steps. At the first step, a digital image stabilization algorithm 
is utilized to minimize the impact of motion artifacts. Since different 
areas of the skin can shift in different directions, the entire image frame 
is divided into segments, followed by independent compensation for the 
displacement of each segment. 

At the second step, the part of the image located inside the visible 
boundary of the liquid oiling is divided into adjacent regions of interest 
(ROI) with a size of 15 × 15 pixels, which is about 4 mm2 on the forearm. 
A iPPG-waveform is calculated as a frame-by-frame evolution of the 
average pixel value in each ROI. Pulsation amplitude at the heart rate is 
calculated as the difference between the maximum and minimum value 
of the iPPG-waveform in every cardiac cycle, the beginning and end of 
which were determined by R-peaks of a synchronously recorded ECG. 
Then the ratio of this amplitude and the mean value of the iPPG- 
waveform in each ROI is calculated to compensate for possible un
evenness of tissue illumination. This ratio is denoted here as amplitude 
of pulsatile component (APC). In this way, we estimate the variations in 
time (once per cardiac cycle) of the APC parameter, which, as is known, 
reflects the perfusion of the arteries nearby the measurement site [44]. 
The APC is assessed in each ROI. As it was found in our preliminary 
study, perfusion has inhomogeneous spatial distribution, which varies 
from one subject to another, but for every subject the distribution re
mains unchanged during the local heating test [55]. To compensate for 
the difference in spatial distributions among the subjects, the APC is 
mapped over the examined area using the algorithm described in detail 
earlier [55,67], a half of the ROIs with higher APC is selected, and the 
APC is averaged over the selected ROIs to assess the mean perfusion 
dynamics. An example of the mean perfusion evolution during the 
heating test is shown in Fig. 2A. As seen in this graph, the perfusion 
response to local heating is two-phase: an increase in skin temperature 

leads to a multifold increase in APC, followed by a local nadir with 
subsequent increase turning into prolonged hyperemia. This biphasic 
type of the perfusion dynamics corresponds to that usually observed in a 
local heating test measured by LDF [68]. 

At the third step, the averaged dynamics of the perfusion variations 
in response to local heating is quantified. A perfusion gain factor (Kmax) 
is defined as the ratio of the APC parameter at the peak of the first phase 
to the average APC value in the baseline. An integral response of the 
perfusion to heating during the first phase is calculated as the area under 
the APC curve between the moment of switching on the heater and the 
nadir point (S1, shaded with yellow in Fig. 2A). An integral response 
during the second phase is evaluated as the area under the APC curve 
during 22 min from the nadir (S2, shaded with lilac in Fig. 2A). 

At the fourth step, a spectral analysis of the measured perfusion 
response was performed using either Fourier or wavelet transfers. In the 
latter case, we use one of the most popular wavelets – the Morlet 
wavelet, defined as 

ψ(t) = e2πite− t2/(2σ2). (1) 

Here t is time, and the parameter σ describes the length of the 
analyzing function, for σ→∞ wavelet transform approaches to the 
Fourier transform. In this study we use σ = 1.7. The continuous wavelet 
transforms of the signal APC(t) are defined as 

W(ν, t) =
̅̅̅
ν

√
∫∞

− ∞

APC(t)ψ*(ν(t − τ))dt (2)  

where * means the complex conjugation, ν is the frequency, τ is the time 
shift. Integrating the power over the time period T gives the global 
wavelet spectrum 

M(ν) = 1
T

∫T

0

W(ν, t)2dt (3) 

The wavelet spectrum M(ν) in Eq. (3) repeats the main features of the 
Fourier spectrum. The blue curve in Fig. 2B shows the Fourier spectrum 
for the second phase of the perfusion response to local heating (from the 
nadir point to 31th minute, Fig. 2A). To calculate the wavelet spectrum, 
we split the frequency range from 0.01 to 0.6 Hz into 50 frequency 
bands. The respective wavelet spectrum averaged over the same phase 
of the response is shown in Fig. 2B by the orange solid line. It is seen that 
the wavelet spectrum is a smoothed version of the Fourier spectrum 
[69], which makes it possible to more reliably identify the main features 
of short and noisy signals. 

At the final step, we compared the averaged dynamics and power 
spectral density of perfusion responses to local heating among different 
subjects separately for the response during the first (between the heating 
start and nadir) and second (between the nadir and 31-th minute) 
phases. Since the level of perfusion varies greatly from one subject to 
another, the comparison was carried out using spectral power in the 

Fig. 2. An example of the perfusion dynamics during the heating test and its normalized spectra. A: Perfusion evolution for one of the smokers (blue line) and 
dynamics of his skin temperature (red line with arrows showing the start and end of heating). Yellow-shaded and lilac shaded segments indicate the first and second 
vasodilation phases, respectively. Kmax - a perfusion gain factor; S1 - an integral response of the perfusion to heating during the first phase; S2 - an integral response 
during the second phase. B: Fourier (blue line) and wavelet normalized spectra (orange thick line), calculated for the second phase of the perfusion response. 
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bands normalized to the total spectral power for each subject. 

2.4. Statistical analysis 

The study used methods of non-parametric statistics. To test the 
hypothesis of the reliability of differences in independent variables, the 
Mann-Whitney U test was used. A 95% confidence interval was used. 
The level of significance of all of the statistical indicators is P < 0.05, 
unless otherwise indicated. The data are expressed as mean ± standard 
deviation (SD). Statistical analysis of the data was also performed in the 
Mathematica 10.3 (Wolfram research, USA). 

3. Results 

In most of the participants of our study, the perfusion response to 
local heating of the forearm skin manifests itself in the form of a two- 
phase curve shown in Fig. 2A with a clearly defined nadir point. More 
examples of the response curve can be seen in our recent paper [55]. 
Perfusion gain factor assessed in the peak of the first phase (Kmax) turned 
out to vary greatly both in the group of smokers (from 3.2 to 14) and 
control (from 3.7 to 13.2). No statistically significant difference in this 
parameter was found between smokers and non-smokers (see Table 2). 
An even higher variability of the integral parameters (S1 and S2) of the 
perfusion increase was found in each response phase in both smokers 
and non-smokers. The median [minimal - maximal] S1 during the 
response mediated by the axon reflex was 33.2 [9.6 – 64.3] and 37.6 
[12.0 – 70.9] for smokers and control, respectively, while in the sec
ondary phase S2 was 113.2 [55.1 – 316.4] and 122.9 [23.8 – 238.0] for 
smokers and control, respectively. Therefore, comparative analysis of 
the averaged dynamics of perfusion did not reveal statistically signifi
cant differences in vasodilation between the control and smoking groups 
in any of the phases of the response to heating (see Table 2). 

However, spectral analysis of APC dynamics during skin heating 
revealed significant intergroup differences in the reaction of the forearm 
microcirculation in response to local heating associated with endothelial 
function. The APC normalized wavelet spectra for smokers (orange 
boxes) and control (blue boxes) had been calculated during vasodilation 
mediated by the axon-reflex (first phase) and endothelium dependent 
vasodilation (second phase) and presented in Fig. 3A and Fig. 3C, 
respectively. As one can see, in different spectral bands, the ratio of the 
spectral density of perfusion oscillations between groups of smokers and 
non-smokers is different. No statistically significant difference was 
found in any of the spectral ranges when comparing the spectra aver
aged over each of the ranges during the vasodilation mediated by the 
axon reflex (Fig. 3A). For example, the boxplot of average spectral 
density in the endothelial frequency band (Fig. 3B) shows insignificant 
difference between the groups during the first phase of the response: P =
0.2. However, when comparing the spectral density of oscillations 

averaged over the endothelial frequency band during the second phase 
of the response (Fig. 3D), it was revealed that these oscillations in 
smokers are significantly lower than in non-smokers, P = 0.005. 

4. Discussion 

In this study, we have utilized innovative iPPG system together with 
the protocol with local hyperemia to reveal endothelial function in pa
tients with cardiovascular risk. The system combines continuous video 
recording of the heating region under green illumination synchronously 
with the ECG recording. Correlation analysis of iPPG and ECG signals 
allows us to reliably measure the APC parameter related to the perfusion 
of the studied region against the background of unavoidable motion 
artifacts [44,67]. Distinctive biphasic perfusion response to local heat
ing (similar to previously detected LDF [29,47]) was found in all 38 
subjects. The spectral analysis of the perfusion response revealed a 
significantly reduced energy of endothelial oscillations (0.01 – 0.02 Hz) 
in the group of smokers in the second phase, whereas no intergroup 
difference in this spectral band was found in the first phase. Considering 
that it is the second phase of the vasodilatory response to heating that is 
mainly associated with endothelial factors [50,70], the proposed 
method has demonstrated high sensitivity and selectivity of quantitative 
assessment of endothelial function. Unlike in spectral parameters, no 
statistically significant intergroup differences were revealed in any 
amplitude characteristic of the response. The latter can be due to large 
variability of the perfusion response among the subjects. Our pilot study 
has demonstrated for the first time the possibility of noninvasive 
assessment of endothelial function by the iPPG technique. The limitation 
of our study is that only men participated in it. 

It is worth noting that here we use the same approach to spectral 
analysis of the data as in the case of LDF [65]. Therefore, we can focus on 
at least two main factors determining the advantages of iPPG over LDF 
in solving the problem of noninvasive evaluation of endothelial 
function.  

1. The most important is the fundamental difference in the blood flow 
parameters measured by these two methods. If the LDF signal is a 
nonlinear function of the averaged velocity of erythrocytes moving 
in vessels, then in the iPPG method, the measured parameter APC is 
proportional to the amplitude of pulsations of arterial vessels sup
plying the measured area of the skin. In our iPPG system we use 
green light, which acquires the greatest modulation at the heart rate 
been interacting with biological tissue containing blood vessels, 
while the depth of its penetration into the skin does not exceed 0.5 
mm. Despite the widespread use and acceptability of iPPG, the origin 
of the iPPG signal is a subject of continuing debate [71–73]. Ac
cording to a recently proposed alternative model of iPPG [72], its 
waveform is derived from mechanical compression / relaxation of 
the dermis capillaries due to pulsations of nearby arteries and arte
rioles. Since the main cause of perfusion is a pulse-pressure wave 
originated from the heart, the dynamics of the normalized amplitude 
of arterial pulsations, APC parameter, reflects the changes in the tone 
of these vessels [44,74].  

2. For a reliable assessment of low–frequency endothelial oscillations 
(0.01–0.02 Hz), continuous measurement of blood flow parameters 
is necessary for a long time (more than 15 min to measure at least 10 
periods of endothelial oscillations) with mandatory stability of pa
rameters that may affect blood flow during a local heating test. 
Moreover, the characteristic time of the development of the 
endothelium-dependent vasodilation is 10 min from the heater 
switching on. During the local heating test, contact of the heater with 
the skin is necessary for the efficient transfer of thermal energy. At 
the same time, it is well known that any contact with the skin causes 
changes in blood flow [72,75]. When using a fiber-optic LDF probe, 
the contact area is quite small and the pressure on the skin is difficult 
to control. In contrast, in our study, a heater of a larger area, 

Table 2 
Relative perfusion parameters in the axon- and endothelium-related phases of 
vasodilation.   

Group of 
smokers 
(n = 17) 

Control 
group 
(n = 21) 

Significance of 
differences 

Perfusion gain factor,Kmax 7.8 ± 2.7 8.1 ± 2.5 P = 0.67 
Integral increase of perfusion 

during the first phase, S1, rel. 
un. 

34 ± 17 39 ± 17 P = 0.40 

Integral increase of perfusion 
during the second phase, S2, 
rel. un. 

121 ± 59 126 ± 52 P = 0.79 

Endothelial oscillations during 
the first phase, rel. un. 

4.0 ± 1.5 4.7 ± 1.5 P = 0.2 

Endothelial oscillations during 
the second phase, rel. un. 

4.0 ± 1.1 5.3 ± 1.2 P = 0.005 

Data are expressed as mean ± standard deviation. 
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separated from optical elements was used. This allowed us to reduce 
the pressure on the skin and control it during long-term measure
ments. In addition, simultaneous measurement of blood-flow pa
rameters over a large area using iPPG system makes it possible to 
take into account the heterogeneity of the perfusion distribution 
caused by the peculiarities of the vascular morphology of each in
dividual subject. 

5. Conclusions 

The differences we found in the vascular response to mild heating of 
the forearm skin during the phase of endothelium induced dilation show 
the possibilities of the technique for detecting the initial damaging ef
fects of tobacco smoking at the level of the microcirculatory bed in the 
form of a decrease in NO-dependent vascular reactivity and indicates a 
high potential of the iPPG system for assessing endothelial function. 
Since smokers represent one of the groups of patients at risk of cardio
vascular diseases, we believe that the proposed non-invasive method of 
selective assessment of endothelial function will allow to develop sys
tems for early diagnosis of cardiovascular complications in other groups, 
as well. 
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Fig. 3. Comparison of perfusion response spectra to local heating between the control group (blue rectangles) and smokers (orange rectangles). Diagrams of APC 
spectra assessed during the first phase of the response (vasodilation mediated by axon reflex) and during the second phase (endothelium induced dilation) are shown 
in the upper and lower parts, respectively. Panels A and C show box whisker diagrams for APC normalized spectral density. Vertical lines in these panels indicate 
endothelial (E), neurogenic (N), myogenic (M), and respiratory (R) frequency bands. B and D: spectral density averaged over the endothelial band (0.01–0.02 Hz). 
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