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Abstract—In this study, the response of skin blood flow to lo-
cal heating of subject’s forearm was assessed by imaging photo-
plethysmography. The proposed system is featured by accurate
control of the parameters affecting the endothelium during pro-
longed measurements. It is shown that this method reliably re-
flects the function of the mechanisms of regulation of peripheral
vascular resistance, which is of great prognostic value for the de-
tection of cardiovascular diseases.

I. INTRODUCTION

Blood circulation in human vessels is provided by changes
of the vessels resistivity due to regulations by the hormonal
and autonomic nervous systems. The resistive function of the
vessels is complemented by the interaction between the vas-
cular endothelium and smooth muscle cells [1]. In fact, it reg-
ulates vascular tone through the release of vasoactive sub-
stances such as nitric oxide (NO), prostacyclin, endothelial
hyperpolarizing factors, and vasoconstrictors. In any genesis
of cardiovascular diseases, the processes of imbalance of the
endothelial system associated with insufficient endothelium-
dependent vasodilation in response to vasoactive stimuli due
to insufficient NO production are revealed. Therefore, as-
sessing of vasodilating properties caused by NO production
can provide information about the integrity and function of
the endothelium that has important prognostic value both for
the detection of primary cardiovascular events and for subse-
quent determination of disease outcomes and treatment re-
sults. The aim of the present study is to demonstrate feasibility
of using imaging photoplethysmography (iPPG) [2] to assess
the reaction of the forearm skin microcirculation to moderate
local heating.

II. ETHIC STATEMENT AND PARTICIPANTS

This study was performed in accordance with ethical stand-
ards presented in the 2013 Declaration of Helsinki. Approval
for the study was obtained through the Interdisciplinary Eth-
ics Committee of the Pacific State Medical University, Vladi-
vostok, Russia, decision No 10 of June 20, 2021. Fourteen
volunteers, men 39-55 years old, participated in the study.
Volunteers had no medical comorbidities (hypertension, can-
cer, severe systemic comorbidities, including cardiovascular,
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respiratory, hepatic and renal failure, skin diseases), drug de-
pendence, or chronic alcohol consumption that could ad-
versely affect the patient's competence in relation to the per-
formance of the procedures and the result of the study. Imme-
diately before the test, the subject underwent a clinical exam-
ination, anthropometry, biochemical blood test, echocardiog-
raphy. The room where the studies were darkened, satisfac-
tory sanitary and hygienic conditions were established, the
temperature was stable (22-24 °C). The study was carried out
after a fifteen-minutes rest, continuously for 65 minutes in a
sitting position, leaning back on chair back, relaxed posture,
legs uncrossed, free breathing. Throughout the experiment, an
electrocardiogram (ECG) was continuously recorded for each
subject. Local heating was applied to an area of the middle
third of the subject's forearm as shown in Fig. 1A. The first 5
minutes, the basal recording was carried out. Then, the glass
plate of the heating element was heated up to 40-41°C in two
minutes, and this temperature was maintained during 20
minutes. At such heating rate, the subject did not experience
any discomfort, and a slight warmth was rarely felt at the site
of the heating element. Thereafter, the heating was turned off,
and the skin temperature relaxed to its original value. The
video of the heating region was continuously recorded in all
stages. Typical examples of the dynamics of perfusion
changes due to subjects’ forearm local heating are shown in
Fig. 1B.

III. MEASURING SYSTEM

The method is based on illumination of the skin with inco-
herent green light of invariable intensity, subsequent intensity
modulation of a reflected light due to its interaction with red
blood cells, and registration of a sequence of images of the
area under study. The experimental setup is presented in Fig.
1A. An illuminator is implemented as a set of four rings of
250 light-emitting diodes (LED) operating at the wavelength
0f 530 + 25 nm. The incoherent light is linearly polarized with
a film polarizer attached in the front of LEDs. Another film
polarizer is attached to the camera lens so that the transmis-
sion axis is oriented orthogonally to the polarization vector of
the illuminating light. Polarization filtering is used to reduce
specular reflection and the effect of motion artifacts on the
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recorded signals. Digital video camera, assembled together
with an LED illuminator, provides video recording of the
heating area at the rate of 36 frames per second and a resolu-
tion of 340 x 286 pixels. Video data are transferred to a per-
sonal computer and recorded on a solid-state hard drive. The
video camera is equipped with objective, which ensures the
formation of a sharp image of the object on the video camera
matrix at a distance of ~20 cm from the examined skin area.
The digital electrocardiograph records the electrocardiogram
of the subject in two leads with a frequency of 1 kHz. Addi-
tionally, the electrocardiograph records a signal from the
video camera containing information about the time of regis-
tration of each video frame. Thus, the recorded video frames
and ECG are synchronized in time. The electrocardiograph
transmits all the data to a personal computer via the USB 2.0
interface. The block of controlled temperature exposure is a
glass plate with dimensions 70 x 20 x 2 mm? in a plastic
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frame. A resistive ITO (Indium-tin-oxide) coating with a re-
sistance of 20 Ohm is sprayed onto the plate, transparent to
green light and providing local heating of the subject's skin
area. To ensure thermal conductivity between the glass plate
and the skin, liquid petrolatum is applied. Voltage control on
the ITO layer is carried out using a custom-made control unit.
Temperature control is carried out using a K-type thermocou-
ple (chromel-alumel) located between the glass with a resis-
tive layer and the subject's skin. Additionally, for the conven-
ience of the operator and the safety of the subject, the data on
the recorded temperature and the operating modes of the heat-
ing element are displayed on the liquid crystal display on the
control unit. A personal computer is used to control the data
recording unit and the controlled temperature exposure unit.
All data are recorded on a hard disk, and then subjected to oft-
line processing using specially developed software on the
MATLAB platform.
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Figure 1. Schematic of measuring system and an experimental result. A - Layout of the measuring system consisted of three computer-controlled modules
(iPPG, heating, and ECG), B - Dynamics of perfusion changes due to subjects’ forearm local heating. Blue curves show changes in the perfusion index,
whereas red curves show changes in local skin temperature.

IV. RESULTS

Variable reactions in response to skin heating, which ap-
parently reflects differences in the regulation of local blood
flow, were observed. Figure 1B shows typical perfusion index
dynamics for four representative subjects. As seen, the perfu-
sion response to the local heating is biphasic. First increase in
perfusion occurs in a few minutes, followed by a brief nadir,
and then a secondary prolonged increase. This reaction is sim-
ilar to that observed by the popular laser Doppler flowmetry
technique [3]. The first phase is due to the axon reflex [4],
which leads to a strong increase in perfusion for all subjects.
It was observed that the increase in perfusion linearly de-
creases with the basal skin temperature, and increases with the
temperature difference between the baseline and heating
stage. The second phase is associated with activation of the
endothelial component of NO vasodilation and an increase in
blood flow, and leads to the following increase in perfusion
and the appearance of a second maximum. In some cases, the
perfusion increase in the second phase is continuing even after
switching off the heating in spite of decreasing skin tempera-
ture.

V. CONCLUSION

The proposed multimodal system based on the iPPG
method is suitable for reliable studying the mechanisms of
regulation of peripheral vascular resistance in response to lo-
cal heating, which opens up wide opportunities for its use to
study various physiological disorders caused by endothelial
dysfunction.
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