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ABSTRACT

Multi-functional laser non-invasive diagnostic systems, such as “LAKK-M”, allow the study of a number of
microcirculatory parameters, including blood microcirculatory index (1) (by laser Doppler flowmetry, LDF) and oxygen
saturation (S;0,) of skin tissue (by tissue reflectance oximetry, TRO). Such systems may provide significant information
relevant to physiology and clinical medicine. The aim of this research was to use such a system to study the
synchronization of microvascular blood flow and oxygen saturation rhythms under normal and adaptive change
conditions. Studies were conducted with 8 healthy volunteers — 3 females and 5 males of 21-49 years. Each volunteer
was subjected to basic 3 minute tests. The volunteers were observed for between 1-4 months each, totalling 422 basic
tests. Measurements were performed on the palmar surface of the right middle finger and the forearm medial surface.
Wavelet analysis was used to study rhythmic oscillations in LDF- and TRO-data. Tissue oxygen consumption (from
arterial and venal blood oxygen saturation and nutritive flux volume) was calculated for all volunteers during “adaptive
changes” as (617£123 AU) and (102+38 AU) with and without arteriovenous anastomoses (AVAS) respectively. This
demonstrates increased consumption compared to normal (495+170 AU) and (69+40 AU) with and without AVAs
respectively. Data analysis demonstrated the emergence of resonance and synchronization of rhythms of microvascular
blood flow and oxygen saturation as an adaptive change in myogenic oscillation (vasomotion) resulting from exercise
and potentially from psychoemotional stress. Synchronization of myogenic rhythms during adaptive changes suggest
increased oxygen consumption resulting from increased microvascular blood flow velocity.
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1. INTRODUCTION

The evaluation of stress-induced adaptive changes in the respiratory and circulatory systems of individuals could provide
relevant information for studies in physiology and clinical medicine. In recent years, with the advent of multi-functional
laser non-invasive diagnostic systems, such as the “LAKK-M” system (SPE "LAZMA" Ltd, Russia) %, it has become
possible to conduct studies on a number of tissue parameters, including microvascular blood flow (by laser Doppler
flowmetry, LDF) and oxygen saturation of skin tissue (by tissue reflectance oximetry, TRO) 2.

The results of LDF measurements, representing “index of blood microcirculation (ly,)” or “perfusion”, assessed in
conventional perfusion units (PU), reveal a complex, non-periodic process. This variable component contains
information on the modulation of blood flow. Use of spectral signal processing algorithms on LDF-graphs for decoding
and analysis provides information about the condition of vascular tone in terms of its contribution to the different
mechanisms of micro-hemodynamic regulation **,
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Oscillatory processes play an important role in the function of the tissue microcirculation system. Several frequency
ranges of blood flow oscillations in microvascular networks, each of a different regulatory origin, have been identified
(endothelial, neurogenic, myogenic, etc.) >’. Many medical publications are devoted to the study of myogenic
oscillations, because they characterize the state of pre-capillary sphincters, which play an important role in the regulation
of blood flow &*°.

The TRO method determines relative blood volume (Vy, in percent) in microcirculation in the surface layers of the soft
tissues (skin, mucous membranes of the organs) and tissue oxygen saturation (S;0,, in percent) in the microvasculature in
the inspected area of biological tissue. There are few spectral processing algorithms for these recorded signals (S;0,- and
Vy,-graphs) ' 2, and there are limited publications studying the relationships between LDF- and S,0,-graphs ** **. In
isolated cases this has been used to assess vasomotion and myogenic rhythms for perfusion and tissue oxygen saturation,
for example *°. We propose that analysis of oscillation signals recorded by TRO according to the frequency ranges,
similar to LDF-graphs, is of practical interest in studying the microcirculation of blood, as the relationships between
LDF and TRO attract increasing attention from researchers in this field.

The aim of this research was to use LDF- and TRO-graphs to investigate tissue respiration and the synchronization of
microvascular blood flow and oxygen saturation rhythms under normal conditions and during adaptive changes.

2. THE METHOD OF RESEARCH

In this study we used a "LAKK-M" system, which, besides LDF and TRO, contains pulse oximetry and laser
fluorescence diagnostic channels®. This system utilizes near-infrared (1064 nm), red (640 nm) and green (532 nm) lasers
for LDF- and TRO-channels and performs simultaneous recording of the I,, SO, and V,, parameters in a tissue volume of
approximately 3-5 mm®. Studies, of different durations, were conducted with 8 healthy volunteers (no history of
cardiovascular disease) aged 21-49 years, comprising 3 females and 5 males. These studies were conducted by
simultaneously recording parameters of LDF (l,,), TRO (S;0,) and pulse oximetry (S,0, - arterial blood saturation with
oxygen). In order to assess the I, and the S;O, oscillatory component, spectral wavelet analysis of oscillations was used
(software LDF 3.0.2.384, LAZMA, Russia). This program uses a continuous wavelet transform, with the Morle complex
valued wavelet being used as the analyzing wavelet *°. The study was performed at an ambient temperature of 21-22°C
in a sitting position after a 30 min rest. The measurements were performed on skin pad (palmar surface) of right middle
finger (Fig. 1a). This area was chosen because it is rich in arteriovenous anastomoses (AVAs) and variability of the LDF
signal is less than in tissue with fewer shunts *”. It should be emphasized that this area is regulated almost exclusively by
the autonomic nervous system and is very sensitive to adaptive changes. In addition, studies were conducted in an area
almost completely devoid of AVAs - the lower arm’s medial surface (the skin without AVAs), characterized by greater
nutritive blood flow (Fig. 1b).

a) b)
Figure 1. Skin areas of study: with AVAs (a) and without AVAs (b).

The male participant of 36 years (volunteer Nel) was studied over the course of 6 months, totaling 100 records in the
skin with AVAs: 60 basic tests for 3 min, plus 20 “before and after” records to monitor the effects of exercise, in this
case swimming (500 m). This volunteer’s studies have also been conducted in the skin without AVAs. The female
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participant (volunteer Ne2) was studied over the course of 1 month, totaling 40 studies only in the skin with AVAs: 20
basic tests for 3 minutes plus 20 tests with occlusion for 1 min followed by a 3 min post occlusion period. For the
remaining volunteers, only basic tests were performed on both points of interest (skin with and without AVAs) and they
were not subjected to additional stress. Wavelet analysis was performed on 5 rhythmic components (oscillations) of |-
and S;O,-records, namely: endothelial (0.0095-0.02 Hz); neurogenic (0.02-0.06 Hz); myogenic (0.06-0.16 Hz); breathing
(0.16-0.4 Hz) and pulse (0.4-1.6 Hz) > '® . The typical form of perfusion and tissue oxygen saturation are shown in Fig
2a and the results of the wavelet analysis for them during the basic test are presented in Fig. 2b.
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Figure 2. The typical form of perfusion and tissue oxygen saturation graphs of the skin area with AV As for volunteer Nel
(a), where o — standard deviation, k, — coefficient of variation, and wavelet analysis results following such basic tests (b),
where 81, — amplitude of perfusion oscillations, 65,0, — amplitude of oxygen saturation oscillations. Furthermore, in (b), a
line is used to represent the amplitude oscillation of microvascular blood flow (51,=0.48 PU) at a frequency of f,=0.149 Hz
and tissue oxygen saturation (8S{0,=0.25%) at a frequency of f,=0.105 Hz for myogenic rhythms.
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During every test, the psychoemotional state of the volunteer was recorded as either normal or under emotional stress. In
the case of volunteer Ne2, physiological stress was induced through occlusion tests, while for volunteer Nel this was
achieved by exercise (swimming), which can be considered as stress simulation.

Of particular interest is the analysis and comparison of oxygen consumption in tissue under normal conditions and
during adaptive changes, associated with a sympathetic vasomotor reflex (synchronization and resonance of myogenic
oscillation in perfusion and tissue oxygen saturation). This is especially noteworthy as a relationship between the
activation of vasomotion and oxygen consumption has been previously reported 2. Following the methodology
explained in the article # and from spectral wavelet analysis of I,- and S,0.-graphs, we calculated the extraction and
consumption of oxygen in tissue for all 8 volunteers.

Oxygen extraction (OE), assessed in arbitrary units (AU), was calculated as follows:
OE =(S,0,-5,0,)/S,0,, (1)

where S,0, — venous blood oxygen saturation, calculated using spectral wavelet analysis of S0, oscillations. We also
analyzed the amplitude of oscillations of cardiac (6S0;). and respiratory rhythms (8S;0,),. If the (85;0,)./(3S{O,), ratio <
1, then S,0; is taken to be equal to S;0,. This variant predominates in most cases of recordings from the skin without
AVAs %, If the (85,0,)¢/(850,); ratio > 1, then:

3,0, =5,0,/((85,0,). /(85,0,), . @)

This variant predominates in most cases of recordings from the skin with AVAs. In the cases of resonance oscillations in
the active frequency bands (for example, in the myogenic range during adaptive changes), the cardiac and/or respiratory
rhythm amplitudes may not be expressed in the spectrum, and the S,0, calculation has some specific features. In the
cases of resonance of oscillations in the total myogenic and respiratory bands, S,0,= S;0,. In the skin zones with AVAs,
an additional confirmation using the bypass index (BI) for SO, is necessary *:

5,0, =S5,0,/BI(S,0,), @)
where:
BI(S,0,) =1+(s5,0,), /(5,0,),,, (4)
where (8S;0,), and (8S;0,),, - amplitudes of oscillations of neurogenic and myogenic rhythms respectively.
Oxygen consumption (OC), assessed in arbitrary units (AU), was calculated as follows:
oc=1,-(s,0,-5,0,), (5)
where I, - the nutritive blood flow value was calculated according to the equation:
.. =1.,/BI(,), (6)

where BI(l,,) - bypass index calculated for skin with AV As similarly to formula (4), but only using perfusion data. For
skin zones without AVAs:

BI(1,,)=(N ) (AN ) ()

where (81,)max 1S the maximum amplitude of the dominant oscillations in the active range of frequencies up to 0.15 Hz
and (dl,)m - amplitude of oscillations of myogenic rhythms.

Accordingly, the calculation of oxygen consumption in cases with and without adaptive changes (for synchronization
and resonance of myogenic oscillations in perfusion and oxygen saturation) were processed separately. It should be
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noted that the OC equation includes the perfusion rate value, thus the OC value (calculated according to Fick’s principle)
reflects the oxygen consumption rate.

The following parameter has also been calculated and analyzed:
A‘l:m = fm(StOZ)_ fm('m)! (8)
where f;, - myogenic oscillation frequency of perfusion and tissue oxygen saturation, respectively.

Data presented in the text are means + SD. Statistical analysis was performed by OriginPro 8 SRO version v.8.0724 with
data sets tested for normality by the Kolmogorov-Smirnov and Shapiro-Wilk tests. For normally distributed data, group
comparisons were made by carrying out a parametric unpaired t-test. For the obtained non-normal data distribution of
data, Mann-Whitney test nonparametric statistics was used to compare the two groups (normal and with conditions of
adaptive changes).

3. RESULTS AND DISCUSSION

Analysis of the data shows the emergence of synchronized rhythms in microvascular blood flow and oxygen saturation
within the myogenic oscillation range (vasomotion) during adaptive changes — for example, stressful situations or
response to physical exercise. The typical perfusion and tissue oxygen saturation data, along with the results of wavelet
analysis of these parameters during adaptive changes for volunteer 1 are presented in Fig. 3.
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Figure 3. Perfusion and oxygen saturation graphs in cases of myogenic oscillation of the skin area with AVAs for volunteer
Nel (A) and typical example of resonance and synchronized rhythms (f,=0.074 Hz) of microvascular blood flow (81,=1.05
PU) and oxygen saturation (6S;0,=0.32%) within the range of only myogenic oscillation (vasomotion) during adaptive
changes (B).

The parameters for calculating oxygen extraction and consumption for all volunteers were obtained using the approaches
detailed in the methods section above. The results of measurements and calculations for both areas studied (skin with and
without AV As) for all the 8 volunteers are shown in Table 1.

Table 1. The results of measurements and calculations for all 8 volunteers.

Ne Parameters Skin with AVAs Skin without AVAs
Norm With adaptive Norm With adaptive

(n=187) changes (n=60) (n=128) changes (n=26)

1 | I(total), PU 21.0+3.1 21.4+3.4 2.5+0.8 2.8+0.9

2 | Ipa(nutritive), PU 8.6+0.5 11.1+2.2* 1.7+0.8 2.8+0.8**

3 | S.0, % 98.1+0.4 97.9+0.4 97.9+0.4 97.8+0.6

4 |50, % 78.3+4.7 77.745.7 66.2+9.3 61.9+7.3

5 | S0, % 41.6+13.7 41.946.1 58.2+12.7 61.3£7.3

6 | Vp, % 10.2+1.8 9.9+1.5 6.3£1.7 6.0£1.4

7 | BI(l,), AU 2.5+0.5 1.9+0.2%* 1.6+0.6 1.0+0.06**

8 | BI(S50,), AU 2.7£0.7 1.9+0.2** 2.4+£1.6 1.0+0.2**

9 | OF, AU 0.58+0.14 0.57+0.06 0.41+0.13 0.37+0.07

10 | OC, AU 495+170 617+123** 69140 102+38**

Note: There is significant difference (p > 0.05) observed from normal state, calculated by a t-test (*) and by the Mann-
Whitney test (**).

The human skin contains functionally distinct zones, differing in morphological properties and the regulation of
microvascular blood flow. These can be classified as with and without the presence of AVAs. The zones with AVAs are
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functionally tied to implementation of the thermoregulatory homeostasis and are almost exclusively regulated by the
sympathetic adrenergic nervous system. Additionally, the values of perfusion and intravascular pressure of the skin
microvessels is generally higher in regions containing AVAs. The zones of skin without AVAs are characterized by
lower blood flow in microvessels and a higher contribution of the venous component. During adaptive changes, a
significant increase in the nutritive perfusion (In,) is observed in the zones with AVAs (from 8.6+0.5 PU to 11.1+2.2 PU,
p > 0.05). Oxygen extraction did not change in the zones with and without AVAS. Increasing oxygen consumption was
therefore due to an increase in perfusion rather than an increase in OE, thus adaptive changes naturally lead to the
intensification of oxygen consumption in zones with AVAs (from 495+170 AU to 617+123 AU, p > 0.05). More cases of
synchronization of myogenic rhythms in microvascular blood flow and oxygen saturation were registered in zones with

AVAs, this is most likely because of the large numbers of autonomic nerves, which are very sensitive to adaptive
changes.

The results from our studies on adaptive changes (stress- or exercise-induced) support our hypothesis that during
resonance and synchronization of blood flow and oxygen saturation rhythms via myogenic oscillation there is increased
tissue oxygen consumption compared with normal conditions. Thus the level of extraction of oxygen from blood remains
unchanged. Therefore, we suggest that the bypass index may be used as a marker of adaptive changes (during stress
conditions), calculated based on perfusion and tissue oxygen saturation.

The increase in amplitude of myogenic rhythm reflects a modulation of the hydrostatic pressure in the capillaries,
resulting in an increase in diffusion of oxygen into the tissues, hence the changes in tissue oxygen saturation. Time shifts
and frequency characteristics are obviously specific to particular individuals. For example, volunteer Nel registered 41
cases of synchronization (21 cases under emotional stress and 20 cases induced by exercise), volunteer Ne2 only
registered 5 cases of synchronization of vasomotion (including cases obtained as a result of occlusion tests) and
volunteer Ne3 registered 4 cases of adaptive changes. Analysis of recorded time fragments under normal conditions,
during stress and following exercise presented distinct differences in the frequency of myogenic oscillations in perfusion
and tissue oxygen saturation (Afy). In the normal state for all volunteers, this difference is almost always negative,
because myogenic oscillations in perfusion typically display greater frequency than those for oxygen saturation. For
example, the mean value for volunteer Nel: 0.006 Hz; for volunteer Ne2: 0.022 Hz; for volunteer Ne3: 0.019 Hz. But
during adaptive changes (in stressful situations — physical or emotional stress) when there is synchronization of
myogenic oscillations, oxygen saturation is more intensive, giving Af;, results which are generally positive. Occasionally,

complete synchronization will be achieved when the frequency of both myogenic oscillations coincide. For example, this
case is presented in Fig.4.

Synchronization of oscillations in myogenic range
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Figure 4. Typical example of the 3D wavelet analysis of resonating and synchronized myogenic rhythms of microvascular
blood flow (a) and oxygen saturation (b) during adaptive changes.
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The values of Af,, during adaptive changes registered for the volunteers 1-3 were 0.027 Hz, 0.015 Hz and 0.040 Hz,
respectively. It is worth noting that in studies of the effect of exercise (swimming) on blood flow and tissue oxygen
saturation (especially at the initial stage of training) full synchronization of myogenic oscillations was achieved (Af,=0).

Data analysis has demonstrated the emergence of resonance and synchronized rhythms of microvascular blood flow and
oxygen saturation as an adaptive change in myogenic oscillation (vasomotion) resulting from exercise and potentially
from psychoemotional stress. Perhaps one explanation for the origin of this phenomenon is that the synchronization of
myogenic rhythms facilitates maximum oxygen delivery to tissue following physical or emotional stress.

4. CONCLUSION

The data obtained show behavioral differences in myogenic oscillations in the ordinary state of the body (normality) and
during episodes of sympathoadrenal activation (e.g. emotional stress). Normally, all systems of the body (including
blood circulation, respiration, metabolism, etc.) work in different phases and frequencies, exhibiting non-linearity and
independence. Synchronization of myogenic rhythms during adaptive changes may lead to increased oxygen
consumption resulting from increased microvascular blood flow velocity. The data above suggests that adaptive changes
naturally lead to the intensification of oxygen consumption in zones with AVAs due to an increased perfusion.
Furthermore, as these zones have rich autonomic innervation, they are very sensitive to adaptive change leading to them
having the highest incidence of myogenic rhythm synchronization of microvascular blood flow and oxygen saturation.
During adaptive changes (under particular emotional stress, etc.), synchronization increases, reducing the freedom of
microvascular blood flow regulation.

Ultimately, our suggested approaches for the use of the laser technology in investigating tissue respiration and skin
microhaemocirculation under adaptive changes, through the monitoring of synchronization of blood flow and oxygen
saturation rhythms observed within the data, have shown themselves to be highly informative and present interesting
prospects for further investigation as a potential diagnostic methodology relevant to vascular function.
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