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ABSTRACT

This study is devoted to the trials of wearable diagnostic system that implements the laser Doppler flowmetry 
technique to analyse the blood microcirculation. We do preliminary test with involvement of limited group of 
healthy volunteers of different age and in patients with type 2 diabetes. During the series of measurements, the 
microcirculation parameters was measured for 10 minutes in the palmar surfaces of the big toes and in the inner 
sides of the upper thirds of the shins. A statistically significant differences was found in bypass index, nutritive 
and shunt blood flow in shins between older group of volunteers and patients’s group as well as in shunt blood 
flow in fingers between younger and older groups of volunteers.

Keywords: laser Doppler flowmetry, microcirculation, ageing, diabetes mellitus, nutritive and shunt blood flow, 
bypass index

1. INTRODUCTION

The number of people with diabetes mellitus (DM) is increasing every year. According to estimates by the 
International Diabetes Federation, in 2017 the number of such people amounted to 425 million, and a further 1.5 
times increase is predicted by 2045.1 Diabetes mellitus can cause a large number of complications in the patient’s 
body, which can lead to a decrease in the quality of life of patients and, as a result, even to death. Some of the 
most common complications are limb problems, including diabetic foot syndrome, neuropathy, loss of sensitivity. 
That complications are caused by disorders in the cardiovascular system, starting with the microcirculatory 
bed and progressing at an alarming rate every year in the absence of proper treatment. Currently, there are 
several painless, safe, non-invasive optical methods for assessing the state of microcirculation e.g. based on skin 
temperature measurements2, 3 or hyperspectral imaging.4 Quite widespread methods for non-invasive blood flow 
measurements are ones based on the principles of dynamic light scattering (DLS). The family of methods can 
be used to do measurements both in vitro5 and in vivo.6, 7 In this work we employ the laser Doppler flowmetry 
(LDF) technique. The approach uses the principles of DLS and is based on the laser sensing of tissue and the 
analysis of the reflected light scattered in static tissue and in moving red blood cells. The sampling volume of 
the measurements changes during pulse beat and can achieve 1-2 mm3.8 The outcome result of the measurement 
technique is the LDF-gram recording (an example of one is presented in figure 1, A), which shows the development 
of the blood flow changes in time.9, 10

The method also allows ones to assess the state of local regulatory mechanisms since the recorded signal is 
an overlay of several oscillatory processes. Estimation of the contribution of different oscillations to the overall
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Figure 1: The typical example of LDF-record (A) and a wavelet analysis of the obtained signal (B)

signal level is possible by means of LDF signal processing by wavelet analysis. Currently, there are five main
factors, which have its impact in a certain frequency range. Endothelial oscillations (0.0095-0.021 Hz) are due
to the activity of the cells of the inner layer of blood vessels, neurogenic (0.021-0.052 Hz) – are formed under
the influence of the nervous regulation of blood vessels, myogenic oscillations (0.052-0.145 Hz) are the result of
the activity of vascular smooth muscle, respiratory (0.145 to 0.6 Hz) and cardiac (0.6 to 2 Hz) oscillations are
generated through the distribution of the vessels of the respiratory and pulse waves11 (Fig.1 B).

With the help of the LDF method, it is possible to assess not only the presence of violations or their absence,
but also the degree of damage by changes in the microcirculation.12–14 It was found that the violations in the
microvasculature may occur before clinical manifestations of diabetes.15 The complexity of determining the exact
state of human microcirculation in pathologies is that the microvasculature is not stable during human life.16

The microcirculation bed changes under the influence of external factors, including age. So, that is crucial to
determine the limits of reference values of parameters for different age groups.

The purpose of this work was to investigate the microcirculation system and to assess the nutritional and
shunt flow in lower limbs in patients with diabetes in comparison with healthy volunteers.

2. MATERIALS AND METHODS

Experimental studies were carried out using four wearable laser Doppler flowmetry monitors “AMT-LAZMA
1” (Aston Medical Technology Ltd., UK) for blood microcirculation analysis. The single-mode VCSEL laser
operating at a wavelength of 850 nm is used as an emitter in the devices. The devices also have a built-in
temperature sensor and accelerometer.

The inner parts of the upper thirds of the shins and the palmar surface of big toes, were chosen as places
of study (Fig.2). These points were chosen based on the fact that the skin in these places belongs to different
types: in the area of the big toes – skin with a large number of arteriole-venular anastomoses (AVA), and in the
area of the shins – skin without AVA.17

Figure 2: Localization of sensors (1 – right big toe; 2 – left big toe; 3 – right shin; 4 – left shin)
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The index of microcirculation (Im) was recorded for 10 minutes, with the volunteers and patients lying on a
couch. Studies were conducted in a state of complete physical and psychological rest, not earlier than 2 hours
after eating and medical procedures. Also, the research was conducted in accordance with the principles set out
in the Helsinki Declaration of 2013 by the World Medical Association and was approved by the Ethics Committee
of Orel State University.

The experiments involved 2 groups of healthy volunteers without cardiovascular and other diseases and the
third group of participants included patients with type 2 diabetes mellitus. Healthy volunteers were divided
into two age groups so that patients were the same age as one of the volunteers groups, and another group of
volunteers was significantly younger. The number of study participants and their average age are presented in
Table 1. There was no statistically significant difference in blood pressure and heart rate between the groups of
healthy volunteers.

Table 1: Groups of volunteers and patients

Localization of sensors 1 group (younger) 2 group (older) Patients
Shins - 9 volunteers

(52.3 ± 10.7 years)
16 patients
(57.2 ± 9.1 years)

Big toes 17 volunteers
(21.7 ± 1.4 years)

10 volunteers
(51.8 ± 14.4 years)

43 patients
(56.6 ± 11.8 years)

To assess the state of the microcirculatory system and obtain quantified diagnostic information, the bypass
index (BI ) was evaluated, as well as nutritional and shunt blood flow parameters according to the procedure
described by Dunaev et al.18 The total value of the BI is obtained by adding BI1 and BI2, where BI1 is the
shunting index associated with differences in tone in the microvessels of the nutritive and non nutritive blood flow
pathways directly within the microcirculatory bed, and BI2 is the shunting index associated with differences in
perfusion of microvessels and larger vascular segments (arteries, venules and veins) in cases of arterial hyperemia
or venous stagnation:19

BI1 = An/Am, (1)

where An and Am – respectively maximum amplitudes of oscillations of neurogenic and myogenic frequency
ranges (for zones with AVA).

BI1 = Amax/Am, (2)

where Amax – the maximum amplitude of active oscillations (for zones without AVA). BI2 is calculated in the
same way for zones with AVA and without AVA.

BI2 = Ac(r)/Am, (3)

where Ac(r) – the dominant amplitude of oscillations of the heart and respiratory rhythms. It is taken into
account if it is greater than or equal to 1. By the calculation of BI, it is possible to assess the perfusion of
nutritive and shunt pathways in microvascular networks. In areas with AVA the value of nutritive perfusion
(Mnutr) is calculated by the expression:

Mnutr = Im/(1 + BI). (4)

For areas without AVA:
Mnutr = Im/BI. (5)

Accordingly, the value of shunt perfusion (Mshunt) is estimated by the expression:

Mshunt. = Im−Mnutr. (6)
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3. RESULTS AND DISCUSSION

Between older volunteers and patients with type 2 diabetes a statistically significant difference was found in
the bypass index, nutritive and shunt blood flow (Fig.3, A, B). The rate of bypass index in patients is higher
than in older volunteers, while nutritional and shunt blood flow is lower. In the big toes, a statistically significant
difference in shunt blood flow was also found between younger volunteers and patients (Fig.3 C).

Figure 3: Results of analysis in shins (A, B) and in fingers (C) of younger volunteers (green boxes), older
volunteers (yellow boxes) and patients (purple boxes) A – calculation of bypass index, B – calculation of nutritive
and shunt blood flow, C – calculation of shunt blood flow.
* – The significance of the difference between the values was confirmed with p < 0.05 according to the Mann-
Whitney test

These results may suggest that age and diabetes affect the microcirculation in the same way with the slower
development of age-related changes and their differences can be identified when compared with younger volun-
teers.

4. CONCLUSIONS

Thus, the calculation of additional parameters of microcirculation allows ones to create a more complete
picture of the cardiovascular state in both a healthy person and a patient with diabetes. By calculating the
bypass index, nutritive and shunt blood flow, it is possible to estimate the index of microcirculation in the
nutritive and shunt pathways. It also allows ones to set the boundaries of reference values in healthy volunteers
of different age groups in different places of measurement.
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