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Digital Laser Doppler Flowmetry: Device, Signal Processing

Technique, and Clinical Testing

I. O. Kozlov*, E. A. Zherebtsov, K. V. Podmasteryev, and A. V. Dunaev

A method and a device for digital laser Doppler flowmetry are proposed. An approach to signal processing based
on analysis of the power spectrum amplitude distribution over Doppler broadening frequencies is suggested. A
prototype of the device is presented; its technical characteristics and settings used in tests are described. The
method was tested in healthy volunteers of different ages and patients with type 2 diabetes mellitus. The research
led to the development of binary classifiers for classifying volunteers and patients into groups according to the

functional state of microcirculation.

Introduction

Laser Doppler flowmetry (LDF) is a non-invasive
medical diagnosis technique, which has been actively
developed and used in medical practice for over 40 years.
The pioneering publication on LDF [1] showed that
microcirculation parameters can be determined by ana-
lyzing coherent radiation scattering on moving blood par-
ticles [2]. Further studies demonstrated the possibility of
skin microcirculation monitoring using the LDF modu-
lation method, based on the physiological mechanisms of
active regulation of the microvascular bed. Subsequent
years saw development and improvement of equipment
for laser Doppler flowmetry; methods for signal detection
and processing, as well as for mathematical modeling of
signals, were developed.

Laser Doppler flowmetry is used both in scientific
research and in practical medicine to diagnose complica-
tions in diabetes mellitus (diabetic foot, diabetic
retinopathy), rheumatologic diseases (Raynaud’s disease,
scleroderma, systemic lupus erythematosus), and gum
diseases (gingivitis) [3]. Laser Doppler flowmetry owes
the increase in its medical application to a number of
studies (for example, [4]) on the correlation of blood per-
fusion oscillations with physiological processes. A num-
ber of works showed that LDF can be used to measure
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endothelium-dependent and endothelium-independent
rhythms, microvessel muscle activity, and blood flow
fluctuations associated with cardiac and respiratory activ-
ities.

It is usually impossible to reliably diagnose the func-
tional state of microcirculation without special function-
al tests (heat, cold, electrical stimulation, or medicinal).
These tests are based on activating a particular physiolog-
ical system by exposure to an external or internal factor
leading to a change in its initial state. Many works (in par-
ticular, [5]) substantiate the use of thermal tests. Cold
tests often accompany heat tests. Another functional test
used in medical practice is based on the electrophoretic
transfer of active substances through mucous membranes
and skin [6]. Although electrical stimulation is rarely
used, there are works suggesting diagnostic procedures
based on electrical stimulation [7].

Today, development of LDF devices and signal pro-
cessing techniques continues within the framework of the
research into distributed monitoring of blood perfusion.
Multichannel recording is used to study the compensa-
tory capabilities of the microcirculation system simulta-
neously in different skin areas exposed to changing envi-
ronmental conditions (ambient temperature, body posi-
tion in space) and internal factors (medication, forced
breathing, exercise, etc.) [8].

In a number of works on the processing of the
recorded LDF signal, data on the power spectrum of the
photocurrent are used. In [9], the results of calculation of
blood perfusion rate in several velocity ranges are present-
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ed. The calculations took into account the theoretical
distribution of red blood cell velocities in the diagnostic
volume. Another group of researchers adopted a different
approach [10]: the phase scattering function and model
power spectra were modeled using the probability distri-
bution of the angle between the incident and scattered
laser waves. To calculate the model power spectra, the
probability distributions of Doppler shifts at different
velocities of scattering particles were represented as a lin-
ear combination.

However, the method based on calculation and sub-
sequent processing of the perfusion rate within narrow
Doppler broadening bands has been so far rather poorly
covered in the literature [11]. Presentation of the meas-
urement results in a time—frequency scale makes it possi-
ble to determine and visualize changes in blood perfusion
rate and its redistribution caused by functional tests. The
use of such a distribution provides an additional feature
space for analyzing the received signal, which increases
the diagnostic capabilities of LDF

Validation of the Proposed Method

It is well known that the Doppler shift from moving
red blood cells can be estimated from the photodiode
photocurrent. The blood perfusion rate is an integral
characteristic proportional to the number of red blood
cells involved in the formation of the Doppler shift of the
optical signal within a given diagnostic volume, as well as
to the average velocity of movement of this ensemble.
Thus, the results of LDF measurements are, in the first
approximation, linear with respect to the velocity and
number of moving red blood cells in the diagnostic vol-
ume. The perfusion rate in the frequency range of f; to f,
is calculated using the following expression:

13

by
1= [ £S()dt. 0

lee 7

where [, is the blood perfusion rate, fis the frequency of
the Doppler broadening of laser radiation, S(f) is the
photocurrent power spectrum, and i, is the constant
component of the photocurrent.

Currently available laser Doppler flowmeters use
techniques for power spectrum processing within a wide
range of power spectrum distribution over Doppler
broadening frequencies (for example, 20-12000 Hz),
which leads to the loss of potentially useful diagnostic
information. This distribution carries important physio-
logical information about local and systemic processes
that affect microcirculation. In [12], the effect of local
heating and pressure on the optical probe was investigat-
ed, and the Doppler broadening spectra were studied
using skin probes at various stages of occlusive and respi-
ratory tests. These studies demonstrated the effect of
blood perfusion redistribution over the Doppler broaden-
ing frequencies during a forced inhalation—exhalation
cycle.

LDF Device with Digital Signal Processing

A prototype of the LDF device was assembled
(Fig. 1a). An LPS-785-FC laser diode with a wavelength
of 785 nm was used as the radiation source. The signal was
sampled using an NI USB 6211 data acquisition card with
a sampling rate of 50 kHz per channel in differential
recording mode. The duration of the recording and pro-
cessing cycle was 0.05 s; it included 2500 measurements.
A custom-made amplifier with stabilized supply voltage
was used to amplify the signal before ADC processing by

Fig. 1. Prototype device: a) external view; b) control interface.
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Fig. 2. Research protocol: an example of blood perfusion recording.

the data acquisition card. The device was controlled via a
LabVIEW interface (Fig. 1b). The interface included the
following windows: visualization of the calculated power
spectrum, perfusion graph, oscillogram of the difference
between signals from two channels, and address bar for
saving data.

Patient and Volunteer Research Protocol

The developed protocol is based on a thermal test.
During the thermal test, a strong vasodilator, nitric oxide,
is released. The vasodilator systemically affects the
microvascular bed. The vasodilator-induced changes in
the perfusion rate and the phase and amplitude spectra
are measured. Based on the measurement results, criteria
for the diagnosis of microcirculation failure can be elabo-
rated. The dorsal surface of the foot was chosen as the
area of interest, because trophic ulcers and necrotic
lesions in patients with type 2 diabetes mellitus most often
occur on the feet and toes.

Before the measurements, a fiber guide was attached
to the subject’s foot. The guide bore a heat probe based on
a Peltier element. At the first stage of the test, the blood
perfusion rate was recorded at a temperature of 33 °C for
10 min, in order to equalize the temperature conditions in
all subjects. At the second stage, the temperature was
gradually increased to of 42 °C within 5 min, at a rate of
2 °C/min. At the third stage, the blood perfusion rate and
the heat-induced effects on the capillary blood flow were
recorded for 5 min (Fig. 2).

The measurements were performed using the proto-
type digital Doppler flowmeter and a LAKK-TEST
device for local functional tests (NPP LAZMA,
Moscow). The volunteers and patients were divided into
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three groups: group 1 — 7 volunteers aged (22 + 0.5)
years; group 2 — 6 volunteers aged (51 £ 6) years;
group 3 — 10 patients aged (61 & 7) years with more than
10-year history of type 2 diabetes mellitus. All patients
gave their informed consent for the study.

Test Results

Before further processing, the amplitude values of
the power spectra were summed over frequency bands
with a step of 200 Hz. The range from 0 to 12800 Hz was
selected for data processing. Thus, each measurement
result was represented as an array of 64 perfusion records
determined for the frequency sub-bands.

Cumulative sums of the spectra sequences averaged
over a certain time period were used to assess the effects
associated with the redistribution of perfusion over the
frequency ranges caused by local heating. The cumulative
sums were calculated as follows:

C, =C,  +—" )

where 7 is the serial number of given frequency in the
power spectrum, C, is the cumulative sum of the sequence
from 1 to n, A, is the power spectrum amplitude at the nth
frequency, and m is the maximum serial number (Fig. 3).

For further analysis of the data, the periods recorded
at the first stage of the experiment and the manifestations
of the axon reflex at the beginning of the third stage were
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Fig. 3. An example of cumulative sum graphs for stages 1 and 3
and the area between them.
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Fig. 4. LDA results for the groups of apparently healthy volunteers
and patients.

identified. The area between the graphs of the cumulative
sums calculated by the trapezoidal method is a quantita-
tive characteristic of the signal amplitude redistribution
over the frequencies for the averaged spectra recorded at
the first stage and during the manifestation of the axon
reflex.

Based on the area between the curves of cumulative
sums and the mean perfusion for the selected period,
binary classifiers were constructed by linear discriminant
analysis (LDA) for group 2 (aged volunteers) and patients
(Y1), and group 1 (young volunteers) and group 2 (12).
The area under curve (AUC) was estimated (Fig. 4):

Y1 =—5.0622 + 0.84X1,, + 0.0177X2,;  (3)
Y2 = — 4.28022 + 0.86X1,, + 0.0076X2,,.  (4)

The AUC for the ROC curve was 0.86 and 0.9 for the
binary classifiers Y1 and Y2, respectively.

Thus, the developed device, research protocols, and
binary classifiers make it possible to classify the test par-
ticipants according to the age-related changes in the
microcirculation and the disorders associated with type 2
diabetes mellitus.

Conclusions

Digital LDF tests using the proposed sequence of
photocurrent power spectra have shown that the devel-
oped research protocol holds much promise for the use in
medical practice. The proposed approach to the LDF sig-
nal processing does not require additional measurement
channels (temperature, fluorescence, diffuse reflectance
spectroscopy, etc.) to be used. The test procedure is rela-
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tively simple. Its implementation for mass functional
diagnostic testing does not require highly qualified per-
sonnel. The method is sufficiently accurate to provide
correct classification of subjects into groups according to
the state of microcirculation. Further development of the
method will involve additional research into the diagnos-
tic value of the power spectrum distribution over the
Doppler broadening frequencies and, in particular, the
substantiation of new diagnostic criteria based on the fre-
quency distribution of perfusion oscillations.

The paper is based on the report presented at the
XIVth International Scientific Conference on Physics
and Radio Electronics in Medicine and Ecology
(PhREME’2020) [13].
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