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ABSTRACT
Laser Doppler flowmetry (LDF), tissue reflectance oximetry (TRO) and pulse oximetry (PO) and cold pressor test (CPT)
were used to assess the microcirculation parameters and the activation of regulatory mechanisms. LDF and TRO samples
wavelet transform in the frequency bands 0.01-2 Hz was used to evaluate microvascular disturbances in rheumatic
diseases and to assess the vascular involvement in the pathological process. The spectral components of LDF and TRO
signals associated with endothelial, adrenergic, intrinsic smooth muscle, respiratory and cardiac activities were analyzed.
Significant difference between healthy and rheumatology subjects was identified in perfusion parameters. Spectral
analysis of the LDF signal revealed significant difference between two group of high (>0.1 Hz) frequency pulsations.
Based on the analysed of the perfusion and amplitudes oscillation in the frequency band the decision rule for detection
microvascular disturbances were synthesized. The perfusion parameter and amplitude oscillation associated with cardiac
activities included in the decision rule. Based on the measured parameters and the result of wavelet transform LDF- and
TRO-signals the parameters for detection of complications associated with microvascular disturbances and their possible
causes were proposed.
Keywords: laser Doppler flowmetry, tissue reflectance oximetry, pulse oximetry, wavelet transform, microvascular
disturbances, rheumatic diseases.

1. INTRODUCTION
According to international statistics, 8.4% of women and 5% of men suffer from rheumatic diseases (RD)1. RD
represents a large group of nosological forms of various origin. Unifying factors of all rheumatic diseases are the
localization of the main pathological process in connective tissue and their clinical manifestation in the form of joint
syndrome. Development of RD causes damage to the internal organs, which, together with the main manifestations of the
disease, leads to disability in the first ten years of the disease course, loss of work ability and decrease life expectancy1.
Microvascular disturbances are unifying link in the pathogenesis of all RD. These disturbances are manifested in
deviations and abnormalities in vascular tone regulation, disorders of blood microcirculation and morphological
microvascular structure changes. Among the most common clinical forms of microvascular disturbances manifestation
are increasing vascular wall permeability, formation of vasculitis, mucoid swelling of the vessels wall with a narrowing
of their lumen, symmetrical paroxysmal spasm of arteries, arterioles caused by cold, emotional stress and dilatations of
the capillary network, changes in the density of capillaries, their asymmetry, and the formation of branching capillaries,
megacapillaries, microhemorrhagia and avascular regions2-4.
Development of these microvascular disturbances cause an imbalance in the concentrations of the main chromophores of
the skin (oxyhemoglobin and deoxyhemoglobin) and destructuring of components of the vascular wall. The combination
of these processes provokes the development of complications, which cause the development of hypoxia, edema of
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tissues and the appearance of necrobiotic processes5. The involvement of vessels in the pathological process can lead to
aggravation of the disease and in most cases influences the strategy of treatment and prognosis of the disease in general.
To study microvascular system functional state in vivo different non-invasive methods of optical reflectance
spectroscopy6, optical coherence tomography (OCT)7, laser speckle imaging8, laser Doppler flowmetry (LDF)9,
polarization-based imaging10 and other have been applied. The LDF is based on the probing of biological tissue by using
laser radiation and the extraction of a phase shift (Doppler shift) of registration signal. This signal is formed as a result of
reflect and scatter light from moving red blood cells and is determined by the speed of their movement11. The main
parameter recorded by the LDF is perfusion (Im).
For evaluation of the skin main chromophores (oxyhemoglobin and deoxyhemoglobin) tissue reflectance oximetry
(TRO) and pulse oximetry (PO) are applied. The TRO is based on measuring different hemoglobin fractions
spectrophotometrically. The main parameter recorded by the TRO is tissue oxygen saturation (StO2). This parameter
describes the percentage of oxyhaemoglobin on the background of the all haemoglobin fractions (oxyhaemoglobin and
deoxyhaemoglobin) sum. The PO registers percent oxyhemoglobin (oxygen saturation) in the arterial blood (SaO2).
The LDF and TRO together with the wavelet transform are capable of providing vast amounts of physiological data. This
data comes in the form of frequency bands (0.0095–1.6 Hz), which reflect the different regulation mechanisms of skin
blood flow12. Oscillations of skin blood flow observed in the frequency band 0.6 to 1.6 Hz and 0.2 to 0.6 Hz are
associated with heart and respiratory activities13, respectively, whereas oscillations in the 0.0095 to 0.1 Hz frequency
band are related to myogenic14, neurogenic14, and endothelial activities16.
Additional possibilities in the study of microcirculatory bed and in the evaluation of microvascular disturbances are the
use of functional tests, for example, cold pressor test, occlusion test, respiratory, and etc. The cold pressor test (CPT)
application is perspective for the evaluate of microcirculatory disturbances. The choice of this functional test is due to
the fact that during RD a failure in response to cold stimulation of a vasomotor center is observed, which leads either to
an increased spasm of the vessels, or to vasodilation.
For the more intensive introduction of diagnostic methods into clinical practice not only the development of study
protocols but and the detection of diagnostically parameters, which could be used for the development of decisive rules
for revealing of presence or absence of various disorders are important.
The aim of this work is a detection of diagnostic parameters obtained within the studies utilizing LDF, TRO, and PO
techniques, CPT and wavelet transform of LDF and TRO signals, as well as the development of decisive rule for
detection of microvascular disturbances and associated complications.

2. MATERIAL AND METHODS
2.1 Study protocol
Study protocol consisted in the registration of microcirculatory bed parameters using LDF, TRO and PO before and after
cooling (Table 1). Cooling during CPT was carried out for 5 min, patient’s arms were submerged in cold water.
Basic test
Stage duration, min
Study duration, min

Table 1. Study protocol
Cooling
BT1
BT2
Twater=15 °C
5
5
5
35

Relaxation
period
15

BT3
5

2.2 Measured and calculated parameters
During of the studies LDF, TRO and PO signals were measurement. The obtained LDF and TRO signals were
decomposed using a wavelet transform17. The wavelet coefficients were counted for the frequency band 0.01 to 2 Hz.
Power spectral density was calculated for three records of LDFs and TROs for each patient. The integral wavelet spectra
were averaged over the group of patients. The energy distribution for every frequency band has been calculated.
Myogenic tone (МТ) and rate of oxygen consumption (OC) were used for detection of complications associated with
microvascular disturbances. These parameters were calculated by the method presented in the article18 with using the
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measured parrameters and the results of LDF and TRO
T
signals wavelet
w
transfform. Analysiis of MT and OC allows to
t
evaluate the tone oscillatoory componennt of pre-capilllaries and precapillary sphhincters, that determines peerfusion in thhe
nutritive bed, as well as quuantitatively deescribes the oxygen diffusio
on through miicro-vessels w
walls.
The analysis changes of MT
M and Ac/Ar raatio during the study process was propossed to use for detection of possible
p
causees
of complications associatedd with microvvascular disturrbances. Ac/Ar is calculated by the resultss of the LDF signals
s
waveleet
transform andd allows to evaluate the ratiio of the arteriial blood flow
w to venular.
The data proocessing was performed
p
byy Mathematicaa 8.0, Wolfraam research. Statistical anaalysis of the measured andd
calculated paarameters wass performed using
u
non-parrametric criterria. The Mannn-Whitney test was used for
f comparingg
values betweeen groups. Thhe Wilcoxon teest was used for
f comparing
g values withinn a single grouup.

2.3 Experim
mental equip
pment and study
s
condittions
Experimentall systems “LA
AKK-OP” andd “LAKK-M”” (SPE “LAZMA” Ltd., Ruussia) were aapplied for thee measuremennt
LDF and TR
RO signals. Temperature
T
o water was controlled by
of
y a contactlesss digital therrmometer (Seensitec NB4011,
Netherlands)..
All measurem
ments were performed in coonditions of phhysical and mental rest 2 h after a meal. V
Volunteers alsso underwent a
preliminary adaptation
a
to room
r
temperatture 24-25 ºC for 15-20 min
n in a sitting position,
p
with the right arm
m on the table at
a
heart level. The
T adaptatioon of volunteeers to standaard room tem
mperature andd abidance off study proto
ocol during all
a
measurementts reduce the innfluence of diifferent factorrs on results off diagnosis.
Schemes of experimental
e
innstallation duuring the meassurement, duriing the cold exxposure and sschematic pressentation of thhe
LDF and TRO
O probe and PO
P sensor positioning on a finger
f
are showed in Fig.1.

C

a
a)
b)
c)
Figure 1. Schemes of experimental
e
innstallation durinng the measureement (a), durinng the cold expposure (b) and schematic
presentattion of the LDF
F probe positioning on a fingeer (c): 1 – expeerimental equippment, 2 – com
mputer, 3 – conttainer with
water, 4 – PO sensor, 5 – LDF and TRO
O probe.

2.4 Study grroups
The study waas carry out on 32 (16 malee and 16 femaale) healthy volunteers
v
(HV
V) (average aage 22 ± 2 yeaar) and 60 (122
male and 488 female) patiient with rheeumatic diseases (PRD) (aaverage age 55
5 ± 14 yearr) from the Rheumatology
R
y
Department of
o the Orel Reegional Cliniccal Hospital, Russia.
R
The stu
udy was apprroved by the loocal Committtee for Humann
Biomedical Research
R
Ethiccs, and all subj
bjects signed an
a informed co
onsent.
The PRD inccludes individuuals with the following disseases: rheum
matoid arthritiss (n = 31), sysstemic lupus erythematosus
e
s
(n = 8), рrim
mary gonarthroosis, bilateral (n = 6), ankyylosing spondy
ylitis (n = 3),, gout (n = 3)), psoriatic artthritis (n = 2)),
systemic scleeroderma (n = 2), primary osteoarthritiss (n = 1), chrronic gouty arrthritis (n = 11), chronic rh
heumatic hearrt
disease (n = 1), idiopathhic dermatopolymiositis (nn = 1), prim
mary generaliized osteoarthhritis (n = 1),
1 spondylitiss
seronegative (n = 1).
The main chharacteristics of PRD are presented
p
in Table 2. Thee data-range averages, as well as the minimum
m
andd
maximum vallues, are provided for each parameter.
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Table 2. Main characteristics of PRD
Name of the parameter
Disease longitude, years
Systolic pressure, mmHg
Diastolic pressure, mmHg
Pulse/min
RF, IU/ml
CRP, mg/l
RBC, 1012/l
HGB, g/l
MCHC
PLT, 109/l
WBC, 109/l
LYM, %
MONO, %
ESR, mm/h

Value
9 (0.1 − 36)
129 (105 − 160)
74 (56 − 84)
81 (70 − 90)
121 (8 − 512)
52 (6 − 192)
4.4 (3.5 − 6.7)
128 (91 − 155)
0.9 (0.7 − 1.0)
334 (118 − 385)
7.5 (3.0 − 18.7)
31 (6 − 83)
4.4 (1.0 − 31.0)
23 (2.0 − 62)

Notes: RF – rheumatoid factor; CRP – C-reactive protein; RBC – red blood cells; HGB – haemoglobin; MCHC – mean corpuscular
haemoglobin concentration; PLT – platelets; WBC – white blood cells; LYM – lymphocyte; MONO – monocyte; ESR – erythrocyte
sedimentation rate

3. EXPERIMENTAL RESULTS AND DISCUSSION
Experimental studies results showed that CPT evokes different reaction from the microcirculatory bed in HV and PRD.
Figure 2 presents the results of perfusion change during CPT and averaged over both groups wavelet spectra in BT119.
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Figure 2. (a) Analysis results of the perfusion in BT1, BT2 and BT3; (b) power spectral density in BT1. Note: Statistically
significant differences in the values with ** p < 0.01; ***p < 0.005; E – endothelial, N – neurogenic, M – myogenic, R –
respiratory, C – cardiac frequency bands of blood flow oscillations.

From Fig.2(a) one can see that throughout the study, significant differences in perfusion between the study groups were
observed, herewith PRD has higher perfusion in basal state then HV. The cooling provokes the vasoconstriction which
leads to the perfusion decrease. The vasoconstriction is more evident in HV.
Analysis of averaged over HV and PRD wavelet spectra in BT1 showed high frequency pulsations of the blood flow
have larger energy in PRD than in НV, herewith the difference is significant above the frequency of 0.24 Hz (p < 0.01).
Immediately after the cooling the difference between HV and PRD in the low-frequency part of the spectra doesn’t
observe, at the same time the difference in the energy of high frequency pulsations becomes more significant. After 20
minutes a total restore of blood flow, as far as spectral composition of the LDF signals, have been observed.
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As was previously stated in the work19 this reaction is associated with a weak damping capacity of the vascular bed due
to a decrease in the elasticity of the vascular wall and increase its stiffness, and also because of morphological
disturbances arising during RD (formation of megacapillaries, thinning of the capillary network).
Analysis of MT and OC between the study groups revealed the significance of their differences in BT3.
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Figure 3. Analysis results of the myogenic tone (a) and rate of oxygen consumption (b) in BT3. Notes: Statistically
significant differences in the values with ** p < 0.01; ***p < 0.005.

A higher level of MT in PRD (Fig.3a) indicates the closure of precapillary sphincters and the decrease of blood
circulation in capillaries. The increase of MT and decrease of Im regarding their level in BT1 is a sign of increased of the
vascular wall spasmodic.
Differences in OC and decrease of this parameter in PRD (Fig.3b) indicate the possible violations of the microvascular
bed surface of the smallest arterioles and capillaries. The decrease of OC against the background of MT increase is a sign
of reduction of oxygen diffused through the vessels walls. These processes could lead to hypoxia, edema of tissues and
the appearance of necrobiotic processes at untimely diagnostics and absence of treatment.
An analysis of the possible causes of these pathological changes revealed their association with an increase of myogenic
tone, as well as its combination with venous stasis. So MT, OC, and also Ac/Ar can be used as an additional diagnostic
criterias for detection of complications associated with microvascular disturbances and their possible causes.
Based on the obtained results and on the differences between groups, the perfusion values and the maximum amplitude
oscillations during CPT were used to the synthesis of the decision rule for diagnose microcirculatory disorders in RD.
These parameters satisfy the principles of statistical independence, as well as the significance of the differences of their
values, calculated for the PRD and HV.
Linear discriminant analysis was choose for synthesis of the decision rule. This method is easy to implement and allows
to get the final result in the form of a discriminant function with high quality of the classification. Linear discriminant
analysis proved itself well for classification of medical data9,20. The discriminant function is synthesized in such a way
as to provide high sensitivity while providing excellent specificity. The sensitivity and specificity for the classification
rule for a different combination of measured parameters are presented in the Table 3.
As can be seen from the Table 3, the lowest level of error is obtained with the combination of Im and amplitude of pulse
wave immediately after cooling (BT2). Fig.4(a) shows the scatter plot of the experimental data with applied
discriminant line that divides the experimental points into two groups (HV, PRD).
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Table 3. Sensitivity and specificity for the classification rule.
Parameter

Im1,
Ae1

Im1,
An1

Im1,
Am1

Im1,
Ar1

Im1,
Aс1

Im2,
Am2

Im2,
Ar2

Im2,
Aс2

Im3,
An3

Im3,
Am3

Im3,
Ar3

Im3,
Aс3

Sensitivity

0.72

0.75

0.72

0.80

0.85

0.78

0.83

0.92

0.73

0.72

0.75

0.90

Specificity

0.53

0.53

0.56

0.75

0.94

0.78

0.75

0.97

0.59

0.69

0.78

0.94

The immediate diagnostic criterion, with the aid of the discriminant function, allows relating of a newly measured
subject to one of the two groups:

f ( х) = 0.12 I m 2 + 2.93 Ас 2 − 3.25 .

(1)

From Fig.4(a) one can see that the shift to the right characterizes the transition to the state of the presence of
microcirculatory disorders.
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Figure 4. (a) The scatter plot with applied discriminant lines, obtained by linear discriminant analysis method and (b) ROCcurves for assessing the effectiveness of the classifiers.

Figure 4(b) shows the ROC curve calculated for the obtained discriminant function. Area under curve (AUC) was used
for compare the quality of different classifying rules. For the synthesized decision rule AUC = 0.92. This indicator
indicates a high level of quality of the classifier. Thus, the perfusion and amplitude of the pulse wave can act as markers
for microcirculatory disorders in RD.
4. CONCLUSION
The proposed approach that based on application of LDF, TRO and PO during a CPT and with the following wavelet
transform of LDF and TRO signals could be used for evaluation of microvascular disturbances in RD and associated
complications. Spectral properties of cutaneous blood flow vary due to the pathological process in the microcirculation
system. The developed technique, proposed criteria and the decision rule have high sensitivity and specificity and can be
used in clinical application for functional evaluation of blood flow regulation and diagnosis of microvascular
disturbances associated with RD.
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