Quantum Electronics 41 (4) 324-328 (2011)

©2011 Kvantovaya Elektronika and Turpion Ltd

PACS numbers: 42.62.Be; 42.30.Ms; 87.64.M—
DOI: 10.1070/QE2011v041n04ABEH014603

Speckle-correlation analysis of the microcapillary blood circulation

in nail bed

M.A. Vilensky, D.N. Agafonov, D.A. Zimnyakov, V.V. Tuchin, R.A. Zdrazhevskii

Abstract. We present the results of the experimental studies of the
possibility of monitoring the blood microcirculation in human fin-
ger nail bed with application of speckle-correlation analysis, based
on estimating the contrast of time-averaged dynamic speckles. The
hemodynamics at normal blood circulation and under conditions of
partially suppressed blood circulation is analysed. A microscopic
analysis is performed to visualise the structural changes in capillar-
ies that are caused by suppressing blood circulation. The problems
and prospects of speckle-correlation monitoring of the nail bed
microhemodynamics under laboratory and clinical conditions are
discussed.

Keywords: speckles, speckle-correlation monitoring, microcircula-
tion, capillaroscopy, nail bed.

1. Introduction

Cardio-vascular complications, atherosclerosis, diabetes mel-
litus, chronic venous insufficiency, and some other diseases
are accompanied by functional and morphological changes in
the microcirculation bed. In modern medicine the problems
related to the mechanisms of microcirculation are of key
importance for studying the system of blood circulation as a
whole. Indeed, the processes occurring between microvessels
and tissues in various organs serve to deliver oxygen and other
necessary substances to individual organs and remove their
functioning products. The study of the microcirculation sys-
tem became fruitful due to the harmonic combination of con-
ventional and new morphological and functional analytical
methods. The methods used by morphologists for studying
the microcirculation bed on autopsic and biopsic materials
have a number of drawbacks: first, the state of intramural
vessels is mainly determined on transverse and skew cuts and,
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second, there are significant difficulties in studying simulta-
neously hemo-circulation and lymph-circulation vessels. The
morphological microcirculation studies, which were performed
in most cases by the biopsy method, reflect the microcircula-
tion state only at some specific point and cannot reflect dynamic
processes.

The development of laser Doppler fluometry [1,2], capil-
laroscopy [3,4], intravital microscopy [5], optical coherent
tomography [6], magneto-resonance tomography [7], radio-
isotope arteriography, etc. has made it possible to perform
one’s life-time dynamic study of the microcirculation state.
Some of these methods have a number of limitations: spatial
and time resolution, insufficient information about the particle
flux, incomplete information obtained by scanning over depth
because of possible invasiveness of measurements, etc. Cur-
rently, the most effective diagnostic methods for determining
the main parameters of microcirculation are the methods of
dynamic light scattering (DLS): laser Doppler fluometry (LDF),
speckle visualisation, and methods of computer biomicroscopy.

The physical basis of DLS methods is the Doppler modu-
lation of the scattered radiation frequency upon interaction
of coherent light field with moving scatterers. When coherent
light is scattered by an ensemble of moving particles, the scat-
tered light field is a superposition of partial frequency-modu-
lated fields, scattered from individual particles in the volume
probed. The generally accepted approach to study the dynam-
ics of scatterers in a probed volume is the spectral or correla-
tion analysis of the fluctuations of scattered light intensity at
a fixed observation point.

The LDF method is used, for example, to estimate the
state of blood microcirculation for patients with various dis-
eases of the cardio-vascular system and damage of the micro-
circulation system in diabetology, cardiology, gastroenterology,
dermatology, and stomatology. The LDF-based LAKK-01
instrument is successfully applied in clinical practice [8]. The
main drawback of this approach is that it fails to determine
the motion rate of blood cells in capillaries in physical units.

One of the high-resolution microscopic approaches that
are widely used to monitor the microcirculation state is video
capillaroscopy; it is successfully applied in clinical studies and
dermatology [3,4]. This method makes it possible to perform
online visualisation (for example, for capillaries in the skin
dermis), which is clinically important for such some pathologies
as skin damage, decubital ulcer, or diabetes [9, 10]. Generally,
video capillaroscopy is used in clinical diagnostics for certain
skin areas (nail bed, pigmented regions), where capillaries are
located close to the surface. To reduce the effect of multiple
scattering and increase efficiency, various antireflection agents
are often applied [11-14]. The purpose of this method is to
estimate various morphological and functional parameters of
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capillary bed, for example, to measure the capillary diameter
and the capillary network density and sinuosity. However, this
approach is rather difficult to apply to certain types of pig-
mented skin, where melanin very strongly absorbs light in the
visible spectral range. Fluorescent markers are used in these
situations, due to which the method becomes invasive to a
certain extent. Another drawback of video capillaroscopy is
that it yields no information over depth.

There is an interesting modification of this method, which
was referred to as the polarisation-sensitive capillaroscopy
(PSC). For example, a polarisation-sensitive capillaroscope
was used in [15, 16] to reveal pathologies in the microcircula-
tion bed at sickle cell anemia. This disease is caused by the
mutation of B-hemoglobin gene, which leads to the formation
of anomalous hemoglobin HbS. A change in the properties of
polymerised hemoglobin chain at this mutation leads to a
change in the properties of the entire molecule and the forma-
tion of a ‘sticky’ area on the hemoglobin surface. When hemo-
globin is deoxygenated, this area ‘opens’ and bounds one
hemoglobin molecule S with other similar molecules. The
result is the polymerisation of hemoglobin molecules and for-
mation of large protein rods, which cause deformation and
hemolysis of erythrocytes passing through capillaries. These
changes were monitored by measuring the polarisation state
during hemoglobin polymerisation for isolated erythrocytes,
as well as the changes in the blood circulation rate caused
by the sickle shape of cells, which impedes their free passage
through capillaries.

Combination of DLS methods and microscopy yields a high-
efficiency tool for determining the microcirculation parame-
ters. Such attempts have been made since the beginning of the
1970s [15,17]. Speckle microscopy was used to estimate the
changes in the contrast of speckle patterns for individual cap-
illaries. For example, a speckle microscope with an ultrahigh
spatial resolution was used in [18] to reveal the effect of prep-
aration toxicity on the microcirculation state. As a result not
only the duration of the toxic action of photoinactivated vac-
cines but also the nature of their effect was estimated.

Here, we used the speckle-contrast method (one of the laser
speckle visualisation methods) to monitor the hemodynamics
of blood in nail bed capillaries. This simple and high-efficiency
method (which is used, in particular, to visualise blood circu-
lation) was proposed in the middle of the 1990s and referred
to as LASCA (LAser Speckle Contrast Analysis) [19]. It is
based on the proximity of statistical moments of spatial and
temporal intensity fluctuations of ergodic and statistically
uniform speckle-fields, which are estimated by averaging over
time and space [20—22]. This technique suggests estimation of
the contrast of time-averaged dynamic speckles as a function of
time-averaged speckle-modulated images: V(T) = 81(T)/I),
where (I) and 81(T') are, respectively, the mean-square and
rms values of brightness fluctuations of a speckle-modulated
image at a specified averaging time 7.

To implement online measurements, it is necessary to
average speckle images over a time interval from 5 to 30 ms.
The rate of contrast decay for speckles recorded with an increase
in the averaging time depends on the mean time of displace-
ment of mobile scatterers in the volume probed by a distance
equal to the probe light wavelength in the medium and on the
average number of scattering events during light propagation
through the volume probed. An analysis of the local estimates
of the contrast of speckle-modulated images of the object sur-
face at a fixed exposure time over zones covering a specified
number of speckles makes it possible to visualise areas where

the characteristics of scatter mobility differs significantly from
the values averaged over the region probed. The maximum
sensitivity of this method to variations in the mobility of
dynamic scatterers over the region probed is obtained by
choosing an exposure time corresponding to the maximum (in
magnitude) value of the derivative dV(7)/dT. Full-field
speckle correlometry, which is based on the analysis of the con-
trast of time-averaged speckle-modulated images, was success-
fully applied under laboratory and clinical conditions to study
blood microcirculation in burn-damaged skin [23] and in the
cerebral cortex of laboratory animals after taking medicines
[24], to investigate the kinetics of thermal modification of car-
tilaginous tissues under IR laser radiation [25-27], etc. [28].

Possible LASCA applications include, for example, exam-
ination of the state of diabetes mellitus patient by monitoring
the blood microcirculation in the patient nail bed. Diabetes
mellitus is a chronic polyetiologic disease; it is characterised
by significant violations of the carbohydrate, fat, protein, and
mineral exchange, which result in violation of microcircula-
tion. For example, children with labile diabetes mellitus have
a characteristic blush (diabetic rubeosis), which is caused by
expansion of skin capillaries [29]. The most significant changes
in diabetes patients occur at the microcirculation bed level.
They are characterised by a decrease in the linear blood circu-
lation rate, aggregation and stagnation of blood corpuscles, and
an increase in the vessel permittivity. Microcirculation viola-
tions have a generalised character, occur in several stages, and
depend generally on the form of diabetes and the degree of the
tissue damage caused by diabetes. Monitoring of microhemo-
dynamics in nail bed capillaries would make it possible to
reveal regularities of pathological process caused by diabetes
and control the treatment.

2. Experimental

Speckle-correlation monitoring of microhemodynamics vari-
ations in nail bed was performed on a laboratory sample of
full-field speckle-correlation capillaroscope (Fig. 1). The radi-
ation source was a single-mode helium—neon GN-5P laser.
An LOMO microlens (20%, NA = 0.40) was used to expand
the laser beam. Speckle-modulated images of the area analysed
were recorded by a Basler A602f monochromatic CMOS
camera (656x491 pixels in the matrix, pixel size 9.9x9.9 um,
8 bit pixel!), equipped with an LOMO objective with a focal

Figure 1. Experimental setup:
(1) helium—neon GN-5P laser, (2) beam expander, (3) camera objec-
tive, (4) Basler A602f CMOS camera, (5) computer, and (6) object.
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distance f = 30 mm. The camera was controlled during align-
ment and subsequent detection of video data using a special-
ised program written in the LabView environment; the video
data were recorded on a hard disk for subsequent analysis in
the AVI format without compression, which provided a con-
stant frame-to-frame interval in subsequent partition of the
video data into sequences of dynamic speckle images. Data
were detected with a frame frequency of 40 Hz in the sub-
frame regime with a window size of 1x5 pixels and frame
exposure time of 20 ms. The camera parameters (magnifica-
tion, brightness), depending on the optical characteristics of
biological tissue, were automatically chosen so as to ensure the
maximum spread of pixel brightnesses over the area analysed
in the absence of saturation of individual image elements (the
maximum pixel brightness within the area analysed did not
exceed 200 units). Figure 2 shows as an example the full-frame
images of recorded speckle structures for a human nail bed
under the conditions of short-term hemodynamics suppres-
sion and at normal blood circulation.

a b

Figure 2. Full-frame images of recorded speckle-structures (a) under
the conditions of short-term suppression of hemodynamics and (b) at
normal blood circulation.

During the treatment of speckle-modulated images of an
area of internal-organ surface we calculated the contrast V), =
ol I, where k is the frame number in the sequence of speckle-
modulated images, ;. is the frame-averaged brightness, and
oy, 1s the rms value of the fluctuation component of pixel
brightness:
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Here, M and N are, respectively, the numbers of pixels in the
rows and columns of the fragment analysed and 7, (m,n) is the
m, nth pixel brightness in the kth frame. If 7} is used as a diag-
nostic parameter, the variations in the contrast of speckle-
modulated images averaged over the exposure time are analy-
sed; for statistically homogeneous ergodic dynamic speckle-
structures the contrast of time-averaged speckles is related to
the normalised time correlation function of intensity fluctua-
tions g,(7) as follows [22, 30]:

1 =L e mal . M)

where 7 is the exposure time;

&) = ([t + 1) (DI —DODK (@) ~(DIP).

As was shown in some studies (see, for example, [15,24]),
when detecting backscattered laser radiation from the surface
layers of biological tissues with pronounced microhemody-
namics, the time correlation function of the scattered light
intensity fluctuations allows (with acceptable accuracy) an
exponential approximation in the form g,(r) = exp(-t/t.),
where the correlation time of intensity fluctuations, 7, is deter-
mined by the characteristic time of displacement of dynamic
scatterers (erythrocytes) by a distance of about the probe light
wavelength A and by the optical characteristics of the medium
probed: 7, = KA/v (here, K is the coefficient depending on the
detection geometry and the optical characteristics of the biologi-
cal tissue in the region analysed and v is the average velocity
of erythrocyte motion through microcapillaries).

Using the full-field speckle correlometry based on the
analysis of the contrast of time-averaged speckle-modulated
images, one can establish the following relationship between
the variations in contrast and the average velocity of erythro-
cytes in the volume probed [20]:

SUT) =

{2 WT) T f 2 d’} ov. )

Within the model of dynamic scattering of probe laser radi-
ation with an exponentially decaying autocorrelation function
of intensity fluctuations g,(r) = exp(-tv/KA), this expression
can be transformed as follows: SV(T') = {C(T)/[2KAV(T)]}dv;
the parameter C(T") = (1/T )j' 7g,(7)dr can be interpreted as the
estimated (with respect to the finite data sample time 7T') ratio
of the first moment of the correlation function g,(t) to the
sample time. For the accepted dynamic scattering model one
can show that C(T)) — 0 at T << t.and T >> 7, and reaches
a maximum at 7 ~ 7. This circumstance determines the opti-
mal conditions for detecting speckle-modulated images, at
which the full-field speckle-correlation method has maximum
sensitivity.

The experiment was performed with five volunteers, which
did not suffer diseases related to the cardio-vascular system.
The fourth finger of the left hand of each volunteer was inves-
tigated at normal blood circulation in the hand and under
partial blockade. Blood circulation was blocked by cross-
clamping the main arteries with an elastic cuff of a Medica
CS-105 tonometer. The degree of cross-clamping (monitored
by a built-in manometer) was kept the same in all cases. The
experiments were performed at constant room temperature
(23-25°C).

The blood circulation blockade decreases microcirculation.
Immediately after the blockade reactive postocclusive hyper-
emia develops; under normal conditions it manifests itself in
an increase in blood circulation to a level exceeding the initial
one. To monitor the morphological changes in capillaries
under partial blockade of blood circulation, we performed
microscopic studies based on visualisation of capillaries using
a computer capillaroscope, equipped with a Basler A602f
monochromatic CMOS camera and an LOMO microlens (8%,
NA = 0.20). The diameter of the illuminated area was fixed
(0.5 mm), and the video camera exposure time was 25 ms.

To reduce the effect of light scattering in cellular struc-
tures and biological tissues in microscopic measurements, we
used optical blooming, which implies coating a tissue by an
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immersion material — antireflection agent with a high osmolarity
and a refractive index, exceeding that of the intratissue fluid.
The composition of this material was 95% glycerol: dimethyl
sulfoxide (DMSO):water = 1:1: 1. The microcirculation state
was monitored 4 min after depositing the antireflection agent.

Figure 3 shows images of a nail bed area with capillaries
before and after depositing an antireflection agent. The pho-
tographs were made with an interval of 4 min. This value was
chosen based on the data of other researchers”.

100 pm
—

a b

Figure 3. Images of a nail bed area with capillaries (a) before and (b)
after depositing an antireflection agent.

The thickness of the epidermis horny layer in the area of
volunteer nail bed under study was 0.19+0.12 mm. DMSO
was used to enhance transdermal transport of acting agents
(glycerol solution), because, being a bipolar aprotic solvent, it
is an efficient conductor of various molecules through the
skin horny layer.

3. Speckle-correlation analysis of the capillary
blood circulation in nail bed

According to the microscopy data, the diameter of visible
capillary before and after the blood circulation blockade was,
respectively, 7.5 and 11 um, which indicated a partial decrease
in the microcirculation level in the tissue. Similar conclusions
can be drawn based on Fig.4, which presents the time depen-
dence of the contrast of averaged dynamic speckle-fields (the
averaging was over five independent measurements of micro-
circulation contrast for five volunteers).

The contrast data were obtained for three steady-state
physiological regimes. During the first 10 s of the blood circu-
lation blockade (the first physiological regime) the contrast
corresponded to a level of 0.6; then postocclusive hyperemia
was observed during the next ten seconds (the second physio-
logical regime), with a decrease in contrast to 0.38; and,
finally, the microcirculation restored to the initial level with a
slight increase in contrast to 0.42 (the third physiological
regime). Note that the use of antireflection agent did not
affect the ratio of the obtained values of the speckle-image
contrast before and after the blood circulation blockade but
excluded the effect of multiple scattering (increase in contrast
at zero scatterer velocities). In addition, the application of an

* The in vivo diffuse reflectance spectra of rat skin, recorded at different
instants after hypodermic injection of glycerol solution, were analysed
in[16,31]. During the first 3.5—4 min the diffuse reflectance of hind skin
area (with an average skin thickness of 0.57+0.16 mm) decreased on
average by 16%, without a change in the spectral shape. During the next
5—6 min the diffuse reflectance increased by approximately 20 %, also
without a change in the spectral shape, after which the signal level did
not change up to the end of the measurements.
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Figure 4. Time dependence of the contrast of averaged dynamic speckle-
fields.

antireflection agent made it possible to perform microscopic
measurements with a higher accuracy and sensitivity.

4. Conclusions

We demonstrated the efficiency of monitoring the microhemo-
dynamics of nail bed capillaries by full-field speckle correlo-
metry in order to determine the potential of this method
under laboratory and clinical conditions. The contrast of
time-averaged dynamic speckles, which is used as a diagnostic
parameter, is characterised by a fairly high sensitivity to
changes in the blood microcirculation under external factors.
One of possible promising applications of this method in clin-
ical practice is the monitoring of microhemodynamics at dia-
betes and other diseases that affect microcirculation for diag-
nostics and monitoring therapy performed.
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