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Laser Doppler anemometer signal processing for blood flow velocity

measurements

M.A. Borozdova, 1.V. Fedosov, V.V.Tuchin

Abstract. A new method for analysing the signal in a laser Doppler
anemometer based on the differential scheme is proposed, which
provides the flow velocity measurement in strongly scattering liq-
uids, particularly, blood. A laser Doppler anemometer intended for
measuring the absolute blood flow velocity in animal and human
near-surface arterioles and venules is developed. The laser Doppler
anemometer signal structure is experimentally studied for measur-
ing the flow velocity in optically inhomogeneous media, such as
blood and suspensions of scattering particles. The results of mea-
suring the whole and diluted blood flow velocity in channels with a
rectangular cross section are presented.

Keywords: laser Doppler anemometer, blood, microcirculation,
light scattering, digital signal processing.

1. Introduction

Laser Doppler anemometers (LDAs) [1-5] and Doppler opti-
cal coherence tomographs (DOCTs) [6-9] are widely used in
medical diagnostics and physiology studies. In contrast to
most optical methods of microcirculation study, such as
intravital microscopy [10, 11], optical coherence [12] and fluo-
rescence [13] angiography, scanning laser Doppler flowmetry
[14] and laser speckle contrast analysis [15, 16], targeted at
imaging the vascular network and estimating the relative
change of the circulating blood volume, LDAs and DOCTs
allow the measurement of the blood flow velocity and precise
evaluation of the volume flow rate in individual arterioles and
venules. The availability of such measurements is of critical
importance for early diagnostics of the visual nerve atrophy
in the cases of glaucoma and diabetic retinopathy [1-3, 9]. It
is also necessary for understanding the fundamental mecha-
nisms of local blood flow in organs and tissues, e.g., in the
cases of cerebral stroke [16] or myocardium ischemia [17].
The LDA and DOCT operating principle is based on
measuring the Doppler frequency shift (DFS) of optical radi-
ation singly scattered by moving cells. The DFS value is pro-
portional to the projection of the velocity vector on the direc-
tion of the light scattering vector, defined as the difference of
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incident and scattered wave vectors [4, 18, 19]. The absolute
value of the flow velocity can be determined if the angle
between the velocity vector and the scattering vector is known.
Since this angle cannot be directly found in in vivo measure-
ments, the absolute value and the direction of the blood flow
velocity vector are determined by measuring the DFS of radi-
ation scattered simultaneously in two or three different direc-
tions, like, e.g., in the ophthalmologic LDAs aimed at the
diagnostics of microcirculation disturbances in eye retina ves-
sels [1—4]. The application of a similar approach in DOCTs is
associated with great technical difficulties [20], that is why for
DOCTs it was proposed to determine the spatial position of a
blood vessel by scanning two closely spaced cross sections of
one vessel [21], or excluding the uncertainty in the evaluation
of the blood volume flow rate by integrating the flow velocity
over the vessel cross section [22]. The implementation of
DOCT:s for in vivo measurements of all three components of
the velocity vector by recording radiation scattered in several
directions, became possible only recently due to the develop-
ment of Fourier-DOCT methods, providing the necessary
operation speed [8, 9].

LDAs and DOCTs are mainly used for studying the ves-
sels located at a small depth parallel to the surface of a
strongly scattering tissue. The tissue is illuminated perpen-
dicular to its surface and the backscattered radiation is
detected. In this case, the scattering vector is practically per-
pendicular to the axis of the studied blood vessel; the DFS
strongly depends on the angle between the flow velocity vec-
tor and the scattering vector and turns into zero when this
angle equals 90°. On the other hand, if the velocity vector
makes a small angle with the scattering vector, then the
dependence of DFS on the angle can be neglected. For exam-
ple, when the angle varies from —10° to +10°, the error of the
velocity measurement does not exceed 1.5%.

In experimental aero- and hydrodynamics LDAs based
on the differential scheme (differential LDAs) are widely
used, in which the moving particle is simultaneously illumi-
nated with two laser beams crossing at a small angle [18, 19].
As a result, radiation scattered by the particle in any direction
appears to be modulated with the frequency, proportional to
the projection of the velocity vector on the so called LDA
sensitivity vector. The sensitivity vector, defined as the differ-
ence of wave vectors of the laser beams, is oriented perpen-
dicular to the LDA optical axis. The modulation frequency is
independent of the light scattering direction and the refractive
index of the medium [19], surrounding the moving particle,
which is important in the measurements of the blood flow
velocity, for which the refractive index in the particular vessel
is, as a rule, unknown. In spite of the obvious advantage over
the existing methods, the differential LDA still has not found
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application in the blood microcirculation studies, except a
limited number of papers in the field of laser Doppler micros-
copy [23, 24].

The limited application of the differential LDA to the
measurement of the flow velocity in blood and other strongly
scattering liquids is mainly caused by the difficulty of Doppler
frequency shift measurement against the background of fluc-
tuating intensity of light scattered by the particles that move
beyond the probe volume. At present the main way of solving
this problem is to introduce a shift between the laser beam
frequencies in the differential LDA using optical modulators
[23] or tunable optical delay lines [24].

In this paper we propose a new method of extracting the
useful components of the laser radiation power fluctuation
spectrum, caused by the motion of scattering particles within
the probe volume and carrying the information about the
flow velocity. The proposed method is based on the intensity
modulation of the laser beams and does not require any
devices for preliminary introduction of a frequency shift
between them. The experimental testing of the proposed
method, as well as the detailed study of the LDA signal struc-
ture in the process of measuring the flow velocity in strongly
scattering liquids were carried out using the differential LDA,
developed by the authors. The results of measuring the flow
velocity in a scattering liquid and blood in channels with a
rectangular-shaped cross section are presented.

2. Materials and methods

2.1. Laser Doppler anemometer

A schematic diagram of the developed LDA is presented in
Fig. 1. An ML-09 semiconductor laser unit (Skat-R, Russia)
with the radiation wavelength 650 nm and the power 15 mW
was used as a light source. By means of the rhomb prism the

laser radiation beam was split into two parallel beams that
were focused in the studied region of the liquid flow by means
of objective 1 with the focal length 100 mm and the aperture
30 mm. A polarisation filter and a quarter-wave plate, which
protects the cavity of the semiconductor laser from the
retrieval of radiation specularly reflected by the studied object
towards the LDA objective, were installed between the laser
and the rhomb prism.

The LDA probe volume is formed by the crossing of
mutually coherent beams of laser radiation. In the probe vol-
ume a system of interference fringes transverse with respect to
the flow direction is produced. Radiation scattered by the
particles suspended in the liquid passes through objective 1 in
the backward direction and is reflected by the mirror towards
another objective 2. Objective 2 identical to objective 1 pro-
duces an image of the probe volume in the plane of the circu-
lar field stop with the diameter 50 um, placed in front of the
FD-256 photodiode. The photodetector signal was amplified
and then recorded by means of the personal computer sound
card.

The LDA optical system is mounted on a horizontal base
in such a way, that the laser beams forming the probe volume
are located in a horizontal plane xz, and the y axis is directed
straight up.

2.2. Probe volume assessment and LDA alignment

The used multifrequency semiconductor laser generates a sin-
gle transverse mode. The built-in collimator of the laser unit
forms the laser beam with the divergence 6 mrad. The laser unit
beam cross section is nearly rectangular-shaped with rounded
corners and the dimensions 2 X 5 mm. This beam is divided
into two parallel beams with the cross sections 2 X 2 mm by
means of the rhomb prism. The beams are focused in the front
focal plane of objective 1 (Fig. 1) crossing in the waist regions
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Figure 1. Schematic diagram of the experimental setup.
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at the angle 14°. The precision of the beam coincidence is
determined by the alignment of the LDA optical system and
the accuracy of the prism fabrication.

The LDA alignment and assessment of the actual shape
and dimension of the probe volume was implemented using
the microscope, consisting of a 137-mm-long drawtube, an
objective (40%, 0.65) , and a DSB-C320 digital camera (D-link,
Taiwan). A blue optical filter was mounted inside the micro-
scope drawtube to limit the laser radiation intensity arriving
at the digital camera image sensor. The microscope is installed
coaxially with objective 1 of the LDA on the magnetic base
interchangeable with the base of the studied object holder.
The displacement of the microscope along the LDA optical
axis is implemented by means of the micrometre screw device.
The scale of the image in the object plane of the microscope
was determined using a stage micrometer. The dimensions of
the probe volume were determined in air at the level e of the
maximal intensity at a fixed exposure time of the digital cam-
era.

The observation of the probe volume has shown that the
laser beams almost completely overlap in the region of their
smallest cross section. The probe volume in the region of
complete overlap of the laser beams has a practically circular
cross section with a diameter 60 um. The contrast of interfer-
ence fringes within this cross section is close to 1, and the
period of the interference fringes is equal to ~2.7 um. The
length of the probe volume amounts to 110 um.

To perform the alignment of the detector field stop posi-
tion the photodiode was replaced with a white-light-emitting
diode with a power of 3 W. Simultaneously, the observation
of the probe volume and the circular field stop with a diame-
ter 50 um was carried out using the microscope. By means of
adjusters the field stop was moved in three dimensions to
match its image with the minimal cross section of the probe
volume.

2.3. LDA signal analysis

The LDA probe volume is formed by two beams of laser radi-
ation with similar frequencies w crossing at the angle & = 14°
(Fig. 2). Due to the Doppler effect, radiation of beam 1, scat-
tered by the moving particle towards the detector, acquires
the frequency [18, 19]

0y = oy~ (ky—kju = vy - Ku, (1)

where k;;, k, are the wave vectors of the incident and scattered
beams; and u is the velocity of the scattering particle motion.
Similarly, the radiation frequency of beam 2, scattered
towards the detector, is

Wy = wy — (ks — kp)u = wy - Kru, 2

where k;, is the wave vector of beam 2. As a result of the inter-
ference of the fields having the frequencies w; and w,, the
radiation intensity at each point of the detector varies accord-
ing to the law [18]

L(ty=hL+L+2v 1L cos(a)dt+5), 3)

where I}, I, are the intensities of radiation with the frequen-
cies w; and w,, respectively; and 0 is a certain constant phase
difference, caused by the geometry of the experiment. The
modulation frequency is determined from Eqns (1) and (2) as

0y =) —w; = (ki - kjp)u= Ku, 4)

where K is the wave vector difference, directed perpendicular
to the LDA optical axis. The magnitude of the vector K is
determined by the relation [18]

K= *Tsin g, (5)

where A is the laser radiation wavelength. The main method to
determine the frequency wy is the spectral analysis of the pho-
todetector signal. In the present paper the spectral analysis
was implemented using the software, developed in the
LabVIEW environment (National Instruments, USA). The
photodetector signal was recorded using the ADC of the PC
sound adapter with the frequency 44100 kHz and the resolu-
tion 16 bit. The spectrum estimate was found as the average
over the non-overlapping modified periodograms with the
Hanning data window [25].
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Figure 2. Scattering of laser radiation in the LFA probe volume.

When the concentration of scatterers in the flow is small,
the LDA signal spectrum consists of two components [18, 19],
one of them in the low-frequency region and the other in the
high-frequency region

_lod _ 1
fd—ﬁ—ﬁ”ﬁd- (6)

The modulus means that the intensity variations at each point
of the detector do not depend on the sign of wy in the case
when 6 is time-independent [see Eqn (3)]. Using Eqns (3) and
(4) one can derive the expression for the magnitude of the par-
ticle velocity

A
“= sin(a72) cosﬂfd’ )

where 4 is the radiation wavelength in free space; n is the
refractive index of the medium, in which the angle between
the beams is measured; and § is the angle between the direc-
tions of the particle velocity # and the vector K (Fig. 2). The
proportionality coefficient between u and fy4 remains constant
under the translation of the probe volume through a planar
boundary separating two media with different refractive indi-
ces if the boundary is perpendicular to the LDA optical axis.
In this case the actual position of the probe volume is dis-
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placed with respect to the crossing point of laser beam con-
tinuations in the first medium. The position of the probe vol-
ume with respect to the boundary between the media is deter-
mined by the relation [19]

Az' = Az(n'In), (®)

where Az is the position of the crossing point of the laser beam
continuations in the first medium with respect to the bound-
ary separating the media; and n and ' are the refractive indi-
ces of the first and the second medium. It is also worth noting
that in the scattering medium the contrast of the interference
fringes is reduced due to the fluctuations of the laser radiation
phase caused by the scattering.

2.4. Scattering liquid flow

We used the channels with a rectangular-shaped cross section,
formed by two microscope slides with the dimensions 26 X
76 mm and the thickness 1.0 m (AGO00000102E, Menzel
Glaser, Germany), between which the textolite or glass inserts
of given thickness were placed (see Fig. 1). The obtained
channels had the cross sections 3 X 6, 1 X 2and 0.25 X 1 mm
(with the inserts having the thickness 3, 1 and 0.25 mm,
respectively). Into the ends of the channels the metal tubes of
the appropriate diameter were mounted, which were con-
nected via flexible hoses with the inner diameter 3 mm with
the system, providing the steady-state flow of the scattering
liquid. The channels were installed in the holder equipped
with the mechanism for micrometre displacement along the y
and z axes (Fig. 1). The longitudinal axis of the channel was
directed along the x axis. In order to protect the LDA objec-
tive from laser radiation specularly reflected from the channel
window surface, the channel was slightly turned around the
longitudinal axis so that the window plane made an angle of
4° with the y axis.

As a scattering liquid the suspension of kaolin particles in
water and the rat blood were used. The mean size of kaolin
particles was 1 um. The size was determined from the suspen-
sion images, obtained using the squashed drop method in
transmitted light with the Axio Imager Al microscope (Carl
Zeiss, Germany) with the objective 100%, 0.7. In the experi-
ments we used the solutions with the extinction coefficient up
to 2.7 mm™!. To ensure the suspension flow the channel was
connected via flexible tubes with two cylindrical vessels with
the diameter 200 mm, installed with the level difference
700 mm. The precise control of the flow velocity was imple-
mented with the help of a screw clamp on the return line hose.
Using 0.5 L of suspension, the system provides the constant
flow velocity during 10 min.

The blood sample with the volume about 2 mL was taken
from the aorta of a rat subjected to anesthetization. The num-
ber of erythrocytes in the sample, determined using the
Goryaev chamber, amounted to 7.5 x 10° pL-!, which cor-
responds to the norm for a healthy animal [26, 27]. The blood
was let through the channel with the cross section 0.25 X
1 mm by means of the 20-mL syringe, installed in the device
for dosed injection of medical preparations.

The extinction coefficient u; of the solutions was deter-
mined by measuring the collimated transmission with the
setup, consisting of a semiconductor laser unit (FTI-Optronik,
Russia) (the wavelength 650 nm, the power 5 mW, the beam
divergence 6 mrad), a cuvette holder, two diaphragms with
circular apertures 6 mm in diameter and a Laser Power Meter

815C (Newport, USA). The setup components were placed at
the following distances from the laser module: the cuvette
holder — 90 mm, the first diaphragm — 190 mm, the second
diaphragm — 360 mm and the power meter sensor — 460 mm.
To measure the collimated transmission of the solution two
sequential measurements were performed: one with the
cuvette filled with pure water, and the other with the cuvette
filled with the solution under study. To measure the extinc-
tion coefficients ; < 0.5 mm~! we used the cuvette with the
thickness 1 mm, and for optically denser suspensions the
cuvette thickness was taken to be 340 um. The extinction
coefficient of the whole blood determined by means of this

setup amounted to 11 mm™".

3. Results and discussion

3.1. Profile of the flow velocity distribution in a rectangular-
shaped channel

To test the LDA operability we used a rectangular channel
with a cross section 3 X 6 mm. The suspension with the
extinction coefficient 0.3 mm™' was let through the channel.
Figure 3a shows the fluctuation spectrum of the photodetec-
tor signal power, corresponding to the localisation of the
probe volume at the axis of the flow in the channel. The power
spectrum estimate was found as the average over 20 periodo-
grams with the data window of 2048 samples. The maximum
of the high-frequency component of the spectrum corre-
sponds to the frequency fy. Figure 3b shows the profile of the
flow velocity distribution in the channel in the middle of its
height. The profile was obtained by displacing the channel
with respect to the LDA with the step 100 um. The actual
position of the probe volume was calculated using Eqn (8).
The points in Fig. 3b show the measurement results. The pro-
file of the laminar flow velocity distribution at the channel
half-height is close to parabolic [28]. The solid curve (3)
shows the second-order polynomial regression, obtained
using the least-square method. The regression curve was cal-
culated using the points that correspond to the localisation
of the probe volume inside the channel (black squares in Fig.
3b).

3.2. LDA signal structure for the flow velocity measurement
in a strongly scattering liquid

For studying the LDA signal structure in the case of measur-
ing the flow velocity in strongly scattering suspensions we
used the channel with the cross section 1 X 2 mm. The LDA
probe volume was located at the flow axis in the channel at
the distance 0.5 mm from its front window. The spectra were
obtained from the signal record during 10 s as an average over
861 periodograms with the window of 512 points. Figure 4a
[curve (1)] shows the spectrum obtained for the suspension
extinction coefficient ; = 1.5 mm~'. As u, grows, the high-
frequency component of the power spectrum, corresponding
to the modulation of the scattered radiation, becomes smaller
against the background of the low-frequency component.
The presence of a maximum at the frequency fy in the
LDA signal spectrum is caused by radiation of the first and
the second beams, scattered by the particles that move in the
overlap region, interfering at the detector. However, when the
concentration of scatterers is high, radiation, scattered by the
particles located in other parts of the flow and irradiated by
only one of the probing laser beams, also arrives at the detec-
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Figure 3. Power spectrum of the photodetector signal (a) and velocity distribution profile (b) of the flow u in the channel with a rectangular-shaped
cross section 3 X 6 mm; (/, 2) experimental data; (3) second-order polynomial regression line, calculated using the data of curve (/).
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Figure 4. Power spectra of the LDA signal P5(f) (1), Pi(f) (2), P»(f) (3) and |P{»(f)| (4); the points are the values of f (1, 4), f; (2) and f5 (3)
(a), and the dependence of the frequencies fy (7), f; (2)and f5 (3) on the angle §; points show measured values, lines — calculated ones (b).

tor. The frequency of radiation scattered by an individual
particle is given by Eqns (1) and (2). At different points of
the channel the particles move with different velocities. As a
result of the interference of the waves, scattered by different
particles, in the LDA signal spectrum the components
appear with the frequencies distributed within the interval
from zero to a certain maximal frequency (referred to as a
cutoff frequency) [4]. The cutoff frequency equals the differ-
ence between the frequencies of radiation scattered by the
particle with the minimal possible velocity (i.e., not moving
at all) and the particle with the maximal possible velocity at
the flow axis. These components can be observed in the case
when the channel is illuminated by only one of the two
beams. Figure 4a shows the spectrum P, (f) [curve ()] of
the signal, obtained under the illumination of the flow by
two beams, and the spectra P;(f) [curve (2)] and P,(f)
[curve (3)], obtained under the illumination of the channel
by the left and the right beam separately (beam 1 and beam 3
in Fig. 2).

The spectra P(f) and P,(f) apparently form the low-fre-
quency pedestal that hides the peak at the frequency f; in the
spectrum P, (f). Neglecting the interference of the fields scat-
tered by different particles, one can select the frequency com-
ponents that correspond to the light scattered by the particles
simultaneously illuminated by two beams (4) (Fig. 4a):

Pio(f) = Pia(f) = Pi(f) = Po(f). ©)

The spectrum P{,(f) has a pronounced maximum at the fre-
quency fq, coinciding with the maximum of P, (f) (Fig. 4a).
The differential spectrum has a pronounced maximum, cor-
responding to the frequency fy. Thus, the calculation of P{,(f)
allows one to determine the frequency f; in the measurement
of the flow velocity in strongly scattering liquid even in the
case when the expressed maximum in the LDA signal power
spectrum is absent.

The spectra P{(f) and P,(f) were obtained with a single
beam illuminating the flow in the channel (like in the LDA
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schemes used in ophthalmology [1-5]). To measure the flow
velocity in such a scheme, use is made of the value of the cut-
off frequency in the spectrum of the photodetector signal,
determined by fitting to the spectrum of the model, specified
by the rectangular function [4]. The cutoff frequency in the
case of using beams 1 and 2 can approximately correspond to
the maximal possible Doppler frequency shift [see Eqns (1)
and (2)]:

Wy — W 1 . Wy — W 1
fi= 1l = sl g = 2l = Sl 10

where K; and K, are the vectors of scattering of beams 1 and
2 by the moving particles (see Fig. 2). The frequencies fg, f1,
and f> depend on the angle between the optical axis of the
device and the flow velocity vector. To study this dependence
the channel with the cross section 1 X 2 mm was installed on
arotary table that can rotate in the horizontal plane. The zero
for the table rotation angle 8 was taken to correspond to the
direction for which the channel axis is perpendicular to the
LDA optical axis; and the flow velocity vector u is parallel to
the differential wave vector K [see Fig. 2 and Eqn (7)]. The
region of the LDA laser beam overlap was located at the sus-
pension flow axis, the suspension extinction coefficient being
equal to 1.5 mm™. For every position of the rotary table the
LDA signal was recorded with the illumination by two beams
and by each of the beams separately. The spectra, shown in
Fig. 4a, correspond to f = 0. The frequency f4 was determined
as the position of the maximum in the spectrum Pi,(f) [points
at curves (/) and (4) in Fig. 4a]. The frequencies f; and f,
were determined at the half of the step height in the spectra
Pi(f) and P,(f) [points at curves (2) and (3) in Fig. 4a,
respectively].

The dependence f4( ) is shown in Fig. 4b. The points indi-
cate the measured values, and the solid line corresponds to the
dependence, calculated using Eqn (7) at a constant flow veloc-
ity 1.4 mm s™'. The displacement of the experimental points
with respect to the calculated line can be explained by the mis-
match between the channel axis position and the table rota-
tion axis, as well as by the displacement of the laser beams
overlap region due to the refraction at the surfaces of the
channel window [lines and points (2) and (3)]. Similarly,
Fig. 4b presents the dependence of the frequencies /| and f> on
the angle 8. The points show the measured values, and the
dashed lines correspond to the dependences, calculated using
Eqns (10)atu = 1.4 mm s,

The scattering vectors K; and K, make the angles close to
90° with the flow velocity vector; therefore, f; and f, strongly
depend on § and turn into zero if the velocity vector is perpen-
dicular to the corresponding scattering vector. The measured
values of the cutoff frequency are significantly higher than the
calculated ones. This can be explained by the fact that Eqns
(10) give the maximal possible frequency of the Doppler shift,
while the cutoff frequency corresponds to the high-frequency
boundary of the spectrum that can be shifted towards the
short-wave region as a result of the spectrum broadening,
associated with the light scattering in the flow and with the
use of a wide-aperture detector.

3.3. Blood flow velocity measurement

Figure 5 shows the spectra P,(f) obtained in the flow velocity
measurements at the axis of the rectangular channel with the
thickness 250 um, through which the blood diluted with saline

or the whole blood was flowing. The spectra were calculated
using the records made during 2 s; the data window was 512
points. The maximum corresponding to the frequency f; in
these spectra can be recognised only when the blood is diluted
by 50 times. For weaker dilution no pronounced maxima in
the spectra can be observed. The amplitude of the LDA signal
decreases with increasing extinction coefficient; therefore, for
better comparison the spectra in Fig. 5 are normalised to the
total power in the frequency band 0.4-20 kHz. Figure 5a
shows the power spectra Pj,(f) [curves (/)] and the corre-
sponding positive values P{,(f) [curves (2)]. The largest val-
ues of P{,(f) are concentrated near the frequency f;, corre-
sponding to the mean motion velocity of the blood cells
through the LDA probe volume. The maxima of P{,(f) have
a significant width, because the length of the LDA probe vol-
ume in this experiment is comparable with the channel thick-
ness.

It is seen that the growth of the extinction coefficient does
not virtually affect the maxima broadening. The results cor-
responding to the flow of the whole blood are presented in
Fig. 6. In spite of the high extinction coefficient of blood and
the significant channel thickness, the values of Pi,(f) [curve
(3)] near fy amount to almost 20% of the corresponding val-
ues of Py,(f) [curve (1)]. The dependence Pi,(f) (2), analo-
gous to (4) in Fig. 4a, allows the estimation of the negative
values of P{(f) in the low-frequency region. In the same
Figure the dependence of the positive values P{,(f) magnified
by ten times is presented that demonstrates the high signal-to-
noise ratio in the measurements of the whole blood flow
velocity.

The obtained results demonstrate the possibility of using
the differential LDA for in vivo measurements of the blood
flow velocity in vessels with a diameter up to 250 um. For this
goal the simplest version of the LDA can be applied that
implies no preliminary relative frequency shift of the laser
beams, which is used to determine the sign of f; and to sepa-
rate the high-frequency and low-frequency components in the
LDA signal spectrum [19, 23, 24]. We have shown that the
maximal contribution to the low-frequency component of the
LDA spectrum in the case of measuring the flow velocity in a
strongly scattering liquid is caused by the scattering of laser
beams beyond the probe volume. These components can be
eliminated from the signal spectrum by subtracting the spec-
tra, obtained under separate illumination of the probe volume
with each of the beams. The most important advantage of the
differential LDA over the existing LDAs intended for oph-
thalmology [1-4] and the DOCT systems [6—9] is the weak
dependence of the LDA signal on the angle between the axis
of the optical system and the direction of the flow velocity in
the most common case, when this angle is close to 90°.

The factors of primary importance that determine the pre-
cision of the blood flow velocity measurement are the selec-
tion of radiation, for which the direction of propagation
before and after scattering by a moving particle is unchanged,
and the spatial localisation of the volume, in which the scat-
tering occurs. In the ophthalmologic LDAs, where the probe
volume is illuminated with a single laser beam, such a selec-
tion is implemented by means of a confocal field stop, opti-
cally conjugated with the probe volume [5]. The field stop also
provides the localisation of the probe volume in the lateral
direction, but since the numerical aperture of the objective in
such a system is small, the probe volume has significant extent
along the optical axis, which leads to the characteristic step-
wise shape of the spectrum [1-5]. The small detector aperture
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Figure 5. Normalised spectra P,(f) (1) and positive values Pi,(f) (2) obtained by measuring the flow velocity of blood, diluted as 1:50 (a), 1: 10

(b), 1:3 (c) and the whole blood (d) in the 250 um thick channel.
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Figure 6. Spectra P5(f) (1), [P1x(f)| (2), positive values of Pix(f) (3)
and Piy(f)x10 (4) in the case of whole blood flow at the axis of the
250 um thick channel.

in the ophthalmologic LDAs is caused by the necessity of
unambiguous determination of the wave vector k& of the scat-
tered light (see Fig. 2), rather than by the small aperture ratio
of the eye. The ambiguity of this vector direction in the case of
using a detector with a large numerical aperture leads to the
step smoothing and hampers the cutoff frequency measure-
ment. For example, in Fig. 5a the spectra Pi(f) and P,(f)
recorded using the detector with a numerical aperture 0.1 are

shown. In the DOCT systems [6—9] the longitudinal locali-
sation of the probe volume is provided due to the interfer-
ence selection of low-coherence radiation, scattered from a
definite depth. Due to this the DOCT signal spectrum has an
expressed maximum that corresponds to the DFS of the
light, scattered at a definite point of the blood vessel.

In the differential LDA the longitudinal localisation of the
probe volume is determined by the size of the laser beam over-
lap region. Although in our LDA the overlap region of the
laser beams has the length of nearly 100 um, the major contri-
bution to the LDA signal is produced by the particles that cross
the probe volume in its median, largest cross section, conju-
gated with the detector field stop, i.e., the particles, crossing the
beam just at the place of the largest cross section, stay illumi-
nated by both beams together during the longest time.

4. Conclusions

We propose a new method for analysing the LDA signal
based of the differential scheme, providing a high signal-to-
noise ratio in the measurement of the flow velocity in strongly
scattering liquids, such as whole blood in animal and human
arterioles and venules. The possibility of measuring the
flow velocity of whole blood in the channel with the thickness
250 um was demonstrated.
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It is shown that when a blood vessel is probed in the direc-
tion, perpendicular to its axis, the result of the velocity mea-
surement is practically independent of the angle between the
LDA optical axis and the axis of the vessel within the angle
variation range +10°. Thus, in contrast to the existing oph-
thalmologic [1-4] and DOCT systems [8, 9], the LDA pro-
posed by us provides high-precision flow velocity measure-
ment using a single DFS registration channel.
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