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Analysis of distortions in the velocity profiles of suspension flows
inside a light-scattering medium upon their reconstruction
from the optical coherence Doppler tomograph signal

A.V. Bykov, M.Yu. Kirillin, A.V. Priezzhev

Abstract. Model signals from one and two plane flows of a
particle suspension are obtained for an optical coherence
Doppler tomograph (OCDT) by the Monte-Carlo method.
The optical properties of particles mimic the properties of
non-aggregating erythrocytes. The flows are considered in a
stationary scattering medium with optical properties close to
those of the skin. It is shown that, as the flow position depth
increases, the flow velocity determined from the OCDT signal
becomes smaller than the specified velocity and the recon-
structed profile extends in the direction of the distant
boundary, which is accompanied by the shift of its maximum.
In the case of two flows, an increase in the velocity of the
near-surface flow leads to the overestimated values of velocity
of the reconstructed profile of the second flow. Numerical
simulations were performed by using a multiprocessor
parallel-architecture computer.

Keywords: Monte-Carlo method, light scattering, coherence length,
optical coherence Doppler tomography.

1. Introduction

Optical coherence Doppler tomography (OCDT) is a
modern non-invasive high-resolution optical method,
which can find wide applications for visualisation of the
internal structure and dynamics of various media and
objects [1, 2]. At present this method is more often used in
biomedical investigations for the visualisation of the
structure of biological tissues and the blood flow dynamics
both in physical models and living objects [3, 4]. In
particular, optical coherence Doppler tomography is used
for clinical diagnostics of pathologic changes in the eye and
skin tissues and mucosa developed during various diseases
[5]. However, this method is continuously being progressed
and, therefore, the study of its potential capabilities is still
of current interest. One of the efficient methods of such a
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study is the numerical simulation of the signal from an
optical coherence Doppler tomograph (OCDT) and the
reconstruction from this signal of sought for parameters of
an object mimicking the initial system. In particular, the
Monte-Carlo method of statistical simulations has received
wide applications in such studies [6].

The OCDT is based on a Michelson interferometer. In
the reference arm of the interferometer, a scanning mirror is
placed, and an object is placed in the object arm. As a
broadband light source, a superluminescent diode with the
coherence length of the order of ten micrometers is used, as
a rule. A high spatial resolution during the longitudinal scan
is achieved due to the fact that the reference radiation
interferes dynamically only with that fraction of radiation
backscattered from the optical inhomogeneities within the
object for which the optical path difference of the waves is
smaller than the coherence length of the radiation source.
Thus, the output signal of the tomograph obtained during
one scan over the object depth (the so-called A scan) is a
superposition of the sequence of interference patterns with
the modulation frequency proportional to the scanning rate
of the reference mirror.

The amplitude of each pattern is determined by the
relative refractive index, size, and shape of the correspond-
ing inhomogeneity. The waves scattered by moving particles
make contributions to the signal with the additional
Doppler frequency shift, which linearly depends on the
velocity of light-scattering particles. Scanning over the flow
depth performed by moving the reference mirror allows one
to obtain the spatial distribution (profile) of the velocities of
moving particles. However, the OCDT signal can contain
contributions not only from single-scattered waves but also
from multiple-scattered waves [7]. Because of the random-
ness of the scattering process, the Doppler frequency shifts
of these waves are irregular and, therefore, the reconstructed
velocity profile can be distorted compared to the real profile.

The aim of this paper is to elucidate the degree and type
of distortions of the flow velocity profile reconstructed from
the OCDT signal caused by multiple scattering of light in
the medium surrounding the flow and also to study the
possibility of reconstruction of the velocity profile of the
second, deeper flow.

2. Simulated setup and the object under study

The simulated setup is identical to that we described earlier
in [7, 8] and is the OCDT system based on a Michelson
interferometer with a 822-nm superluminescent diode radia-
tion source with the coherence length /., = 15 pm. The
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scanning velocity of the mirror in the reference arm of the
interferometer is V,, = 12 mm s~'. The angle between the
laser beam incident on the object and the flow propagation
direction is 75°. We studied one or two flat suspension flows
separated by the distance D = 100 pm inside a stationary
scattering medium. The moving liquid is simulating a flat
blood layer, which is treated as a suspension of non-
aggregating erythrocytes with the volume concentration
(hematocrit) of 35%. This concentration is close to the
physiological concentration of erythrocytes in the human
small blood vessels. The parameters of the model of the
surrounding medium correspond to the parameters of the
2 % intralipid solution. Intralipid is a suspension of lipid
particles. The optical properties of the 2% intralipid
solution are close to those of the skin [9] and this
suspension is often used in experiments to mimic the
human skin. The optical parameters of the media (scatter-
ing and absorption coefficients pg and p,, the anisotropy
factor g, the refractive index n, and the transport length
Ly = [pa+ ug(1 — g)]f1 characterising the distance at which a
photon ‘forgets’ its initial direction) chosen for blood [10]
and intralipid [11, 12] are presented in Table 1.

Table 1. Model parameters for blood and intralipid.

Component _1 _1 Refe-
of the medium po/mm™ py /mm” g " b /mm rences
Blood 35%) 573 0.82 0977 14 047  [10]

Intralipid (2 %) 5.4 0.002 0.7 1.36 0.62 [11,12]

In the model of a medium with one flow (Fig. 1a), the
position depth L of the blood layer in intralipid was varied
from 50 to 300 um, which corresponds to the physiological
position depths and blood vessel thicknesses. The velocity
profile in the blood flow layer was assumed parabolic with
the maximum velocity of 5 mm s’l, which is close to its
value for the real velocity distribution in a capillary. In the
model of a medium with two flows (Fig. 1b), the distance D
between the flows and the position depth L of the first layer
were varied.
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Figure 1. Schemes of a simulated object with one (a) and two (b) flows.

It was assumed that the velocity profile in the second
flow was parabolic, with the constant maximum velocity
V,=5mm s, while the maximum velocity V; of the first
flow, which also had a parabolic velocity distribution, was
varied from 0 to 10 mm s~

3. Algorithm for signal simulation

We modified the algorithm for simulating the OCDT signal
[7] for calculations using multiprocessor computers with
parallel architecture. This algorithm consists of two stages.
First, the trajectories of single photons and their Doppler

frequency shifts are calculated by using the standard
Monte-Carlo algorithm with the phase Henyey — Greenstein
phase function [13]. Then, the optical mixing of photons
incident on a photodetector from the reference and object
arms is simulated in each time interval of the scan with the
help of the interference formula

2
1= (NrNS)l/zcos [(i—n—i—znAf)Al} exp [— (ﬂ) } ()
g Vm lcoh

Here, N, and N, are the numbers of photons incident on a
photodetector from the reference and object arms, respec-
tively, at the given time interval with the given path
difference; Af is the average Doppler frequency shift for
photons coming from the object arm for the same time
interval; and Al is the optical path difference for interfering
waves.

Photons scattered within the angular aperture of 6° with
respect to the strictly backward direction are assumed
detected. The angle between this direction and the normal
to the surface of the medium under study is 15°. The velocity
in each scan interval was determined from the calculated
Doppler shifts by the expression

Af2
== 2
2ncos 0 2)
where n is the refractive index of the medium and 0 is the
angle between the incident laser beam and the flow velocity
vector.

4. Results of simulation and discussion

Monte-Carlo simulation of the light propagation in a
strongly scattering medium requires a long time. Thus, the
simulation of only one OCDT signal by using a conven-
tional PC, when the parameters of a medium correspond to
real biological systems, can be quite long since the OCDT is
highly selective to backscattered photons [6]. To substan-
tiate the use of multiprocessor computers with parallel
architecture for calculating the OCDT signals, we compare
several signals from a medium with two flows, calculated
for the following parameters of the medium: L = 50 pum,
D =100 pm, and ¥, = 10 mm s~ .

To obtain the result presented in Fig. 2, 500 million
photons were used. The calculation time by using an AMD
Athlon 2 GHz PC was approximately eight hours. Figure 2b
presents the result of calculations for 10 billion photons.
This result was obtained with the help of a 10-processor ILC
MSU computer (IBM cluster, 2x-Xenon 2600) during the
same time. In Fig. 2b, unlike Fig. 2a, the velocity dis-
tribution in the second, deeper flow is distinctly observed.
Also, one can see that the parasitic signal, which we call the
‘Doppler noise’ (see below), as if corresponding to nonzero
velocities, which supposedly exist outside flows, is charac-
terised by certain values. These values cannot be found from
the data presented in Fig. 2a. All the results presented below
were obtained with the multiprocessor computer by using 10
billion photons.

Consider the above-described system with one flow at
different flow position depths. The results of simulations of
this system are presented in Fig. 3. One can see that, as the
position depth of the layer under study increases, the
maximum of the reconstructed velocity profile shifts to
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Figure 2. Comparison of velocity distributions in a scattering medium
with two immersed flows reconstructed by the OCDT signal and
calculated by using a PC (a) and a multiprocessor computer (b).

the region of larger depths and its intensity decreases. This is
explained by the fact that the number of photons carrying
reliable information on the flow decreases with increasing
the position depth. Photons coming from a larger depth
have more complicated and long trajectories, thereby
affecting destructively the profile reconstruction.
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Figure 3. Comparison of Poiseuille’s (real) profile (dashed curves) and
the flow velocity profiles simulated by the Monte-Carlo method (solid
curves) in a blood layer in a scattering medium at different flow position
depths.

Figure 4 presents the dependences of the maximum
velocity of the reconstructed flow and the position of the
maximum of the velocity profile on the flow position depth.
One can see that in the region behind the flow, the nonzero
(parasitic) velocities (Doppler noise) are observed, which
appear because photons coming from this region at least
twice have crossed the flow and have acquired additional
Doppler shifts. Obviously, this noise will be manifested
upon the detection and reconstruction of the velocity
profiles of the flows positioned deeper. The presence of
the Doppler noise in the study of flows immersed into a

strated for model skin phantoms [l14]. The results
presented in [14] are in qualitative agreement with our
results presented in Fig. 3.

Then, we studied the effect of the Doppler noise on the
accuracy of determining the flow velocity profile in a system
of two parallel unidirectional flows. The results of simu-
lations for this system for the depth of the first flow L =
50 um and the separation between the flows D = 100 um are
shown in Fig. 5. One can see that, as V| increases, the
velocity of the second reconstructed flow also increases. This
occurs because the real velocity of this flow is overlapped by
the Doppler noise from the first flow, which directly depends
on the first-flow velocity. Simultaneously with the increase
in the reconstructed velocity, the boundaries of the second
flow are blurred. For a different separation between the
flows (D = 60 um) and the invariable position of the first
flow (L = 50 um), the reconstructed maximum velocity of
the second flow proved to be greater than for D = 100 pum.
This is explained by the effect described above (the maxi-
mum velocity of the reconstructed profile decreases with

10 |
L s a
5 // \\ Vl = O
0 ; ; !
0 0.1 0.2 0.3 0.4 0.5 0.6
10
b
_or A 2mm s
o 0 i 1 ) 1
é 0 0.1 0.2 0.3 0.4 0.5 0.6
=
= 10 |
Q
i= c
§ 5 = Pl 5mm s
0 1 h) 7 1 Al 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
10 -
y d
5y \ e 10 mm s~
N\ y N
0 1 \ 1 A 1 AY 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Depth/mm

Figure 5. Comparison of Poiseuille’s (real) profile (dashed curves) and
the flow velocity profiles simulated by the Monte-Carlo method (solid
curves) for two unidirectional blood flows in a scattering medium
separated by the distance D = 100 pm for different maximum velocities
V', of the first flow.
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increasing the flow position depth). The obtained results are
compared in Fig. 6.

5. Conclusions

We have analysed the effect of the position depth of a
particle suspension flow in a light-scattering medium on the
velocity profile reconstructed from a signal of the optical
coherence tomograph. The optical properties of the moving
suspension mimicked the properties of blood considered as
a suspension of noninteracting optically soft particles. It
was assumed that the real flow profile corresponded to the
Poiseuille’s flow. The optical properties of the medium
surrounding the flow simulated the averaged properties of
the human skin. Thus, the physical model used in the paper
simulated as a whole the blood flow in a skin layer. Our
analysis has shown the following. As the position depth of
the bloodstream increases, the velocity profile reconstructed
by the OCDT signal is distorted in such a way that (i) the
reconstructed velocities prove to be lower than those
specified in the model (the maximum velocity at the
depth 300 pm is one and a half times lower than the
real velocity specified in the model) and (ii) the recon-
structed profile extends in the direction of the distant
boundary and its maximum shifts. This shift is caused by
multiple scattering in a stationary medium and achieves the
value of 18 pm at the flow position depth equal to 300 pm.

Analysis of the influence of the velocity of the near-
surface flow on the accuracy of measuring the velocity of
deeper flows showed that, as the velocity of the near-surface
flow increased, the velocity of the reconstructed profile of
the second flow also increased. This occurs due to the
presence of the Doppler noise from the first flow. As the
position depth of the second flow increases, the recon-
structed value of its velocity also increases with increasing
the first-flow velocity. However, because of a decrease in the
reconstructed velocity with increasing the flow position
depth, the reconstructed velocity of the second flow will
be lower than in the case when the second flow is located
closer to the surface.
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