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ABSTRACT

The disease atherosclerosis causes stenosis inside the patient’s arteries, which often eventually turns lethal. Our goal is to detect a stenosis in
a non-invasive manner, preferably in an early stage. To that end, we study whether and how laser speckle contrast imaging (LSCI) can be
deployed. We start out by using computational fluid dynamics on a patient-specific stenosed carotid artery to reveal the flow profile in the
region surrounding the stenosis, which compares well with particle image velocimetry experiments. We then use our own fully interferomet-
ric dynamic light scattering routines to simulate the process of LSCI of the carotid artery. Our approach offers an advantage over the estab-
lished Monte Carlo techniques because they cannot incorporate dynamics. From the simulated speckle images, we extract a speckle contrast
time series at different sites inside the artery, of which we then compute the frequency spectrum. We observe an increase in speckle boiling
in sites where the flow profile is more complex, e.g., containing regions of backflow. In the region surrounding the stenosis, the measured
speckle contrast is considerably lower due to the higher local velocity, and the frequency signature becomes notably different with prominent
higher-order frequency modes that were absent in the other sites. Although future work is still required to make our new approach more
quantitative and more applicable in practice, we have provided a first insight into how a stenosis might be detected in vivo using LSCIL

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085411

I. INTRODUCTION

The prevalence of atherosclerosis in the human species has
been recorded right from pre-agricultural hunter-gatherer popula-
tions. In the carotid artery, the presence of atherosclerotic plaque
causes stenosis, which increases the risk factor for ischemic stroke or
transient ischemic attacks. The common non-invasive ways of exam-
ining a patient for carotid artery stenosis are magnetic resonance

Speckle is the random interference pattern that arises when
coherent light illuminates diffuse media and meets at the detector
plane with varying path-length differences due to different trajecto-
ries traversed in the media. The speckle pattern contains useful
information about the dynamics of the scatterers, because any
motion of, or inside, a medium affects the speckle pattern. Speckle
correlation is maintained when all scatterers have the same vecto-

angiography and computed tomographic angiography,' which
require expensive equipment. Ultrasound techniques, like duplex
ultrasonography' and photoacoustic imaging,” may also be used;
although being non-invasive, they offer different levels of discomfort
to the patient. One optical technique that shows promise in provid-
ing an alternate way to screen patients is laser-speckle-based blood
flow monitoring.

rial velocity and, thus, maintaining all inter-particle distances
(“translating speckle”), but decorrelates due to the relative motion
of the scatterers (“speckle boiling”).3

Specifically for blood flow embedded in tissues, each of the
layers that the light travels through affects the detected light by the
varying transmission, reflection and absorption properties.
Furthermore, each patient will be different, e.g., depending upon
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health, age, and ethnicity of the patient. All these different scattering
properties yield a static contribution to the measured speckle pat-
terns. However, the temporal dynamics of the underlying flow or the
moving scatterers will be imprinted in the temporal evolution of the
speckle patterns, which may subsequently be studied.”” A recent
paper has used optical speckle image velocimetry to quantitatively
reconstruct the velocity profile in blood vessels,” but their work is
still invasive in nature. However, when using speckle patterns, no
invasive imaging is necessary for the specific case of the carotid
artery,” largely simplifying the required equipment. The latter makes
speckle decorrelation a promising candidate as a technique to study
the flow of turbid media,®*° such as blood.!' However, to be able to
derive useful information from speckle images, the physical process
of light-tissue interaction needs to be studied first.

To that end, many different models have previously been used
to study light propagation in tissues, such as simulating a photon
random walk using the Monte Carlo technique,'*™'* approximating
the light transport as a diffusive process,””™'” or using the Mie-
Percus-Yevick equations to model the scattering from blood.”” For
in vivo blood flow monitoring, there have been numerous studies
based on speckle-based techniques, such as laser speckle contrast
imaging (LSCI) and complementary techniques like multi-exposure
LSCL”" In applications where direct imaging is possible, such as
surface microvasculature, methods based on motion history image
(MHI) analysis”** or laser speckle optical flow imaging (LSOFI)**
may be used. In principle, one should be able to quantitatively
derive properties of the underlying flow from the measured speckle
patterns (e.g., the velocity), even in cases where direct imaging is
not possible such as deeper embedded vessels (e.g., the carotid
artery). One metric that is affected by the speckle dynamics is the
speckle contrast K that is simply the ratio of the intensity’s stan-
dard deviation to its mean. Although it is now widely accepted in
the literature that K scales inversely with velocity, the exact quanti-
tative relationship still remains elusive.””** Consequently, quantita-
tive measurements still rely on combining multiple measurement
techniques.”” Nevertheless, with our goal of detecting atherosclero-
sis, we may bypass these challenges and use LSCI to qualitatively
describe features of the underlying (blood) flow.

In our previous work, we had developed a new numerical pro-
cedure to simulate how a plane wave of monochromatic coherent
light (i.e., a laser) scatters off of an ensemble of particles.”” Our
algorithm is based on the Mie theory, which gives the exact solu-
tion to how light scatters off of a sphere that we have then adapted
to include multiple scattering. Although simplifications were made
to make this approach computationally feasible, the advantage of
our new approach is that we carefully track the phases.
Consequently, we can simulate instantaneous speckle images con-
taining all the interferometric information an experimental speckle
pattern would also contain, allowing us to simulate the temporal
dynamics, whereas the popular Monte Carlo approach yields statis-
tical averages.'” Using our new code, we had performed simulations
using a sinusoidal- and a real heartbeat-modulated flow on both
plug flow and Poiseuille flow in a cylinder. From the results, we
have first shown that we could reconstruct the original heartbeat
frequency from the dynamic speckle patterns. Then, we proceeded
to show the effect of speckle boiling on the frequency spectrum of
the speckles: speckle boiling caused by particles entering and leaving
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the laser beam and speckle boiling caused by the flow profile (ie.,
Poiseuille flow) both have the effect of adding white noise’’ to the
frequency spectra. When both origins of speckle boiling were
present, their individual white noise effects added cumulatively. This
is the primary advantage of performing simulations: we were able to
simulate precise conditions that are unattainable in experiments,
which allowed us to study the physics of speckle boiling in detail.
The speckle boiling did not interfere with our ability to extract the
original heartbeat frequency from the dynamic speckle, as we had
obtained a signal-to-noise ratio of about 50.

In this work, we proceed to apply our computer model to the
geometry of a carotid artery of a patient who suffers from atheroscle-
rosis, ie., there is a stenosis in the internal carotid artery. To that
end, we have first coupled our light scattering code to an existing
computational fluid dynamics code: OpenFOAM.”” We then simu-
lated the flow inside the artery and have compared our results to
simulations performed in Ansys Fluent””™" and experimental results
based on particle image velocimetry (PIV).”** Finally, we simulated
the light scattering in five different regions in the artery and we use
LSCI and spectral analysis to study how we can detect a stenosis.

Il. GENERIC APPROACH

The goal is to study atherosclerosis using LSCI (laser speckle
contrast imaging). In LSCI, an object is illuminated by a laser (i.e.,
a plane wave of coherent monochromatic light), as is illustrated in
Fig. 1. The light scatters off of all particles it encounters, and the
scattered light is measured with a camera. Due to the interference
of the scattered light with itself, a dynamic random interference
pattern is formed as a result: a dynamic speckle pattern. Within the
dynamic speckle pattern, information about the motion of the scat-
terers and thus the underlying flow system is contained.

We model this setup numerically, such that we can perform
numerical experiments. We use a CT-scanned 3D model of an ath-
erosclerosis patient’s carotid artery’’ as our geometry (see Fig. 1).
We use a computational fluid dynamics code to simulate the
motion of tiny particles that represent red blood cells. A separate
optics code simulates how the laser’s light scatters off of these
dynamic particles and mimics the measurement of a camera that
has been placed at a right angle relative to the incoming light.
Details of these two codes are discussed in Secs. 1] and V.

We perform numerical experiments on the artery at five differ-
ent locations. These five sites are shaped cylindrically (i.e., the shape
of the illuminated volume of a laser beam shining through), and
they are at the following locations (see Fig. 2): nearby the inlet (A),
right before the bifurcation (B), right before the sclerosed region in
the internal carotid artery (C), inside the sclerosed region (D), and
opposite of site C in the external carotid artery (E). The red circles
in the figure show the location of the sites, as well as the size of the
laser spot used. Details of this process are discussed in Sec. IV.

1. COMPUTATIONAL FLUID DYNAMICS
A. Approach

The fluid flow inside the artery is computed using a computa-
tional fluid dynamics (CFD) code. For our simulations, we have
used the open source software OpenFOAM v2.4, and we validate
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FIG. 1. Sketch of the laser speckle imaging process. Laser light hits an artery
locally, scatters off of the flowing red blood cells, and forms a dynamic speckle
pattern at a camera. The artery is a 3D model of a stenosed carotid artery.

our results to simulations performed in the proprietary CFD code
Ansys Fluent’”™ and experimental stereoscopic particle image
velocimetry (PIV) results.”*”® The arterial geometry is discretized
using a tetrahedral mesh of 3.5 x 10° cells. In these cells, the incom-
pressible Navier-Stokes equations are solved for the velocity and
pressure fields using the finite volume method. These equations are
combined using OpenFOAM’s implementation of the PIMPLE
algorithm with an iterative predictor—corrector method.”® The con-
vective terms are discretized using a second-order accurate linear
upwind differencing scheme (LUDS), while the other spatial terms
use a second-order accurate central differencing scheme (CDS). For
the temporal discretization, the first-order Euler forward method is
used with time step At = 0.067 s.

Many small (radius 4um) spherical particles are injected in
the inlet to represent red blood cells. They are injected at a rate of
10* particles per second. Their motion in the computed fluid flow
is calculated using Lagrangian particle tracking, in which we con-
sider the small particles as perfect tracer spheres that do not affect
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FIG. 2. The chosen sites on which we perform our numerical LSCI
experiments.

the underlying flow. All physical parameters used in our CFD sim-
ulations are listed in Table 1.

At the two outlets, we impose a fixed flow rate boundary con-
dition for the velocity field, in which the flow rate at the two
outlets is enforced to have the same ratio (60:40) as the outlet
areas. At the arterial wall we impose a no-slip condition for the
velocity and a zero normal gradient for the pressure. At the inlet of
the common carotid artery, we impose a time-dependent flow rate
Q(t), such that the velocity u at the inlet is

ﬁ(?a t)|inlet = _@V(?)ﬁlinlet’ (1)

inlet
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TABLE I. Summary of the parameters relevant to CFD.

v=828x10"°m%s
p=11572kgm™
R|inlet =9mm
Alinlet = 2.63 cm®

Kinematic viscosity fluid
Density fluid

Mean radius arterial inlet
Frontal area arterial inlet

Reynolds number at inlet Rel e = 2uR/v = 331.1
Flow period T=134s

Womersley number at inlet Alintet = 6.77

Particle radius a=4.00um

where Al is the surface area of the inlet and # is the unit vector
pointing outwards orthogonal to the surface area. At the inlet, we
use the exact solution for flow inside an infinite cylinder (ie.,
Poiseuille flow), v(7) = ¢(1 — r?/R?), which is a parabolic profile. R
is the mean radius of the nearly-circular inlet, and the normaliza-
tion constant ¢ is chosen such that v(7) integrates to unity over the
inlet’s surface area.

The input signal, Q(t), and the extraction times®” that we have
used, is shown in Fig. 3. The signal is the same as the one used in
the experiments that we compare our results in this section with.
By the experimental limitations of the pump, the signal is not an
exact heartbeat signal, but it does have the same distinct features
such as a major oscillation followed by a minor oscillation.

Initially, we start with a zero velocity inside the entire artery.
Several flow periods are needed for the entire flow to adapt to the
inflow before a temporal equilibrium is reached, which takes a
time, of the order of the flow-through time, for incompressible

Q [mL/s]

0 02 04 06 08 1 12

t[s]

FIG. 3. The imposed flow rate at the artery’s inlet, representing a simplified
heartbeat signal. In this paper, we present flow results at the three labeled
times, being at the maximum (t;), the average (f;) and the minimum (f3) input
flow rate.
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flow. To be on the safe side, we first simulate the flow for 10
periods before we start gathering any data for our simulations.

Although real blood behaves as a non-Newtonian fluid due to
the large particle density and the corresponding particle interac-
tions, we use an incompressible Newtonian model to better match
the experimental situation.”” These experiments use PIV to obtain
the velocity field inside the arterial geometry. The experimental
artery was created by 3D-printing the arterial model, followed by
casting a plastic phantom out of it. The scale compared to a real
artery is approximately 21:10. The fluid was an aqueous glycerol
solution seeded with hollow refractive-index-matched glass parti-
cles, varying in size between 2 and 20 um diameter.

B. Results

The simulated flow profile at time ¢ =# (when the inlet
velocity is maximum) is shown in Fig. 4(a) for two different
slices.”” The color scale indicates the velocity relative to the inlet
velocity. There is a small stagnation point right above the bifurca-
tion. The narrowing of the external carotid artery (ECA) results
locally in a twice as high velocity. The same is true for the narrow
stenosis in the internal carotid artery (ICA). Right before the steno-
sis is a region in which the velocity is lower, and in which local cir-
culation forms. This is a characteristic flow pattern for detecting a
stenosis.

At an average inlet velocity, such as is shown in Fig. 5(a), not
much changes. The velocity relative to the inlet velocity is every-
where very similar. At the left side of the ICA, a streak starts to
form, which becomes much more prominent at the lowest inlet
velocity in Fig. 6(a). We presume that this is caused by the inertial
forces of the preceding recirculation (i.e., the circular flow in the
region right before the stenosis). That is, as the inlet velocity (Vj)
decreases, the velocity (V) decreases everywhere, but the ratio
V/Vy does not decrease as fast directly adjacent to the
recirculation.

A comparison with simulations performed in Ansys Fluent
and with PIV measurements is shown in (b) and (c) of Figs. 4-6.
Both simulations show the same flow features, both qualitatively
and quantitatively. Although the resolution of the PIV measure-
ments is less than that of the simulations, we can still see that the
simulations have the same distinct flow features, and also match
the velocity quantitatively in most spots. Figure 7 shows a more
quantitative comparison along one specific cross-sectional line,"’
just after the bifurcation. In those figures, y* is the zero-centered
spatial coordinate along the line, normalized by the mean diameter
of the arterial inlet. When comparing the ECA (ie, ¥ <0 in
Fig. 7), both simulations compare reasonably well with the PIV
experiments; Fluent seems to perform better at a higher velocity
(t = 1), whereas OpenFOAM does so at lower velocities (t = t3).
In the ICA (¥ > 0), the PIV measurements deviate considerably.
More specifically, the planar velocity inside the recirculation is
lower in the PIV measurements and/or its recirculation region is
larger. Since recirculation is rather sensitive to the local geometry,
this may well be explained by manufacturing imperfections of the
carotid artery mold used by the PIV experiments. Nevertheless, we
expect that our fluid simulations are adequate for the laser speckle
imaging conclusions we wish to draw in Sec. V.
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FIG. 4. Normalized flow profiles of the planar velocity V/V; at two different slices at maximum inlet velocity (t = ¢ in Fig. 3). Comparison between OpenFOAM simula-

tions (a) Fluent simulations (b), and PIV experiments (c).

IV. COUPLING FLUIDS TO OPTICS

To study LSCI, we need to simulate how coherent light scat-
ters off of the particles of which we calculated the motion in the
previous section. This task will be performed by a separate optics
code, which will be discussed in the next section. The advantage of
using two separate codes, is that they are mutually independent: the
optics code can use a set of particle positions as its input data, orig-
inating from any source—from any CFD simulation or experiment.
However, the two codes will need to be coupled.

To that end, we extract the particle positions from our CFD
simulations in the sites discussed in Sec. II. These sites are cylindri-
cally shaped, to mimic a laser beam illuminating a subset of the
total number of particles. The laser spot size was chosen such that
there are on average approximately 100 particles within the illumi-
nated volume. In that manner, a similar scattered light intensity
may be expected on the camera for each numerical experiment.

The extracted particle positions are then converted to the input
format required by the optics code.

Only the particles that are directly inside the illuminated
volume are extracted, and thus only they contribute to the (multi-
ply) scattered light in our simulations. This only includes the small
dynamic particles that were injected into the flow. In practice, one
may expect a contribution by static scatterers inside the arterial
wall and inside the tissue around it as well. When this will be
incorporated in the future, one may expect the speckle dynamics to
become more complex, manifesting in having additional frequency
modes in the Fourier spectra.”’

To study dynamic speckle imaging numerically, we deploy a
trick. Each execution of the optics code is instantaneous, meaning
we take the scatterers to be static while the light diffracts (i.e., the
speed of light is “infinite” compared to that of the blood flow). To
mimic the finite integration time ty,; of a camera, which is a
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FIG. 5. Normalized flow profiles of the planar velocity V/V; at two different slices at average inlet velocity (t = t, in Fig. 3). Comparison between OpenFOAM simulations

(a) Fluent simulations (b), and PIV experiments (c).

relevant parameter in dynamic LSCL*>*® we perform ng, of such

scattering simulations in very rapid succession.’’ This process is
illustrated in Fig. 8. Finally, all simulated intensities are summed to
obtain one single (blurred) speckle image. We call this process
“microstepping.” This process is then repeated a short while (At)
later repetitively at the data sampling rate, f; = 1/At, in order to
obtain temporal data. All settings (as are summarized in Table II)
were chosen based on our previous results: the speckle contrast
[see Eq. (2)] is sensitive to changes in scatterer velocity at our
chosen camera integration time,”® and the number of integration
samples is a compromise between computational time and an ~1%
numerical integration error.”’ Altogether, 400 scattering simula-
tions are performed for each flow period.

However, to perform the microstepping, we must first acquire
the particle positions at each of the short Aty intervals, required
by the optics code. The time step in the CFD simulations was
chosen such that the flow data are available at precisely the required
rate (f;). Then, for each time (At apart), the CFD simulation is
restarted to simulate mere microseconds of flow progression with a

time step Aty = 2.5us for a time period of ty. Finally, all particle
positions are extracted, and the optics code is executed repetitively.

V. SPECKLE IMAGING
A. Approach: Optics code description

Our in-house optics code, which has been previously
described in detail in Ref. 30, is fully interferometric, includes mul-
tiple scattering, and is based on the Mie theory. The Mie theory
describes the scattering of a monochromatic plane wave by a single
homogeneous spherical particle.””™*® Using a far-field assumption,
the scattered wave of each scatterer behaves locally in a distant
region as a plane wave again. This is valid in a sufficiently dilute
system or in a system containing sufficiently small particles.”
Although this assumption is not satisfied for true blood flow, it
does enable us to incorporate multiple scattering, which otherwise
would have been computationally infeasible due to its O(N?)
numerical complexity, where N is the number of particles in the
illuminated volume. During multiple scattering, each particle
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FIG. 6. Normalized flow profiles of the planar velocity V/V; at two different slices at minimum inlet velocity (t = & in Fig. 3). Comparison between OpenFOAM simulations

(a), Fluent simulations (b) and PIV experiments (c).

iteratively scatters to each other particle, including backscattering,
until successive scattering orders contribute negligibly to the final
result. Finally, all scattered light is added interferometrically at a
two-dimensional grid of infinitesimal points (i.e., at our “camera”),
and the intensity is computed by squaring the electromagnetic
field. Note that no imaging system (such as lenses) is being simu-
lated, as that is unnecessary to numerically obtain (dynamic)
speckle images.

The assumptions made allow us to simulate dynamic laser
speckle within a reasonable amount of time, while incorporating as
much of the physics as possible. There exist alternative methods to
our Mie calculation routine, such as the T-matrix method”” which
yield an exact result to the multiple scattering problem. However,
since our dynamic simulations require O(10*) instantaneous simu-
lations, this is presently not practical with the available computa-
tional resources. Much more details about our code and its validity

may be found in our previous paper.’’ The optics simulation
parameters of the current work are summarized in Table ITI.

B. Approach: Post-processing speckle

An example of an instantaneous (simulated) speckle image is
shown in Fig. 1. Within such speckle images, information about
the underlying scatterers is contained. One metric for quantifying
that information is the speckle contrast,””**

K="1, ®)

where I is the intensity, o; denotes its (spatial) standard deviation,
and (I) is the mean (spatial) intensity. For fully developed (instan-
taneous) speckle, the speckle contrast is theoretically precisely"’
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FIG. 7. Velocity profile along the cross-sectional line shown in the top figures of Figs. 4-6. y* is the zero-centered spatial coordinate along the line, normalized by the
mean diameter of the arterial inlet. The profiles are shown at maximum inlet velocity (a), at average inlet velocity (b) and at minimum inlet velocity (c).

K = 1. However, when light depolarizes due to multiple scattering
such as is the case in tissues, K will become less than one.”’
However, as the scatterers move, we do not obtain instanta-
neous speckle, but rather slightly blurred speckle patterns due to the
finite integration time of the camera (see Sec. IV). The blurring
causes o to decrease, while not affecting (I), yielding a speckle con-
trast value K < 1. The amount of blurring is directly correlated with
the velocity of the scatterers; thus introducing a dependency of K on
the velocity of the underlying flow system, which makes K a useful
metric for studying a flow system using dynamic speckle imaging.
Unfortunately, a truly quantitative relation between K and the
velocity remains elusive.”””! In ideal situations, the model that

assumes Gaussian statistics for the autocovariance of the temporal
speckle fluctuations seems to perform well.””** However, in realistic
situations K is affected by disturbances, such as the speckle boiling
caused by the scatterers entering/leaving the imaging plane (ie.,
out-of-plane motion) and entering/leaving the illuminated volume.
The speckle contrast is also bound to a minimum value due to the
influence of static scatterers™® and the influence of multiple scatter-
ing. Therefore, any quantitative measurement with laser speckle
contrast imaging currently requires calibration.”® Fortunately, K is
still very useful for relative measurements: i.e., we might not know
the precise velocity, but we can observe changes and differences,
which gives us information about the underlying flow.
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FIG. 8. To mimic the integration time of a camera, we sample instantaneous
data at a short interval Afi. This process is repeated at distant intervals (At
apart) to obtain temporal data (figure reprinted from our previous paper™).

To that end, we should first obtain accurate values of K. Due
to the existence of large-scale interferometric fringes, we cannot
simply compute K over the entire image, as those fringes arbitrarily
increase o; and therefore K. These fringes are the consequence of
our rather dilute simulations,”” but the following has been reported
to be relevant for experiments just as well.”” The solution is to use
local speckle contrast analysis (LSCA), in which the image is first
subdivided in a total of N x N, tiny square windows, then Kj; is
computed in each subdivision, and finally K is simply the average

Of all Ki,j)

1 Ny,—1N,—1
NN 2 2

We had found previously that for our simulated 128 x 128 pixels
camera (see Table III), windows of about 8 x 8 pixels each yielded
the best results for our simulations, with a maximum convergence
error of ~ 2.6%.”

Finally, we study dynamic speckle patterns, meaning we can
compute K at our data sampling rate f; (see Table II). The result is
a time series K(t) which contains information about the flow
dynamics. Since we study flow in the carotid artery, it is prevalent

TABLE II. Summary of the simulation parameters relevant to data acquisition.

Total simulation time 35 periods

Data sampling rate fs =20 samples/period
—corresponding frame rate (FPS) ~26.8 Hz

Camera integration/exposure time Aty =50us

No. integration samples g int = 25

Velocity of extracted particles range: 0-1.2 m/s

ARTICLE scitation.org/journalljap

TABLE lll. Summary of the optics parameters.

Refractive index Hgphere = 1.52

Nmedium = 1

Wavelength A=532nm
Particle radius a=4.00um
No. of pixels (camera) M=128x128
Physical size of the camera “chip” 1.5x 1.5 mm”
Distance artery <> camera 25cm

that the periodicity of the heartbeat should reflect in the K(t) signal
as well. Therefore, it is also useful to calculate the frequency spec-
trum of K(t) using the FFT; however, it should be noted that the
frequency spectrum of K(t) will not equal the frequency spectrum
of the underlying velocity, since K(t) does not scale linearly with
velocity.”>*® Rather, the frequency spectrum of K(t) will have
roughly the same major (ie., first-order and second-order) fre-
quency modes as the frequency spectrum of the velocity, but it will
have additional higher-order frequency modes due to the non-
linearity of the relationship.”’

C. Results

The speckle contrast K was computed in each of the five sites
(see Sec. IV) over the course of 35 flow periods (see Table II). The
resulting frequency spectra are shown in Fig. 9 for each site, with
the original speckle contrast time series shown in the inset of each
figure. For quick reference, the input signal (flow rate Q vs time t)
is shown in Fig. 9(a), together with an inset showing the location of
each of the five sites.

Site A [see Fig. 9(b)] is just a little downstream of the inlet. In
this region, the flow is still behaving nicely as there are no physical
obstructions. Therefore, you would expect a rather clean signal that
closely represents the inflow function, Q(f).

However, speckle contrast K does not scale linearly with veloc-
ity v and thus not linearly with flow rate Q either. Rather, a low K
corresponds with a low standard deviation of the intensity pattern
o, which implies that over the course of the camera integration
time Atipe much blurring occurs. In turn, this implies a high veloc-
ity v; therefore, a high v corresponds to a low K. Consequently, the
time series (shown in the insets) paint an upside-down image of
the local mean velocity.

When a Gaussian autocovariance of the temporal fluctuations
is assumed, an equation for the relation between K and the speckle
decorrelation time 7, may be derived” that compares reasonably
well with our previous simulations.”® However, there is no agree-
ment in the literature how to convert 7, into velocity v, making the
exact relationship elusive.”””" Regardless, we have found previously
from simulating a sine input signal (which is just a single peak in
the frequency spectrum) that the frequency spectrum of the speckle
contrast time series has higher-order peaks at multiples of the
dominant frequency.” These higher-order frequencies are caused
by the non-linear relationship between K and velocity v that mani-
fests in the broadening of the troughs and narrowing of the crests
of K(t) relative to the input signal. Consequently, it is not useful to
directly compare the frequency spectra of K to the frequency
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FIG. 9. Speckle contrast time series (inset) and its frequency spectrum (main figure) for each of the five sites. In (a), the (0.75 Hz) input signal of Fig. 3 and the location
of the five sites in its inset from Fig. 2 is reproduced for quick reference. In (b)—(f), the five frequency spectra are ordered according to their location in the artery.

spectrum of the input signal.” Instead, we will compare all sites
with site A, as site A is located just a little downstream of the inlet,
where the flow is not yet disturbed.

In the frequency spectrum of site A [see Fig. 9(b)], the domi-
nant frequency peak is at 0.75 Hz, which corresponds to the flow
period (see Table I). There are also higher-order frequency peaks at
multiples of the main frequency, partly due to the complex input
signal and partly due to the non-linear relationship between K and

velocity v. There is an additional peak at the near-zero frequency,
which is also present for all other sites. This is merely a simulation
artefact in OpenFOAM caused by particles getting stuck inside the
walls (thereby slowly increasing the number of particles inside the
illuminated volume), and should thus be ignored when studying
the dynamic evolution of speckle. Finally, between all peaks there is
noise that is not present in the input signal. In our previous
work,”’ we have proven that this noise is fully caused by speckle
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boiling due to the relative motion between the particles (i.e., the
flow profile inside an artery is more like Poiseuille flow than plug
flow), and particles entering and leaving the illuminated volume. In
the present work, there is an additional third cause of speckle
boiling, being out-of-plane motion of particles.

Site B [see Fig. 9(c)] is located at the bifurcation of the artery.
In this region, one would expect additional speckle boiling as there
is more relative motion between the particles: some go left, and
some go right. Relative to site A, this manifests as more noise that
is mostly visible at the higher frequencies. In site B, there is also a
larger particle buildup than in any other site due to the bifurcation
(and the earlier-mentioned simulation artefact), but the sole effect
is a larger peak at the near-zero frequency. In general, the signature
of site B’s frequency spectrum is very similar to that of site A: the
ratio between the first-, second-, and third-order peaks is very
close. The only indication that the flow at site B is different (i.e., it
is a bifurcation) is the increased amount of noise due to speckle
boiling.

Site E [see Fig. 9(e)] is in the external carotid artery. From the
fluid dynamics results, it can be seen that the flow in this region is
fairly normal: there is a Poiseuille-like flow profile without vortices
and backflow. As a consequence, the signature of site E’s frequency
spectrum is very similar to that of site A as well: the main fre-
quency mode is well-represented, and the higher-order frequency
modes have the same relative peak height. Relative to site A, the
velocity is higher at site E, which also nicely follows from the optics
since a lower mean K is measured in site E. Therefore, the speckle
measurement can detect the increased velocity and the normal flow
profile in site E.

Site C [see Fig. 9(d)] is the equivalent of site E, but in the
internal carotid artery. The mean velocity in site C is similar to
that in site E (see Figs. 4-6), which results in similar values for K.
Like in site E, the main frequency mode is also well-represented.
However, there are clear differences in the frequency signatures.
The higher-order frequency modes are suppressed in site C,
because its K(t) does not have the expected broad troughs
and narrow crests as much as the K(t) of site E does have. This
implies less extreme temporal velocity fluctuations in site C. From
Figs. 4-6, it can be seen that there is a recirculation region (with
backflow) in site C. The circulating flow’s inertia acts as a buffer
when the inflow velocity decreases, thus smoothing the crests of
K(t). Finally, the amount of noise (caused by speckle boiling) is
similar in sites C, A, and E, which indicates a flow profile that
behaves “nicely.” Therefore, the same amount of noise in combina-
tion with the suppression of the second-order frequency mode
might be characteristic for flow regions containing vortices/backflow.

Finally, site D [see Fig. 9(f)] is located inside the stenosis.
First, the measured values of K(t) are considerably lower than
those in the other sites, which makes sense, because the center
velocity in this region is roughly 4.5 times greater than the mean
inflow velocity (see Figs. 4-6), which is roughly double the center
velocity of the other sites. Second, the main frequency mode is still
prominently visible, but the signal-to-noise ratio went down con-
siderably. This is caused by the measured K being rather low, in
which the sensitivity to changes in velocity v is low.”® A better
measurement may be performed by using a lower camera integra-
tion time Aty,; however, we did not want to do that as we were
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interested in seeing what a (medical) device would measure when it
would “scan” the artery without changing the device parameters.
Third, the frequency signature is considerably different than in all
other sites. As for the preceding site C, the second-order frequency
mode is suppressed. Unique to site D is that the higher-order fre-
quency modes actually became much more prominent, at least rela-
tive to the main frequency mode, as has also been found previously
in experimental work.”” Presumably, this is a downstream effect of
the preceding unsteady flow region, which introduces flow features
with a higher frequency as the unsteadiness causes the flow to no
longer follow the input signal precisely. Therefore, characteristic for
the stenosis are a lower K, more noise, a slightly suppressed
second-order frequency mode, and more prominent higher-order
frequency modes (relative to the main frequency mode).

VI. SUMMARY AND CONCLUSIONS

In this work, we set out to study atherosclerosis using
dynamic LSCI (laser speckle contrast imaging), which should even-
tually result in the development of new medical measurement
devices. To that end, we have developed a fully modular numerical
routine to simulate dynamic LSCI of any flow system, comprising a
separate fluid dynamics and a separate optics code that are subse-
quently coupled. The fluid dynamics code™ simulates the flow and
injected particles in an arbitrary geometry. The optics code is based
on the Mie theory and uses the particle positions as its input to
simulate how a coherent plane wave (i.e., a laser beam) scatters off
of the ensemble of particles, including multiple scattering. The
finite camera integration time of a real camera is mimicked by aver-
aging over many instantaneous simulations at a short interval, thus
providing us with blurred speckle that yields information about the
dynamics of the underlying flow system. All speckle images are
processed by computing the speckle contrast (for a duration of 35
flow periods) and its frequency spectrum, which we then study: “If
this was an actual measurement of a (medical) device, can we
detect specific flow features?”

We have applied our whole numerical routine to the case of a
carotid artery suffering from atherosclerosis in the internal artery,
to which a heartbeat-like input signal was applied. Our fluid
dynamics simulations compare well with experiments. The velocity
is higher in narrow regions, such as the stenosis. Directly down-
stream and upstream of the stenosis, there is a flow region with
recirculation. Depending on the present input flow rate during the
heartbeat cycle, the recirculation varies in strength. At the bifurca-
tion of the artery, there is a stagnation point. In other parts of the
artery, the flow behaves “nicely,” with a Poiseuille-like flow profile.

We then used our optics code on five sites in the artery: (A)
near the inlet, (B) at the bifurcation, (C) inside the recirculation
and (D) in the stenosis in the internal artery, and (E) in the exter-
nal artery. By comparing sites B and E to site A, we found virtually
the same frequency signature, with just some more noise in site B
caused by the bifurcation. In sites C and D, however, the frequency
signature was different. Before the stenosis (site C), the noise
remains unchanged, but the second-order frequency mode gets
suppressed, presumably by the inertia of the circulating flow. Inside
the stenosis (site D), the speckle contrast decreases rapidly due to
the higher velocity, and the frequency signature changes
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considerably: there is much more noise, and the higher-order fre-
quency modes become more prominent while the second-order fre-
quency mode is slightly suppressed. In other words, the signal is
much more complex than in other regions in the artery due to the
upstream recirculation before the stenosis, which spectral analysis
of the speckle contrast is able to detect.

In conclusion, we have shown that more complex flow charac-
teristics are reflected in the speckle contrast time series as obtained
from dynamic LSCI. Therefore, spectral analysis of the speckle con-
trast can distinguish regions with complex flow. Consequently, the
stenosis—and, thus, the disease atherosclerosis—can be detected
with dynamic LSCIL.

We are confident that our approach should be adaptable to in
vivo situations, as we have previously used speckle imaging for an
in vivo carotid artery.” To that end, future work should definitely
study the region around the stenosis in more detail: what does the
transition in frequency signature from upstream to all the way
downstream of the stenosis look like precisely? Can we also detect
the early stages of atherosclerosis in which the stenosis is not yet as
large? Will the angle of measurement influence the results? And
how will the patient’s skin (i.e., static scatterers) affect the measure-
ments? Finally, given the success of dynamic LSCI to detect flow
features in our present context, it would be interesting to study
many different kinds of flow to determine what other applications
dynamic LSCI might have to study in particular flow systems that
are currently difficult to measure, e.g., due to the opaque nature of
said flow.
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