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ABSTRACT

Movement artefacts distort handheld measurements of laser speckle contrast imaging (LSCI). Enabling a robust LSCI in
handheld use brings convenience for both patients and clinical staff. However, there is a lack of a comprehensive model
that can predict and potentially compensate the amount of movement artefacts occurring during a handheld LSCI
measurement. Here, we propose an analytical-numerical model based on the optical Doppler effect for handheld LSCI in
case of translation on a high scattering static surface. The model incorporates the type of illumination as well as the imaging
geometry by taking into account the spread of wavevectors for illumination and detection. We validate the theoretical
model by simulated dynamic speckles and experiments for the cases of (1) planar and spherical waves illumination and
(2) scrambled waves illumination. Results of the speckle simulation are in agreement with predictions of the numerical
model for semi-circular form of the density functions of the incoming and outgoing wavevectors.

Keywords: Analytical models, biomedical optical imaging, computer simulation, Doppler effect, laser speckle contrast
imaging, motion artifacts, model-driven development, numerical analysis

1. INTRODUCTION

Laser speckle contrast imaging (LSCI) is a noninvasive method for evaluation of microcirculatory blood flow [1]. It offers
several medical applications including dermatology [2], intra/post operative flap surgery [3] and burn wounds [4].
Commercially available LSCI systems are bulky and operate in mounted modality. The former limits their application in
operation theatres and other clinical contexts with space limitation while the latter brings inconvenience for both patients
and clinicians [5]. Such limitations give rise to develop handheld and compact devices for LSCI. As opposed to all the
benefits a handheld LSCI system offers, it can lead to unreliable measurement results due to the involuntarily movements
applied during a measurement either by the patient [6] or by the operator [7]. This is due to the high level of speckle
sensitivity to any source of movements. When a handheld LSCI measurement is operated, movement artefacts show their
influence in causing higher perfusion than its actual level due to extra motion of the speckle patterns within the exposure
time (see Figure 1).

In a previous study, we showed that employing an appropriate spatial alignment algorithm, the temporally averaged
perfusion maps in mounted and handheld modalities are similar in a visual basis although the movement induced perfusion
differences are statistically significant [8]. Therefore, there is a need to model movement artefact so that their occurrence
can be prevented and/or compensated. In other studies, we experimentally showed that movement artefacts caused by
translation depend on the optical properties of the medium [9] as well as the type of illumination [10]. In this work, we
use the concept of optical Doppler effect to predict speckle contrast drop due to linear motion, and for static objects. This
is a first step in modelling movement artefacts due to linear motion and rotation when measuring on objects with internal
motion, such as perfused tissue.

2. MODEL OF THE OPTICAL SYSTEM

Consider a solid object of very high scattering level (e.g. a white matte surface) moving with a constant velocity ¥ along
the x — y plane (see Figure 2(a)). For a given point on the object's surface, a cone of base radius 7; is formed that is defined

by the range of incoming wavevectors E Assuming a lens collecting scattered light, a cone of base radius 7; defined by
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Figure 1 Demonstration of movement artefacts in handheld laser speckle contrast perfusion imaging in a psoriasis lesion on a
human lower arm. Scale bars, 2 cm. A single perfusion map acquired with an exposure time of 10 ms during a handheld
operation with (a) low and (b) high magnitudes of applied movements. An increased level of measured perfusion is observed
in (b) compared to (a) due to the movement artefacts.

the range of wavevectors k_; of detected light will be formed. The collected light will cause a time varying intensity /(t)
containing a range of frequencies that are assumed here to be dictated by the optical Doppler effect as [11]

wp = 7.(k, — ). )

If the bases of illumination and detection cones are mapped on the x — y plane and assuming that the angles between the
normal to the surface and both E and E is relatively small, then the two circular-shape collections for k—_;(x, y) and
k_;(x, y) can be introduced as shown in Figure 2(b). A Doppler histogram is made by adding all the single Doppler shifts

as
A(22) = pe_, (22) s, (22). 5)

where * denotes the convolution operator, pg_,(.) and pg_(.) are probability density functions of the spreads of incoming
and outgoing wavevectors, respectively.

We define the following form for a semicircular form of the density function

wDA _ A
P-is\Gw) = 2vy,
Xis

3)

where x; and x; are shape parameters that control the spread of pg_; and pg, respectively (see Figure 2(c)). In Figure 2(d)
intensity of a simulated speckle frame is shown.

The normalized intensity autocorrelation is calculated by inverse Fourier transforming the power spectral density, that
is the auto-correlation of the optical density function introduced in (2), which takes the form

T L 2
g2(t) = 16b;b; (M) + 1. 4
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Figure 2 Schematic diagram of the optical system model in which linear translation of a solid object along the x — y plane is
assumed. (a) [llumination and detection on a solid object of very high scattering levels (matte surface). (b) Top view of the
schematic diagram showing the mapping of the bases of the illumination and detection cones on the object's surface. (c)
Density functions for incoming and outgoing wavevectors. 4 = 671 nm; V = 5 mm/s. Case of semi-circular shapes for pg_,
and pg_ are shown and the density functions for the wavevectors are semi-circular. (d) Representative intensity of simulated

speckles on the detector. y; = 0 simulates spherical or planar waves for the illuminating beam, while y; > 0 simulates
scrambled waves. (a-c) are reprinted from [12], chapter 4.

where J; (.) is the Bessel function of the first kind [13] and b; ; = A/ (27 V¥; 5). Finally, the contrast of the time integrated
intensity as a function of the normalized intensity correlation function has been calculated as

= (T (G 0 ) o e :

Equation (5) cannot be solved analytically; however, it can be calculated numerically.

Influence of the aperture size
The spread of ps(w) depends on the distance from the scattering surface to the imaging lens z, that is due to the paraxial
approximation equal to the distance from the fiber tip to the scattering surface, and the radius of the opening of the imaging

aperture a,. For a given E, the maximum one-sided Doppler shift is occurred by subtracting the two scattering wavevectors
to the center of the pupil and to the side of the pupil as

wp, = V. (ks, — kg,)- (6)
Performing the vector product in (6) yields
2T ag
OJDS = 7? V. (7)

The shape parameter y introduced in (3) is set to the fraction % in (7) to enable establish a comparison between the
theoretical predictions and simulation and experimental results.

Forms of illumination
To study the influence of wavefront types, three common forms are considered namely, planar waves, spherical waves and

scrambled waves. For the case of plane waves, all the incoming wavevectors (E) are of the same direction (see Figure
3(a)). This makes the wavevector density function p_;(w) a Dirac delta function (i.e. y; = 0). For the case of spherical
wave illumination, the incoming wavevectors originate from a point (the optical fiber tip in our case) and take space
dependent directions (see Figure 3(b)). However, since only surface scattering occurs on the considered object, only a
single wavevector contributes to the occurred Doppler shift. Therefore, the same optical Doppler shift spectrum is expected
to be resulted for planar and spherical wave illumination schemes.
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Figure 3 Schematic drawing of (a) plane wave, (b) spherical wave and (c) scrambled wave illumination in the model of the
optical system where a very high scattering object (e.g. a matte surface) is considered. This figure is partly adapted from [10].

The case of scrambled wave illumination is realized by passing spherical waves through an engineered diffuser (see Figure
3(c)). Here the distance from the fiber tip to the diffuser d indicates the radius of illuminated area on the diffuser a;. Similar
the influence of aperture size and from the illumination point-of-view, the radius of the illuminated area on the diffuser
influences the occurred Doppler shift. For a given k_;, the maximum one-sided Doppler shift can be calculated by
subtracting the two wavevectors originating from the center and the edge of illuminated area on the diffuser pointing towards
the same point on the scattering surface as

wp; = ¥. (k,, — k). (®)

The numerical aperture of the optical fiber is defined as NA = nsin(8) = % when travelling through air (n = 1) and
assuming paraxial approximation. Thus, calculating the vector product in (8) gives
2T a;

_ 2mdNA 9
a)Di_AZV_AzV' ()

. . . . . dNA . -y
The scattering shape parameter y, introduced in (3) is set equal to the fraction - to enable evaluate theoretical prediction
of speckle contrast with the simulation and experimental results.

3. METHODS

Simulation of dynamic speckles
A mesh of 128 X 128 px was created and dynamic speckles were made for each pixel. The complex amplitude for each
pixel (x;,y;) was made as

E(x,yi,t) = * A(w, (x5, 1)) exp(i(wn (e, YOt + n(xi,¥1))) (19)
Vn

where w, is a uniformly distributed random frequency within the range of the optical Doppler spectrum introduced in (2)
and A(wy,) is the corresponding amplitude. ¢,, is also a uniformly distributed random phase on the interval [0, 7]. n is the
number of phasors which is greater than 100. The intensity of each pixel was calculated as I(t) = |E(t)|?. Then, the
intensities where time-integrated which an exposure time of T = 10 ms. The spatial contrast of each time-integrated
intensity frame was calculated as [14]

C= or(x,y) (1)
I(x,y)
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Figure 4 Graphs of speckle contrast versus applied translational speed for the cases of (a-b) planar and spherical waves
illumination schemes and (c-d) scrambled waves illumination scheme. (a) and (c¢) show numerical curves and simulation
results for the cases of planar/spherical and scrambled waves illumination schemes, respectively. (b) and (d) show
experimental data associated with (a) and (c), respectively.

where 0;(x, y) and I(x, y) are spatial standard deviation and mean of the intensities at each frame.

Experimental setup

The in-house handheld LSCI probe was mounted on a translational stage (Zaber X-LHM200A-E03) to apply speeds in the
range of 0 — 30 mm/s with an acceleration of 3 mm/s?. A metal plate painted with matte color (Ecopaint Vintage chalk
paint spray 400 ml) was used as a scattering surface. The laser light (CNI MSL-FN-671, A = 671 nm) was coupled to a
single mode optical fiber (Thorlabs SM600, NA = 0.12). At z = 20 cm, from the fiber tip, the beam-width (i.e. the width
of the beam for which the intensity reaches 1/e? of its maximum) was measured as 3 cm. At the distal end of the optical
fiber on the probe, a pair of plano-concave and achromatic doublet lenses (f = 6 cm) were used to make a collimated
beam. For the scrambled waves, the pair of lenses were replaced by a 20° top hat diffuser (Thorlabs EDI-s20-MD).

At the detection side, a monochrome camera (Basler acA2040 55um USB3) was used to record speckle patterns with an
exposure time of T = 10 ms. The camera objective (FUJIINON HF16XA-5M) had an f-number of N = 8 and a focal length
of f = 16 mm. Its aperture radius can be calculated as [15]

f (12)

as=ﬁ=1mm

A linear polarizer (Thorlabs LPNIRE 100-B) with a direction perpendicular to the polarization of laser light was mounted
on the camera objective to minimize specular reflection. A bandpass filter (Edmund Optics, 4 = 675 = 12 nm) was also
mounted on the camera objective to minimize background light. The magnification of the imaging system was measured
as the fraction of the image size to the object size, M = 0.1. A window of 90 X 90 px was chosen at the center of scattering
spot to calculate spatial speckle contrast as introduced in (11).

4. RESULTS AND DISCUSSION

The contrast of the time-integrated intensity introduced in (5) was used to evaluate the proposed model. The analysis was
carried out in two phases, namely the cases of (1) planar and spherical waves illumination and (2) scrambled waves
illumination. To do so, an optical Doppler spectrum according to (2) was formed by convolving a pair of wavevector
density functions related to the incoming and outgoing vectors with a semi-circular function introduced in (3). Then,
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dynamic speckles were made according to (10) and their contrast values were calculated using (11). A comparison between
the theoretical prediction of speckle contrast versus applied speed and simulation result for the case of planar and spherical
waves illumination is shown Figure 4(a). Such results for scrambled waves illumination is illustrated in Figure 4(c) in
which three values for fiber tip to diffuser distances namely d = {13.5,36,56.1} mm are considered. A precise match
between theoretical and simulation curves is obtained for both cases.

In Figure 4(b) speckle contrast is shown versus applied speed for the motorized experiments with planar and spherical
waves illumination. The speckle contrast at zero speed is about 0.95 indicating a nearly fully developed speckle pattern.
The dropping behavior for both curves is fairly similar. The speckle contrast drop percentages for the pair of (planar,
spherical) at the speeds of 1 cm/s are (27.5%, 30.4%) and at the speed of 3 cm/s are (54.3%, 58%). It can be seen that
the theoretical curve matches the case of planar waves illumination. However, there is a slight deviation for spherical

waves illumination. This can be explained by the fact that in theory and simulation only one E is assumed contributing to
the doppler shift at the detection point (i.e. a Dirac delta function for p_;(w)). However, in practice, the detection point

may not be infinitely small such that a small area including a range of E is being imaged at a camera pixel. Moreover, the
matte surface phantom is not of infinite scattering level as opposed to the assumption is theory and simulation. Therefore,

contribution of E illuminated at other locations than the detection point as a result of volume scattering may be detected
at the imaging pixel.

In Figure 4(d), the speckle contrast versus translational speed is shown for the case of scrambled waves illumination for
two different fiber tip to diffuser distances. The speckle contrast values are close to unity at zero speed and drop as the
applied speed is increased. The larger the distance d, the greater the speckle contrast drop for a given speed. Here the
speckle contrast drop percentages for the set of d = {13.5,56.1} mm at the speed of 1 cm/s are {48.3, 71}% at the speed
of 3 cm/s are {66.2, 81.5}%.

5. CONCLUSION

In this work, we developed a model to predict movement artefacts resulted by translational motions in handheld laser
speckle contrast perfusion imaging. The proposed model is on the basis of the optical Doppler shift distributions correspond
to the range of wavevectors for both illumination and detection. It has been shown that the speckle contrast drop as a
measure of movement artefacts is a function of the applied translational speed, the form of illumination, and the geometry
of imaging system. We have validated this model by simulation of dynamic speckles as well as experiments and an
agreement has been found between the theoretical predictions and those obtained by simulations and experiments. What
we considered in this work was the cases of illumination with plane waves, spherical waves and scrambled waves on a
high scattering surface. In a typical in-vivo LSCI measurement, however, the object of interest would be human skin which
has a finite scattering level. Thus, as a future work, it is crucial to extend the study by measuring on phantoms with more
realistic optical properties. Results of this research paves the way to enable development of model-based methods that are
able to compensate movement artefacts in a handled LSCI.
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