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Abstract: Using two independent speckle imaging systems based on the recently published LSOCI method
operating in contact mode on the skin, we assess the reproducibility of in vivo measurements and conduct an
inter-instrument comparison. To this aim, we propose a calibration method to handle each imaging system as
a comprehensive unit, which includes the laser source, optics, and camera. Our experimental results demon-
strate that the microcirculation images produced by both instruments exhibit high accuracy and stability, with

microcirculation activity values in excellent agreement, thereby paving the way for clinical applications.
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1. Introduction

Dynamic speckle imaging represents a highly promising tool for observing microcirculation,
which plays a crucial role in delivering nutrients and oxygen to billions of cells with each heartbeat.
Alterations in microcirculation are associated with various pathologies, such as cancer [1], diabetes [2,3],
hypertension [4], sepsis [5], and viral infections [6].

This field is still very much alive, as witnessed by the new publications on the influence of
microcirculation in various pathologies [7], including Covid [8], and the renewed interest in the
associated dynamic speckle technology [9-11].

Therefore, monitoring the peripheral microcirculation of the body holds significant diagnostic
potential.

Since the pioneering work by Briers [12], numerous advancements have been made in both
the qualitative and quantitative analysis of blood circulation and microcirculation through dynamic
speckle imaging.

Recently, our team developed an additional modality to the established Laser Speckle Contrast
Imaging (LSCI) method, called Laser Speckle Orthogonal Contrast Imaging (LSOCI) [13]. This tech-
nique represents a polarimetric enhancement of traditional laser speckle imaging methodologies, such
as laser speckle contrast analysis [12] and laser speckle contrast imaging [14].

LSOCl is based on the polarimetric selection of spatially depolarized scattered fields, primarily
driven by the motion of red blood cells. In practice, when the skin is illuminated with a fully polarized
laser in the near-infrared spectrum, we observe two principal contributions of backscattered light:
one from the skin surface, which can be considered rough at the wavelength scale and that largely
conserves the incident polarization, and another emanating from deeper layers, that has undergone
multiple scattering events, resulting in random polarization [15]. Both scattering sources contribute
to the speckle pattern, but the surface-generated contribution can be effectively eliminated using a
polarizer aligned orthogonally to the polarimetric state of the illuminating laser. This selective filtering
leaves primarily the multi-scattered photons from deeper layers, which are especially sensitive to
micro-movements.

By employing such a polarimetric filtering system with orthogonal states, we have successfully
captured new images of microcirculation at an estimated depth of approximately 3 mm on the face.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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This interesting depth is achieved through the use of both the strongly penetrating near-infrared
wavelength and the polarimetric selection of multiple scattering events. Additionally, when the device
is in contact with the skin, a spatial resolution of 80 ym has been achieved. This is made possible
by significantly reducing the relative movement between the imaging system and the observed area
during the acquisition time[13].

However, overcoming the challenges of adapting this technology for clinical use in pathology
detection and diagnostics requires addressing several critical constraints:

¢ Quantified Indices per Pixel: Each pixel in the image should provide a quantified index of
microcirculation activity, essential for informing and guiding treatment decisions.

e Stability in Repeated Acquisitions: When imaging the same area with the body at rest, the
technology must produce consistently stable images and microcirculation activity values.

¢ Inter-Instrument Consistency: Results must be comparable across different imaging systems.

¢ Dynamic and Accurate Imaging: The imaging system must exhibit sufficient dynamic range,
stability, and accuracy to distinguish between different pathological states, despite challenges
posed by in vivo conditions such as the cardiac cycle and unavoidable movements.

From a practical standpoint—essential for practitioners—the imaging systems should be compact,
lightweight, portable, and quick to deploy. This article aims to address all these points comprehensively.

To this end, we have developed two lightweight and compact imaging systems utilizing the
LSOCI method. In this paper, we present results regarding the dynamics, stability, and accuracy of
measurements from each apparatus, along with a comparative analysis between the two systems.
We discuss the conditions necessary for an effective comparison within the framework of a global
calibration method specifically elaborated for dynamic speckle imaging.

We first propose to compare both instruments from the perspective of the displayed contrast in
highly detailed microcirculation structures. To meet this requirement, we performed a minor scratch
on the skin, which revealed significant spatial details.

Then, to associate each camera pixel with a reliable and comparable microcirculation value
between both instruments, we use a global calibration method. This latter was developed based
on the understanding that the physical signal carrying biophysical information is not the absolute
measurement of spatial or temporal speckle contrast, but rather a deviation of these contrasts from a
reference value, which depends on each imaging system as a whole.

Finally, utilizing this calibration procedure, we conduct a quantitative comparison between the
two instruments. Despite the extensive research into dynamic speckle imaging since the 1980s, to our
knowledge, this study presents the first qualitative and quantitative comparisons of two dynamic
speckle imaging instruments scanning the same in vivo area.

2. Materials and Methods

2.1. Experimental Setup

Two Laser Speckle Orthogonal Contrast Imaging instruments, namely LSOCI1 and LSOCI2, use a
linearly polarized TEM00 mode laser (Lambdamini from RGB Photonics) with a central wavelength
around 785 nm. Their laser beam is sent through some diverging optics to illuminate a skin surface
of about 12cm?. Backscattered photons are then filtered by a linear grid polarizer (THO-WP25M-
UB from Thorlabs) in which the eigenaxis is set orthogonal to the polarization state of the laser
illumination, before reaching a monochrome CMOS camera of 1.5 million pixels (aca1440-220um from
Basler), according to our previously published article [13]. LSOCI1 and LSOCI2 emit, due to different
diverging optics and laser power, respectively 14 W/m? and 7.5 W /m? on the skin surface. Moreover,
their cameras are set to have different numerical apertures which results in a ratio of approximately 2
between their speckle grain size, with a similar detected mean intensity. All microcirculation images
are calculated from the temporal contrast of 200 raw intensity images with 12ms integration time each.
Both systems are used in contact with the skin in order to minimize movements during acquisitions.
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2.2. Contrast Variation Calibration Method (CVCM)

The common calibration procedures used [16-18] for absolute flow measurements within the
framework of dynamic speckle imaging are primarily based on the experimental determination of the
B coefficient. This parameter stems from Siegert’s relation [19,20], which links the intensity temporal
auto-correlation function to the electric field correlation function. Experimentally, the B coefficient is
expected to reflect the spectral characteristics of the laser source, polarization effects, and the spatial
and temporal averaging of the speckle on the camera. This implicitly includes the coherence effects and
the mismatch between the speckle grain size (determined by the intensity autocorrelation function [21])
and the pixel size.

However, these powerful calibration procedures appear more suited to research activities than
clinical use due to their complex implementation. Furthermore, temporary perturbations in the
imaging instrument, such as those due to temperature variations or optical re-injection affecting the
laser source characteristics, could go undetected and potentially yield inconsistent results. Therefore, a
near-instantaneous calibration method would be beneficial to verify the consistency and stability of the
entire imaging system, even though it may only support semi-quantitative results. We have observed
that in several recent articles, 8 was arbitrarily set to 1, however, in our case, such simplification would
hinder comparisons between instruments. Thus, we propose a straightforward method called the
Contrast Variation Calibration Method (CVCM), which allows for near-instantaneous calibration and
thereby allows inter-instrument comparison.

Before going deeper into this method, it is important to highlight an intrinsic limitation of our
imaging system regarding absolute blood flow measurements: since we rely on multi-scattered photons
to generate our signal, we characterize more the activity of microcirculation rather than the absolute
linear velocity of blood cells. By activity, we refer to the overall agitation of blood cells in potentially
all three spatial dimensions, without specifying which direction predominates in general cases. Thus,
using the LSOCI method, the VMAI introduced in [13] describes how rapidly a global agitation of
blood cells, through multiple scattering, leads to speckle decorrelation. An analogy for the VMAI
in the context of microcirculation in blood vessels could be the state variable of temperature, which
characterizes the agitation and average speed of molecules or atoms in a confined gas. Ultimately, the
LSOCI method offers enhanced penetration depth and greater sensitivity to the movement of blood
cells due to its reliance on exclusive multiple scattering detection. However, it generally does not allow
absolute speed measurements. Therefore, the goal here is to provide guidelines for performing stable,
accurate, and comparable semi-quantitative measurements between LSOCI instruments.

2.3. Equation for Normalized VMAI

In previous studies [13,22,23], it was inferred that under both hypotheses of a Lorentzian and
Gaussian distribution for the speed of red blood cells, the decorrelation time of the speckle pattern can
be expressed as T = T.Cf_, where T is the integration time of the camera, and C; denotes the observed
contrast in the polarimetric orthogonal configuration between the laser illumination and the polarizer
in the detection arm. The Volume Microcirculation Activity Index (VMAI) was defined as the inverse
of this decorrelation time, in accordance with the previously defined Blood Flow Index definition [24],
resulting in the following equation:

1
VMAI = — (1)
TC?

While this equation can be used to assess the general trend of microcirculatory activity, it is not
sufficient for performing inter-instrument comparisons. Firstly, we observe that for a spatial contrast
of 1, theoretically achievable using a static scatterer generating a circular Gaussian speckle, such a
definition of the VM AI introduces an offset value of 1/ T, which must be removed to meet the correct
boundary conditions. Secondly, we suggest that the VMAI should tend to infinity as the agitation
reaches its maximum and thus decreases the contrast to 0, assuming there is no static scatterer present.
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Consequently, we propose the following empirical equation for the normalized VMAI, denoted as
VMAI,, in Equation 2. This formulation: 1) retains the 1/ TC? dependence, 2) eliminates the offset
value of 1/T when C = 1, and 3) normalizes the observed contrast using a reference contrast value

Ciax:
1(C _1AC?

with AC? = C2,, — C2.

Cinax represents the maximum speckle contrast achievable on a reference static scatterer using
the entire imaging system. This value characterizes the complete imaging setup, encompassing the
spectral width of the laser, its polarization properties, and the camera’s numerical aperture and pixel
density.

This maximum value is experimentally determined by illuminating a reference scatterer that
produces a circular Gaussian speckle [25,26]. Therefore, the standard deviation of the surface height
distribution of this reference scatterer should be at least on the order of the laser wavelength, and the
illumination diameter must encompass a sufficient number of roughness correlation cells. Microcircu-
lation activity is then quantified based on deviations of the spatial contrast from this maximum value.
Additionally, under the ergodic hypothesis, C;;4x is also considered the highest achievable temporal
speckle contrast, thus allowing similar treatments as the spatial contrast.

3. Results

3.1. Qualitative Inter-Instrument Comparison for Temporal Speckle Contrast Images

The contact mode used in the LSOCI method effectively minimizes relative movements between
the instrument head and the observed area, revealing high spatial details. These details are especially
pronounced in images of microcirculation activity within irritated skin areas. Additionally, we noted
a notable variability in the measurement of microcirculation activity on both the face and hands,
influenced by environmental temperature variations. Consequently, we opted to induce a mild
irritation on the belly just below a naevus. Both instruments LSOCI1 and LSOCI2, were used to capture
images of the same area before and after the irritation was mechanically induced. To ensure a thorough
comparison, both instruments were alternated and repositioned after each acquisition, tracking the
entire temporal evolution of the skin’s reaction.

We first illustrate the area that received the scratch in Figure 1. Panel (a) features a red dotted line
that precisely indicates the future location of the scratch, and panel (b) highlights the faint red irritated
area that was barely visible to the naked eye after the scratch.

Figure 1. (a) Image of the studied area with a red dotted line indicating the future location of the scratch,
positioned just below a red angioma. (b) Image of the same area taken after the scratch, highlighting a
faintly irritated red area that is barely visible to the naked eye, circled in red.

Figure 2 displays 12 sample images out of the 54 acquisitions performed by both instruments. A
pronounced skin reaction is clearly observed in the VMAI,.
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Figure 2. Temporal evolution of a scratch on the belly beneath an angioma, followed by two LSOCI
instruments that exhibit very similar microcirculation patterns.

Despite the challenges posed by in vivo conditions, including inevitable movements and the
effects of the heartbeat cycle over the acquisition time, both instruments exhibit very similar patterns.
It is noted that the heartbeat cycle is only partially averaged, even though the total acquisition time
is 200x12ms=2,4s. Variations in the onset of acquisition relative to the systolic phase of the heartbeat
contribute to a non-negligible random contribution across different acquisitions. In live mode, our
imaging systems clearly display the heart’s pulsation within the angioma.

The third column of Figure 2 shows a significant reaction in the area surrounding the injury, which
markedly increases its blood circulation. This reaction pattern appeared almost immediately after the
scratch (<1s). Generally speaking, both instruments provide very similar pre- and post-injury images
throughout the healing process, the last column relating the microcirculation 4h and 25 minutes after
the scratch.

As illustrated in Figure 3, common circled details can be observed by both instruments, the
smaller one (circled in green) measuring less than 1 mm (4 pixels). Note that the spatial resolution
of our imaging systems is determined by the optics and pixel density of the camera; while it can be
significantly improved, this enhancement comes at the cost of a smaller field of view.

LSOCI1

Figure 3. A zoom into the more intense pattern observed in the previous figure reveals common spatial
details, enclosed in circles. A submillimeter-sized detail (enclosed in green) can be observed.

As pointed out earlier, these acquisitions were performed by constantly removing and quickly
replacing each instrument on the same area, positioned at roughly a 90° angle relative to the surface
of the skin. Therefore, the image stability observed in both instruments represents a very promising
result in terms of operator dependency.

3.2. Quantitative Inter-Instrument Comparison for Temporal Speckle Contrast Images

3.2.1. Contrast Linearity Domain

Before discussing the experimental results of in vivo measurements, it is important to note that
a fully or nearly fully developed speckle pattern, composed of very dark and very bright spots,
challenges the linearity of the camera due to its highly contrasted structure. Specifically, we aim to
characterize the linearity domain of our cameras in terms of the stability of the temporal contrast. This
involves determining the range with the corresponding error, within which the temporal contrast
remains primarily stable as the received intensity (or numerical counts, NC) increases.
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Figure 4 (a) illustrates the evolution of histograms from left to right when illuminating a white pa-
per sheet (Canson paper, 224¢ /m?, previously characterized by polarimetry in ref.[15]) with increasing
detection integration times. Between the regimes of too low and too high numerical counts, where
respectively dark noise and camera saturation predominate, we can identify an acceptable domain
of linearity (highlighted in green in (b)), within which the variation of the contrast is less than 0.01.
Therefore, all acquisitions must utilize speckle patterns with histograms falling within this linearity
domain for measurements, to avoid the need of error compensation.
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Figure 4. (a) Experimental Circular Gaussian Speckle histograms and (b) associated spatial contrasts,
as a function of the average numerical count (<NC>) of the camera. Three domains are clearly
distinguished in (b): on the left, a regime with too low numerical counts corresponds to abnormally
high spatial contrast; in the middle, a near-linear regime where the spatial contrast remains relatively
stable with increasing <NC>; and on the right, a saturation regime that decreases the spatial contrast as
the saturated fraction increases (indicated in red on (b)). We choose to operate within the near-linear
regime, marked in green, where the contrast variation is less than 0.01.

3.2.2. Measurements and Analysis between Two LSOCI Instruments

As previously mentioned, both imaging systems LSOCI1 and LSOCI2 don’t have the same
diverging optics and laser power. Thus, in order to work inside the contrast linearity range of intensity
previously described, the optical aperture of the cameras were used to compensate for the difference
of energy received. LSOCI1 and LSOCI2 respectively emitted 14W /m? and 7.5W /m? onto the skin,
but their respective camera apertures were set to achieve both an average numerical count < CN >
corresponding to the middle of the contrast linearity range, highlighted in green in Figure 4 (b).
Consequently, this led to a difference in the speckle grain size ratio of approximately 2 between the two
imaging systems, with the smaller grain size of LSOCI2 characterized by approximately 2 pixels. This
disparity in speckle grain size resulted in different C,,,y values between the two instruments when
illuminating the reference static sample.

For each of the 54 acquisitions performed (27 for each instrument), the C,;5x values were recorded,
resulting in mean values of 0.70 and 0.67 with associated standard deviations of 0.016 and 0.014 for
LSOCI1 and LSOCI2 respectively, after camera linearization and shot noise removal. It is noteworthy
that the spectral characteristics of lasers used in dynamic speckle imaging have only recently been
addressed [27], despite their significant impact on the Cx value through their spectral width. In this
experiment, the lasers were not temperature stabilized, and occasional mode hops could change this
reference Cpux value, necessitating its update before each acquisition. However, with temperature
stabilized single longitudinal mode lasers, a single acquisition value of Cy,x for each imaging system
would likely suffice due to the stability of the longitudinal mode, thus rendering the CVCM calibration
procedure particularly simple and nearly instantaneous.

Finally, utilizing a different and characteristic Cy;qx for both instruments enables us to replace the
B calibration procedure, while still maintaining the capability to perform semi-quantitative measure-
ments, which are primarily required in clinical applications.

Figure 5 presents quantified observations of the microcirculation skin reaction. Time tracking was
performed by both LSOCI1 and LSOCI2 instruments and lasted 4 hours and 25 minutes. Panels (a)(d),
(b)(e), and (c)(f) correspond to selected regions of interest circled in green, respectively located on the
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angioma, the center of the scratch, and a more peripheral zone farther from the scratch. The objective
was to test the CVCM throughout the entire dynamic range of the image. Panels (d), (e), and (f) are the
temporal zooms of (a), (b), and (c) respectively. LSOCI1 and LSOCI2 are represented by red and blue
colors, respectively. Dotted lines indicate the results obtained without calibration, setting C,x to 1 for
every acquisition, while solid lines utilize the C;;4x correction according to the CVCM.
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Figure 5. VMAI, measurements captured by two LSOCI instruments over time, before and after a
scratch provoking an irritation. Measures from LSOCI1 and LSOCI2 are respectively represented in red
and blue. Each column corresponds to the temporal study of the mean value over a region of interest
circled in blue in the thumbnail images above. Panels (d), (e), and (f) are temporal zooms of panels
(a), (b), and (c), respectively. Dotted lines represent measurements without calibration (Cyax = 1),
while solid lines reflect the CVCM correction with a distinct Cy;0x value measured for each acquisition.
Despite only partial averaging of the cardiac cycle effect and unavoidable movements, the totality of
the calibrated acquisitions from both LSOCI1 and LSOCI2 yield very similar results, in opposition to
non-calibrated values shown in dotted lines.

In order to partially average the cardiac cycle effect, each point on the curves was obtained
by averaging at least three closely timed measurements for each instrument, while adhering to the
previously described switch-and-replace procedure between acquisitions. The standard deviation for
each group of closely timed acquisitions is represented by vertical bars.

An overall comment reveals that the non-corrected blue dotted curve of the LSOCI2 instrument
consistently lies above the red ones. However, this offset is effectively corrected using the CVCM, for
all VMAI, values across the full range of acquisitions (between 20 and 1000 Hz).

Upon closer examination, as can be observed in panels (d), (e), and (f), the first group of closely
timed acquisitions of LSOCI2 —indicated by blue arrows only in (e) for clarity— displays a surprisingly
high mean value along with an abnormally high deviation in the non-corrected blue dotted line. Both
values are noticeably different compared to the simultaneous LSOCI1 measurements and also to
subsequent acquisitions performed by both instruments minutes later. Nevertheless, with the CVCM,
both the abnormal mean and deviation values are corrected and align well with other measurements, as
seen in the corresponding solid lines. This behavior is indicative of a laser mode hop that temporarily
altered the C;,4x value of LSOCI2. However, this Cy,,y Variation was successfully detected and corrected
using the acquisition on the static scatterer, according to the CVCM. From our experience, such mode
hops in the lasers used in this experiment could change the Cy;4x value by up to 25%.
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Finally, Despite the residual effects of the cardiac cycle and potential movements during acqui-
sitions, the CVCM successfully harmonized all the acquisitions performed by both instruments, as
demonstrated by the excellent overlay of the full blue and red lines.

4. Conclusion and Perspectives

To enable a quantified comparison between two distinct LSOCI instruments, we’ve proposed
the near real-time Contrast Variation Calibration Method, which characterizes each dynamic speckle
imaging system as a comprehensive unit, encompassing the laser source, optics, and camera. This
approach utilizes a unique parameter of calibration for each instrument which is the maximum spatial
contrast, attainable under given acquisition parameters, while imaging a static scatterer producing a
circular Gaussian speckle field. The microcirculation activity is then reached through the deviation,
whether in temporal or spatial contrast, from this maximum value in response to the agitation of
red blood cells. Using this calibration method, we have followed in time the evolution of a scratch
on the belly using 2 similar LSOCI instruments, but with different laser power, optics and detection
apertures. Microcirculation patterns and measures are in excellent agreement between both imaging
systems. Thus, despite being limited to semi-quantitative measurements, the LSOCI method with
CVCM provides a high dynamic range, accuracy, and stability of the signal, which can moreover be
successfully compared between calibrated instruments. We believe that these results are particularly
promising for numerous medical applications such as real-time monitoring of tumor evolution under
therapy, accurate characterization of diabetes stage assessment, various surgical applications, and
the evaluation of burn evolution. However, further improvements can be performed. Especially, the
validity domain of this calibration method should be studied regarding various numerical apertures
and laser spectral widths. Moreover, the sensitivity of the signal regarding the chosen integration time
in function of the observed dynamic of red blood cells should be carefully addressed to be further
optimized.
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