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Abstract. Speckle contrast imaging allows in vivo imaging of relative blood flow changes. Multiple exposure
speckle imaging (MESI) is more accurate than the standard single-exposure method since it allows separating
the contribution of the static and moving scatters of the recorded speckle patterns. MESI requires experimen-
tal validation on phantoms prior to in vivo experiments to ensure the proper calibration of the system and the
robustness of the model. The data analysis relies on the calculation of the speckle contrast for each exposure
and a subsequent nonlinear fit to the MESI model to extract the scatterers correlation time and the relative
contribution of moving scatters. We have designed two multichannel polydimethylsiloxane chips to study the
influence of multiple and static scattering on the accuracy of MESI quantitation. We also propose a method
based on standard C++ libraries to implement a computationally efficient analysis of the MESI data. Finally,
the system was used to obtain in vivo hemodynamic data on two distinct sensory areas of the mice brain:

the barrel cortex and the olfactory bulb. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported
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1 Introduction

Speckle contrast imaging has been developed during the last
decades as a powerful tool for blood flow mapping, particularly
in rodent brain structures.'™ The technique relies on the statis-
tical properties of dynamic speckle patterns observed when
a coherent light source is used to illuminate biological tissues,
like the eye,* or the exposed cortical tissues of the brain.”!?
In its simplest implementation, it only requires a standard video
camera and a single-mode laser.'*'* The speckle contrast is
computed over a spatial or temporal ensemble of pixels. As
shown in Eq. (1), contrast K is defined as the ratio of the stan-
dard deviation of intensities above the mean of intensities of the
pixels in the ensemble. If the scatterers are mobile, the contrast
K is related to the exposure time 7. Basically, moving scatterers
create dynamic speckle patterns that are averaged during the
exposure time 7. Areas in the image where scatterers are moving
fast will appear blurred, producing locally a lower contrast.
Theoretically, the values of K range from O for fast moving
scatterers up to 1 for purely static scatterers:

o(T)
(1(1))

The local speckle contrast K is calculated using spatial,*”!>
temporal,>®!1!® or spatiotemporal'® sliding windows. Spatial
calculation of K allows studying dynamic phenomenon with a
temporal resolution equal to the frame rate of image capture but
at the expense of a decreased spatial resolution. The temporal

K(T) = (M
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implementation provides a spatial resolution restricted only
by the optics and the sensor’s pixel dimension but with a limited
temporal resolution since data are averaged in the temporal
dimension. Theory of speckle formation relates the speckle con-
trast to the autocovariance of the intensities fluctuations of an
individual speckle.”’ Equation (2) provides the relation between
the contrast K, the exposure time 7, and the scatterers correla-
tion time 7. The variable x is equal to T/z,; p is defined as
the ratio of the intensity contribution of mobile scatterers over
the total intensity due to mobile and static scatterers; f is a
dimensionless constant that accounts for spatial averaging of
the speckle grains and instrumental parameters:
—2x _ %
K(T.z.) = (ﬁﬁ) : @)
2x
Under the assumption of single-dynamic scattering, the
blood velocity is inversely proportional to 7.:

Vo —. 3

Yet the exact relation between 7. and the velocity is not
known due to the lack of information about the actual geo-
metrical of scatterers, the assumption of a Lorentzian velocity
distribution of scatterers, and the contribution of distinct flows
to the speckle patterns. Previous analysis has concluded that
absolute quantitation of cerebral blood flow (CBF) using single-
exposure speckle analysis is difficult to obtain due to inherent
hypotheses of the model, the difficulty of measuring the instru-
mental parameter f, and ultimately the difficulty of evaluating
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the contribution of static scatterers to the speckle patterns.!*?

A model of speckle contrast K was derived successfully in order
to account for the contribution of the static scatterers and pro-

vide a more accurate derivation of the correlation time 7,.:*!

e —142x e —14+x 7
2T+4ﬂp(l —p)x—z-‘r V| .

“)

The term v, pools the contributions to K due to image noise
and nonergodicity. The first goal of our study is to evaluate sev-
eral normalizations approaches proposed to account for multiple
scattering events not considered in the model and that may
happen in large vessels due to the high-scattering optical coef-
ficient of blood. We have designed microfluidic chips to exper-
imentally study the effect of the vessel size on the accuracy of
flow retrieval. Fluid with different scatterers concentration has
been used to evaluate the impact of optical scattering in vessels.
A major challenge for multiple exposure speckle imaging
(MESI) imaging is the development of a simple and efficient
analysis workflow. In our set up, MESI acquisition generates
about 2 GB of data for a 40-s recording (image size of 700 X
500 pixels x 16 bits). The processing of the data is a very time-
consuming operation to generate the corresponding contrast
frames and the subsequent pixel-wise fit to Eq. (4) of a stack
of contrast frames acquired at different exposure times. We have
implemented an optimized contrast calculation and fit procedure
using open-source C++ libraries resulting in a simple, yet effi-
cient analysis method of MESI data. The second goal of our
study is to optimize the number of exposure times used in order
to obtain a temporal resolution adequate for the study of brain
hemodynamic changes. Finally, MESI imaging was applied

K(T’Tc) = |Pp
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in vivo in anesthetized mice to evaluate the practicability of the
technique to image CBF through the skull. MESI imaging of the
barrel cortex (BC) in the somatosensory cortex was compared to
data recorded in the olfactory bulb (OB) both at rest and during
functional activation.

2 Materials and Methods

21 MESI Set Up

The architecture of the MESI set up is shown in Fig. 1(a). The
system relies on an SCMOS flash camera (Hamamatsu, Massy,
France) camera with a fixed exposure time to capture images of
the brain tissues illuminated with a continuous laser diode
modulated in duration and intensity (633 nm, 200 mW, SGL,
Shanghai, China). The fast modulation of the laser is obtained
using an acousto-optic modulator (AOM) (AA Optoelectronics,
Orsay, France) driven by a high-frequency signal modulated
by an arbitrary waveform generator (Keysight Series 33600A,
Malaysia). The AOM is devoid of mechanical parts thus
allowing very fast and reproducible operation. It relies on dif-
fraction through a controlled phase grating to modulate the first
diffraction order of the signal. A fixed aperture diaphragm is
used to filter the nondiffracted light as well as the higher diffrac-
tion orders. The imaging lens is a custom-built dual lenses
macroscope” allowing a numerical aperture of 0.125 for a mag-
nification factor of 1.6 and a working distance of 1.5 cm. The
exposure time of the camera is fixed while the laser pulses are
modulated in time and intensity resulting in changes of the
actual exposure time while maintaining the intensity and conse-
quently the shot noise constant. The complete set up was
described in details previously.?*
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Fig. 1 Experimental set up: (a) MESI set up. LD, laser diode; AOM, acousto-optic modulator; DLM, dual
lens macroscope; AWG, arbitrary waveform generator; RF, radiofrequency control. (b) Microfluidic
chip#1 with single channels and (c) microfluidic chip#2 with channel arborescence.
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2.2 MESI Data Analysis

Contrarily to the single-exposure speckle imaging method, the
estimation of the correlation time 7. of a multiexposure speckle
acquisition is a computationally intensive task. The ultimate
goal of the data analysis is to obtain 2-D maps of 1/z., named
inverse correlation time (ICT) maps. Thus it is possible to cal-
culate relative changes in ICT for different physiological or
pathological conditions or during functional activation. The data
analysis method is based on Egs. (2)—(4).2! We propose here an
optimized procedure to obtain ICT maps from multiple exposure
speckle contrast images.

Prior to the fit to the MESI models, the raw gray level images
were processed to obtain the speckle contrast images. Four
different approaches using sliding windows or cuboid of pixels
were evaluated to calculate the contrast images. The spatial con-
trast K, was calculated with a spatial window of 5 X 5 pixels in
the same frame, the temporal contrast K, was calculated using a
single pixel in 15 consecutive images (1 X 15 window). For the
spatiotemporal K approach, the contrast is calculated for indi-
vidual a 5 X 5 spatial window and then average temporally for
five consecutive frames. The process is reverse for temporo-
spatial contrast K. The detailed definition and calculation for
each contrast have been defined previously.?> In the presented
data except when explicitly mentioned, the speckle contrast was
calculated as K.

The analysis program was written in C++ and used multi-
CPU parallelizing (Fig. 2) to reduce the analysis time compared

to classical MATLAB or Python approaches. For the sake of
efficiency, all the manipulation on images (read, save, extract
the values, etc.) were performed using the ITK library (Insight
Segmentation and Registration Toolkit*®). In addition to its
speed, this framework has the advantage to be an open-source
C++ library dedicated to the medical image processing and can
handle a large variety of file formats. The data analysis work-
flow is shown in Fig. 2. The input speckle contrast image is a
single-binary (.raw) file with N, frames. These frames are com-
posed of § multiexposure stacks, each composed of ¢ images
acquired with increasing exposure times (N; = § X t). The first
step of the procedure consists in splitting the input file into
S-independent stacks, which are then processed simultaneously
on separated CPU cores (Intel® Xeon® CPU E5-2690 3 GHz
with 40 cores). For each pixel of a stack, we estimate the value
of S by fitting the 7 exposure times with Eq. (2). The resulting
value is then used as a fixed term for the second fit with Eq. (4),
evaluating the values of 7., p, and v,. For both fits, we used
the Levenberg—Marquardt (LM) algorithm proposed in the
ALGLIB Free Edition C++ library.”” Although ITK library
also includes the LM algorithm, the version implemented in
ALGLIB can scale and constrain the fitted parameter, making
the optimization faster and the optimized values physically
relevant. The last step of the procedure was the creation of the
contrast parameters images, i.e., 5, p, v, and 1/z,. images. The
constraints, scaling values, and initial values chosen to estimate
the parameters for both fits are provided in Table 1.

S multiexposure (ME) stacks
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Single RAW file

J
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Fig. 2 Scheme of the speckle contrast data analysis procedure. A single file of the computed speckle
contrast frames corresponding to the full acquisition is split into S multiexposure stacks each composed
of t exposure times. Two fits are successively applied on each pixels of each stack. Finally, the estimated
speckle contrast parameters are grouped as separated images stacks.
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Table 1 Parameterization of the LM algorithm used for the data
analysis.

Parameter B e v p
Initial—first fit 0.05 10.0 0.001 —
[Eq. (2)]

Initial—second fit Fixed First fit First fit 0.5
[Eq. (4)] (first fit) result result

Constraint [0.0,+c] [0.0,20.0] [0.0,0.5] [0.0,1.0]
Scale 0.05 10.0 0.001 0.5

2.3 Microfluidic Phantom Design and
Implementation

The microfluidic chips were manufactured using standard photo-
lithography techniques. A photoresist (SU-8 3025, MicroChem)
with a controlled thickness was used to create microstructures on
a silicon wafer. A mixture of polydimethylsiloxane (PDMS) pre-
polymer and curing agent was prepared (Sylgard 184 Silicone
Elastomer Kit, Neyco, France). It was mixed and degassed before
being poured on the silicon mold and heated at 85°C to cure for
1 h. After curing, the PDMS was carefully peeled from the mold.
Holes for tubing connection of the chip were punched through
the PDMS. A PDMS layer with a thickness of 300 ym was used
to seal the chip. Sealing was obtained either using oxygen plasma
or corona discharge (Corona SB, Blackholelabs, Paris, France).
The flow in the chips was controlled using a pressure controller
(MFCS, Maesflo System Fluigent, Kremlin Bicétre, France) with
a feedback from a flow monitor (S and XS models, Fluigent,
Kremlin Bicétre, France) allowing a more stable, fast, and accu-
rate control than syringe pumps classically used. Intralipid (1141,
Sigma Aldrich) solution was used a flowing fluid. For most
experiments, it was diluted to 2% to obtain optical scattering
properties representative of whole blood.

Chip #1 [Fig. 1(b)] is composed of single channels with
increasing width ranging from 40 up to 500 um. The height and
length of all channels are 75 ym and 1 cm, respectively. Chip #2
[Fig. 1(c)] is composed of an arborescence of channels of 200,
50, 20, and 10 ym with respective lengths of 6, 0.5, 0.4, and
0.2 mm. In order to evaluate the ability of the MESI technique
to remove the contribution of static scatterers due to a skull
layer, the PDMS cover used to seal this chip was either com-
posed of clear PDMS or PDMS with an amount of TiO,.?
The reduced optical scattering coefficients of the PDMS covers
were measured using the well-established integrating sphere
method.”® The concentration of TiO, in the covers of chip #2
was adjusted to mimic the reduced optical scattering coefficients
previously measured in mice skulls.*® The reduced scattering
coefficients of the PDMS covers were 0 mm~' (chip #2a no
TiO,, pure transparent PDMS), 1 mm~! (chip #2b 1.91 mg/ml
of TiO,), and 3 mm~! (chip #2c 2.80 mg/ml of TiO,), which
corresponds to the reduced scattering coefficient of mice skull.*
Imaging chip #2a mimics imaging through an open cranial
window with a layer of transparent agarose above the tissue,
whereas chip #2b has an intermediate reduced scattering coef-
ficient corresponding to a thinned skull preparation. Three sets
of experiments were performed on the chips. First, using chip #1,
we have studied the accuracy of the MESI technique as a func-
tion of the channel width for a physiological range of flows
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(from 1 to 7 ul/ min) of 2% Intralipid. Second, the impact on
flow retrieval of the different concentrations of flowing scatter-
ers was studied using Intralipid solutions with concentrations of
2%, 4%, 10%, and 20%. Finally, using chip #2a,b,c, the method
used to calculate the speckle contrast and the impact of static
scatterers in the configuration of through-skull imaging were
studied.

2.4 In Vivo Experiments

All experiments were performed in accordance with the
European Directive 86/609/EEC regarding the care and use
of laboratory animals. In vivo MESI recordings were carried out
in anesthetized mice through skull and after a craniotomy was
performed over the OB or the BC. 4 to 8 weeks-old C57BL6
male mice (n = 6, 15 to 33 gr) were anesthetized with a cock-
tail of ketamine (100 mg/kg Imalgen) and metedomidine
(0.5 mg/kg), injected intraperitoneally. The anesthesia level
was adjusted if necessary throughout the experiment. Surgery
has begun when the mouse no longer responds to hindpaw
pinch. During the entire experiment, the animal was placed on
a thermostatically controlled heating pad. Body temperature was
maintained rectally at 37°C. After securely placed in a stereo-
taxic, imaging was carried out over regions of about 3 x 3 mm?
and 1.5 1.5 mm? over the BC and OB, respectively. These
regions were exposed first without a craniotomy (keeping skull
intact, without thinning) and second after a skull opening was
performed over the BC and the OB. A low-temperature agarose
layer (1.2%) was placed over dura to minimize brain move-
ments. Sensory stimulations were carried out using: (i) a cus-
tom-designed olfactometer for OB and (ii) a custom-designed
mechanical stimulator for whiskers. In both cases, stimulation
was synchronized to the MESI acquisition. An olfactory sensory
simulation trial consisted of 12 s of baseline (with airflow), 12 s
of odorant stimulation, and 24 s of airflow clean-up. One experi-
ment consisted in up to five trials recordings for olfactory stim-
ulations with hexanal 5% or isoamyl acetate 5% diluted in
mineral oil. Stimulations with two odorants were interleaved
randomly to prevent habituation. A somatosensory stimulation
consisted of 70 s of data acquisition at 5 Hz and an oscillation
amplitude of 7 mm, with 60 s stimuli starting after 10 s consid-
ering as a baseline. This protocol was repeated 3 times for each
stimulus. The detailed craniotomy procedures and the custom
olfactometer set up were described previously.’!

3 Results and Discussion

3.1 Impact of the Vessel Diameter and Mobile
Scatterers Concentration on the ICT Values

The knowledge of the microfluidic channels dimensions in chip
#1 as well as the ability to set the optical scattering properties
of the flowing fluid allowed the experimental study of the
robustness of previously proposed normalization techniques
to account for multiple scattering effects.>*? Indeed, the math-
ematical models that support the derivation of a physiologically
meaningful parameter (ICT) assume that the collected light has
undergone a single-dynamic scattering event. This may be true
in small capillaries but due to the highly optical scattering coef-
ficient of blood this assumption breaks down in larger vessels.
It has been shown from the dynamic light scattering theory that
speckle correlation time is weighted by the number of scattering
events in the multiple scattering regime.> The analysis of
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speckle data was carried out over a range of configuration with
physiologically relevant channel diameters and flows. We have
studied the effect of the vessel’s diameter and the effect of the
scatterers concentration. Figure 3(a) presents the ICT as a func-
tion of the flow for channels with increasing widths. For all
channels, the ICT derived from the MESI model increases
roughly linearly with the flow. However, flows higher than
1 pl/ min lead to significant differences in the ICT values
depending on the channel width. The differences in ICTs are
stronger as the flow increases, and the ICT values are lower for
wider channels. Figure 3(b) shows the effect of the normaliza-
tion of ICT by the characteristic length L. of the channels as
proposed previously.** Here, as the vessels are not cylindrical
but parallepipedic, we have calculated L, for each channel
as the square root of its depth is multiplied by its width. As
can be seen, this normalization provides a metric of the flow
that is consistent for flows up to 4 ul/ min for the considered
vessels. However, the normalization is less robust for higher
flows and fails for all flows in larger vessels of 300 and
500 pm width (Fig. 4). The vessels’ dimensions and flows
observed in laser speckle contrast imaging of the cortical vas-
culature of small animals models are within the limits of accu-
rate normalization. However these limits become a significant
issue if the speckle imaging technique is used in a clinical
per-operative context.*

The hypothesis of a single-dynamic scattering event for pho-
tons that contribute to the speckle patterns is also highly depen-
dent on the scattering properties of the flowing fluid. Increasing
the concentration of scatterers increases the number of scattering

(@)
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events and in turn modifies the speckle patterns. Here, we
focused on the physiological range of the optical scattering
properties of blood, which are related to the hematocrit (i.e., the
relative proportion of red blood cells in plasma). Considering
physiological hematocrit changes of about +20% around a base-
line value of 47%,3 the reduced scattering coefficient of blood
is likely to vary between 1.5 and 2.6 mm~'.3® As the reduced
scattering coefficient of Intralipid solution scales linearly with
concentration,®’ the flowing solution concentration can be
adjusted to mimic the reduced scattering of blood. A solution
with Intralipid concentration of 2% is assumed to simulate rea-
sonably the reduced scattering properties of normal blood.***
In our experiments, doubling the concentration of the scatterers
leads to an increase of the calculated ICT for all flows in
a 60-um width channel [Fig. 5(a)].

In Fig. 5(b), the data have been normalized by the reduced
scattering coefficient of the flowing fluid and by the character-
istic length of the channel as proposed recently.*>** The normal-
ized data show a good agreement for flows up to 3 ul/min for
both scatterers concentrations. For higher flows, the normaliza-
tion does not efficiently retrieve the same ICT for identical
flows. Similar results are observed in smaller and larger chan-
nels (data not shown). Interestingly, for all channels, high con-
centrations of scatterers (solution of Intralipid 10% and 20%)
lead to a “saturation” of ICT values as can be seen in Fig. 6
for channels widths of 60 and 300 um. For both channels,
10% and 20% Intralipid solutions lead to identical ICT values
for different flows before any normalization. This suggests that
the mean number of scattering events undergone by each photon
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Fig. 3 Impact of the normalization of multiple dynamic scattering by the characteristic dimension of
the channels. Data have been obtained by flowing 2% Intralipid solution into the channels of chip#1.
(a) Raw ICT and (b) ICT normalized by the characteristic dimension L, of each channel.
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Fig. 4 Normalization by the characteristic dimension of the channels fails for large diameters. (a) Raw
ICT and (b) normalized ICT. Data have been obtained by flowing 2% Intralipid solution into the channels

of chip#1.
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Fig. 5 Impact of the scattering properties of the flowing fluid. (a) Raw ICT and (b) normalized ICT.
Data have been obtained by flowing 2% and 4% Intralipid solution into the 60-um channel of chip#1.
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Fig. 6 10% and 20% Intralipid solutions lead to ICT saturation before normalization in both 60- and
300-um channels. (a) Raw ICT for 10% and 20% Intralipid solutions in a 60-um channel and (b) raw
ICT for 10% and 20% Intralipid solutions in a 300-zm channel.

before they are backscattered is not modified when increasing
the Intralipid relative concentration from 10% to 20%. Such a
high concentration of scatterers is not representative of blood
normal values, so this does not preclude the use of speckle in
blood flow imaging. However, it implies that calibration experi-
ments of speckle imaging instruments should be performed with
fluids that closely mimic the optical properties of physiological
blood. Normalization of in vivo data on the basis of hematocrit
values is not straightforward since the hematocrit varies within
vasculature so a single value obtained by a blood sample can
only be used as a general indicator. The mapping in real time
of the in vivo local optical properties with a spatial resolution
similar to speckle contrast could allow an accurate normaliza-
tion, considering physiological hematocrit changes. Methods
based on spatially modulated imaging could provide in vivo
maps of the optical coefficients.*”** The normalization to the
optical scattering properties may be particularly relevant for
the comparison of flow between healthy and pathological states
in small animals where the hematocrit is subjected to abnormal
changes. For all vessels considered, the normalization is effec-
tive for flows below 3 ul/ min but fails with higher flows. Again
this does not prevent accurate speckle flow index measurement
in small animals but should be considered if speckle imaging is
considered for clinical applications in humans.

3.2 Choice of the Processing Algorithm for
the Calculation of the Speckle Contrast

In order to evaluate the influence of the processing algorithm of
the raw data on the speckle contrast evaluation and the ability of
the MESI approach to account for the contribution of static scat-
terers, we have carried out measurements on chip #2. First, we
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have tested four approaches proposed previously to calculate
the speckle contrast: spatial contrast K, temporal contrast K,
spatio-temporal K, and the temporal-spatial K;. Experiments
were carried out in chip #2 with a transparent PDMS cover.
Figure 7 shows the results of the four processing approaches
of dynamic speckle contrast derivation. The temporal analysis
(K ) approach leads to high noise in all the image regions (inside
and outside of the channels) due to the absence of spatial aver-
aging. This approach fails to extract accurately the smaller chan-
nels. Using the classical spatial analysis (K), the contrast maps
are less noisy than for K, at the expense a coarser temporal
resolution. The profile across the channels shows edges’ effects
around the walls of the channels due to spatial averaging. Some
variabilities are observed in the contrast values inside the chan-
nels, especially for the 50-ym-diameter channel. The spatio-
temporal and temporo-spatial approaches (K, and K) provide
less noisy contrast maps and demonstrate good visibility for
imaging microvessels. Noticeably, both approaches result in the
same contrast values at the center of all the channels [Fig. 7(b)].
The ratio of the speckle contrast inside and outside the channel
is higher for the K, approach, especially in the larger vessel. For
the K analysis, spatial averaging produces strong edge effects
on the channel walls, similar to the K approach. This does not
prevent accurate speckle flow measurement since a centerline
along the channel direction is used as a region of interest for
flow measurements. Even the edge effects enhance the visibility
and the practical location of the smaller vessels on the contrast
images. Since the raw images are natively a collection of spatial
frames, it is practically more efficient to perform the K calcu-
lation rather than the K, analysis. Consequently, the K
approach was chosen in the subsequent experiments.
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Fig. 7 Impact of the contrast processing algorithm: (a) evaluation of speckle contrast for laser speckle
contrast images of microfluidic phantom chip#2, calculated as Kj, K, Kis, and K. (b) Plot profile cor-
responding to the white arrows in (a) for channels widths of 20, 50, and 200 xm. Dotted lines correspond

to the channel walls.

3.3 Implementation of the Data Analysis Workflow

Three programming languages, i.e., MATLAB, Python, and
C++, were evaluated to calculate the ICT maps using the K
contrasts stacks. Table 2 shows the comparison in terms of exe-
cution time between the three codes following the procedure
described in Fig. 2 for 6 and 16 exposure times per stack S and
three different image sizes (100 x 100, 300 x 300, and 500 X
500). For in vivo experiments, numerous stacks are recorded
to follow the variation of ICT values during a stimulation trial.
Consequently, we also compare the processing time for a single
stack (ME-1) and for 40 stacks acquisition (ME-40) corre-
sponding to a complete single-trial acquisition. The obtained
computing times indicate that C++ analysis program is about
2 to 3 times faster than MATLAB or Python programs.
Moreover, thanks to multi-CPU parallelizing, no additional time
is necessary to process the 40 multiexposure stacks for the C++
approach. Finally, this optimal procedure is able to reduce the
analysis time of a full acquisition to a few minutes, compared to
several hours for MATLAB or Python approaches.

3.4 Optimization of MESI Methods for In Vivo
Imaging of Dynamic Cerebral Blood Flow
Changes

The MESI model provides accurate estimation of the correlation
times 7, in the presence of mobile and static scatterers, as is the
case for in vivo imaging. This accuracy compared to the single-
exposure approach is obtained at the expense of a more complex
instrumentation and data analysis. In this context, we have
worked toward two goals: first, the reduction of the number
of exposure times required to estimate 7z, and second, the opti-
mization of the data analysis workflow. In order to estimate the
correct number and values of exposure times, we have followed
an empirical approach based on MESI data acquired in vivo
at 16 different exposure times from 50 ps up to 60 ms. For
the unbiased acquisition of MESI data, the same level of light
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intensity on the camera sensor should be maintained throughout
the whole exposure ranges. This is possible thanks to the use of
a high-power laser diode (200 mW) associated with an AOM
that modulates simultaneously the duration and the intensity
of the light pulses, whereas the sSCMOS camera takes images
at a fixed exposure and frequency. Figure 8(a) shows represen-
tative speckle contrast images of cortical tissues obtained in
anesthetized mice for different exposure times. We have proc-
essed 32 ROIs obtained on 4 different mice with different com-
binations of exposures times. We found that the combination of
contrast images acquired with the 6 following exposure time at
50 us, 200 ps, 800 us, 5 ms, 20 ms, and 60 ms gives the best
estimates of 7, in comparison to the estimate obtained using the
16 exposure times considered as a reference [Fig. 8(b)]. These
6 values are not identical but very close to the set of values
(50 ps, 250 us, 750 us, 5 ms, 25 ms, and 80 ms) determined
previously in a systematic approach.*! The values span the range
of exposure from very short exposure up to long-exposure times,
which supports the speckle model of short-exposure time being
more sensitive to fast flows in arteriole, whereas longer exposure
time being able to capture lower flows in the parenchyma. The
longest exposure time in our set of parameters is 60 ms thus
the frame rate of the SCMOS camera is 11.3 fps and the tempo-
ral resolution of the MESI imaging with 6 exposure times is
528 ms. This temporal resolution is adequate for the study of
hemodynamic changes, which occur in the brain following
functional activation.

The MESI model allows accounting for the contribution of
static scatterers to the speckle patterns. This is of particular
importance for in vivo imaging as it could allow longitudinal
minimally invasive imaging. We have first carried out an analy-
sis of speckle patterns for flows recorded in vitro on the chips
#2a,b,c sealed with 300-um thick PDMS covers with increasing
reduced scattering coefficients. The impact of the optical scat-
tering of the PDMS cover material on the profile of the contrast
computed at the centerline section of the 20-, 50-, and 200-ym
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Fig. 8 Optimization of exposure times for MESI acquisition in vivo in the mouse barrel cortex.
(a) Representative speckle contrast images obtained for increasing exposure times. (b) Correlation times
derived using the MESI model with a set of 6 exposures times [corresponding to maps framed in red in
Fig. 8(a)] as a function of correction times derived using 16 exposure times.

Table 2 Comparison of the consumed time by processing algorithms (MATLAB versus Python and C++). S is the number of multiexposures

stacks (N; = Sx t).

Processing time are expressed in seconds

Image size (pixels)

Programs # of stacks # of exposures 100 x 100 300 x 300 500 x 500
MATLAB ME-1 6 26.2 207.9 550.9
16 27.5 220.2 592.1
ME-S (S = 40) 6 1048.5 8315.7 22036.1
16 1099.2 8808.4 23684.4
Python ME-1 6 30.2 2771 802.8
16 35.7 300.3 812.7
ME-S (S = 40) 6 1208.2 11083.4 32112.0
16 1427.9 12010.4 32508.1
C++ ME-1 6 10.8 97.3 262.5
16 1.2 103.0 265.6
ME-S (S = 40) 6 10.8 97.3 262.5
16 1.2 103.0 265.6

diameters channels is shown in Fig. 9. The increase of the con-
centration of static scatterers in the PDMS cover leads to an
increase of the speckle contrast values outside and inside the
channels. These results arise from the sum of the contribution
of the static and moving scatterers to the speckle contrast.
Table 3 shows the results of the MESI analysis for three chan-
nels in the chips#2 a,b,c. The decrease of p values with the
increase of the static scatterers concentration reflects the lower
fraction of the collected light that is scattered by the moving
scatterers. The correlation times and subsequent ICT values
derived from the MESI model are only slightly modified by the
presence static scatterers showing the robustness of the tech-
nique to account for the static scatterers contribution to the
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speckle contrast. The MESI model provides accurate correlation
times and corresponding ICT estimations even in the presence of
thin highly scattering layers like skull. This supports the use of
the MESI technique for in vivo imaging in intact or thinned skull
preparations.

In order to validate these findings for biospeckles recordings,
we have tested the MESI technique in vivo with the intact
skull and with an open craniotomy preparation in the same
anesthetized mice. Figure 10(a) shows representative raw and
speckle contrast images for both configurations in the same ani-
mal. The corresponding speckle contrast values as a function of
exposure times are presented in Fig. 10(b). The profile of the
speckle contrast varies significantly across the selected ROIs.
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Fig. 9 Effect of static scatterers on speckle contrast values in centerline section of channels. Profile of
the speckle contrast across the 20-, 50-, and 200-zm channels. Blue lines correspond to chip#2a without
static scattering. Green lines correspond to chip#2b with low-static scattering. Black lines correspond to
chip#2c with high-static scattering. Dotted lines indicate the walls of the channels.

Table 3 Effect of static scatterers on speckle flow measurements in
different channels. 7, and raw ICT (not normalized) obtained on the
channels of chip #2a,b,c while flowing Intralipid-2%. 7, and ICT are
not normalized for the channel diameters.

Q=1 ml/min Chip #2a Chip #2b Chip #2c
D = 200 ym 75 (ms) 0.0142 0.0128 0.0136
ICT 70.53 78.25 73.74
p 0.8 0.76 0.42
D =50 um 76 (ms) 0.0105 0.0103 0.0108
ICT 95.3 97 92.3
p 0.78 0.57 0.4
D =20 ym 75 (MS) 0.0053 0.0058 0.0061
ICT 187 172 165
p 0.36 0.33 0.3

As expected for all ROIs, the contrast decreases with increasing
exposure times. The derivation of 7. and p from the MESI model
shows that the lowest 7. are found in large vessels (ROI#1) cor-
responding to higher flow compared to parenchyma regions
with highest 7, and lower flow (ROI#3). For region #1 and
#2, the parameter p retrieved from the MESI model in the open
craniotomy is much higher compared to the same parameter
derived from images obtained through the skull. This supports
that p is strongly related to the contribution of mobile scatterers.
For region #3, which we identified as parenchyma, there is no
significant difference in p before and after the craniotomy. This
surprising result may arise from the fact that the proportion of
moving scatterers is fairly low and that contributing static scat-
terers in this region are not mainly scatterers from the skull but
rather from the tissue itself. In addition, the speckle patterns
from this ROI originate from several capillaries with multidirec-
tional flows, thus making the MESI data difficult to interpret.
Finally, in order to estimate the accuracy of speckle imaging
through skull with the MESI technique, we have considered
47 ROIs in 5 mice and compared the correlation times derived
before and after the craniotomy. As shown in Fig. 10(c), there is
a strong linear correlation between 7, derived for both configu-
rations. These results support previous findings carried out in a
partial-craniotomy configuration.** MESI imaging can monitor
CBF in mice through the skull. However, these data are obtained
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in young mice (aged 4 to 8 weeks), and we failed to obtained
consistent ICT maps for mice older than 11 weeks. In our hands,
this is a practical limitation of through-skull imaging that pre-
vent from longitudinal imaging. Long-term imaging can still be
carried out using a chronic cranial window, which is feasible but
difficult to practically implement over months.'!*?

3.5 MESI versus Single-Exposure Speckle Imaging
of Functional Activation

Studying local regulation of CBF is essential for further under-
standing of basic brain function as well as pathologies such as
stroke. Here, to assess the ability of the MESI technique to study
the relative changes in CBF during functional activation, we
have acquired in vivo data in the OB and BC in anesthetized
mice before and after sensory stimulation. Previous speckle data
have been obtained during functional activation in mice brain
mostly during electrical stimulation of the somatosensory
cortex.***” They have been recorded using the single-exposure
approach, which shows a limited accuracy since (i) it does not
account for static scatterers and (ii) the ICT relative changes
depend strongly on the single-exposure time chosen. Here we
provide MESI images of BC and OB at rest and following
sensory activation. To our knowledge, only a few studies have
implemented single-exposure laser speckle imaging in these
brain structures during physiologically relevant sensory acti-
vation.*>*® Figure 11(a) compares the raw ICT maps derived
from the same experiment using single-exposure speckle
analysis at 0.8 and 5 ms and the ICT maps derived from the
MESI analysis (using six exposures). MESI-derived ICT map
shows higher contrast although surface blood vessels can
already be clearly seen using the single-exposure approach.
The main difference between single-exposure speckle and
MESI here is that MESI provides bias free estimation by con-
sidering noises and the contribution of static scatterers. In the
single-exposure approach, the ICT relative changes following
activation are strongly dependent on the exposure time. The bias
free approach of MESI leads to significantly higher estimation
of ICT changes between rest and activation in large and small
vessels [Figs. 11(c) and 11(d)].

3.6 MESI Imaging of Functional Activation

We have recorded MESI data during the functional activation of
the OB and of the BC. Both models use relevant physiological
activation, respectively, using puffs of odorant with controlled
pure odorant molecule concentration and mechanically sus-
tained stimulation of the whiskers. Both structures present a
highly organized architecture composed of functional structures
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Fig. 11 MESI versus single-exposure imaging of functional activation. (a) Representative ICT maps of
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and MESI analysis of the same data. (b) Representative ROIls used to study the ICT changes
following functional activation. Blood vessels are segmented using an intensity threshold and ROIs
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changes of ICT following functional activation using single-exposure analysis at 0.8 and 5 ms and
MESI analysis. (d) Mean % changes of ICT in large and small vessels using single exposure and
MESI analysis.
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Fig. 12 In vivo MESI data obtained at rest and under functional activation in the BC and OB of anes-
thetized mice. (a) Representative MESI derived raw ICT maps for BC at rest and following sustained
activation. (b) Representative MESI derived ICT maps for OB at rest and under activation. (c) MESI
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followed by clean air with no odorant. Data in BC were obtained in 2 mice (17 ROIs). Activation was
studied during mechanical stimulation of whiskers at 3 to 5 Hz for 1 min). Statistical tests are unpaired

student tests, p < 0.05.

that have been shown to map sensory activation.*>! The glo-
merulus is the basic functional unit in the odor map of the OB.
It is a round structure of about 50-ym diameter located about
100 um below the brain surface, densely packed with synapses
and capillaries. In the somatosensory cortex, an individual
whisker is represented in an anatomo-functional unit, the “bar-
rel.” Each module is a large (~1-mm in diameter) six layered-
neocortical structure, extending ~2-mm deep (for layer 6) below
the brain surface. Figures 12(a) and 12(b) show representative
ICT maps for the OB and the BC at rest and following sensory
stimulation. These maps show a slight but significant increase
of the ICT of most of the surface vessels. Using our set up,
the MESI techniques give access to vessels with diameters down
to ~15 to 20 um. Small vessels could be observed in the OB
with a mean diameter of 25 + 8 um, whereas larger vessels
(mean diameter of 50 £ 23 ym) were observed in the BC.
Interestingly, the MESI analysis leads to similar ICT in vessels
with similar diameters in both structures (data not shown).
Under baseline (rest) conditions, the ratio of the average corre-
lation times for BC/OB in vessels with diameter from 15 to
30 um was found to be 0.894. This shows that correlation times
in vessels of the same diameter are similar in both structures,
suggesting a ubiquitous relationship between diameter and
blood flow index, presumably due to physical hydrodynamics
rules.

We measured hemodynamic response induced by sensory
stimulations in both structures over the same ROIs defined as
shown in Fig. 11(b). Figure 12(c) shows the ICT values at rest
and following sensory activation for single ROIs defined over
the OB (6 animals, 33 ROIs). As can be seen in the bar graph
of Fig. 12(d), the increase averaged on all ROIs following
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activation was found to be of 28% =+ 4% the BC and 23% =+ 3%
in the OB. The distance to the upper and lower quartiles indi-
cates that the values concentrate at the upper end of the scale
for both structures. The difference of increase between BC and
OB was found to be slightly significant (p < 0.05) but can be
attributed to difference in stimulation intensities or the local
morphology of the vascular network, which makes the interpre-
tation of this difference difficult as it has many potential causes.
First, the different nature and intensity of the stimulations
(volatile odors versus mechanical stimulation of the whiskers)
to activate these structures are very difficult to compare, but
according to the literature,**”? the sensory stimuli that we
applied are moderate to strong. Second, as the blood vessels
accessible in the OB are small arterioles and capillaries, the
increase of CBF following olfactory activation is expected to
be smaller than in large arteries observed in the BC. Third, neu-
rovascular coupling mechanisms are not strictly the same in
different brain regions.53 Overall, our data show that MESI is
well-adapted to the study of small to moderate blood flow
changes during physiologically relevant sensory stimulations.
In addition, the difference in intensity of the changes between
two brain sensory structures underlines the fact that the gener-
alization of CBF changes interpretation from functional imaging
should be performed cautiously according to the intensity of the
stimuli and the anatomical organization of the targeted structure.

4 Conclusion

We have investigated the MESI technique to study functional
activation in anesthetized mice. The strength of this model
lies in its ability to estimate accurate correlation time independ-
ently of the static scatterers contribution. However, one of the
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assumptions of this model, i.e., single-dynamic scattering, is
rarely met for in vivo imaging of rodent CBF. Our microfluidic
study shows that for vessels with large diameters, normalization
by the vessel diameter allows us to retrieve accurate ICT. We
have also evaluated the influence of hematocrit changes. For
physiologically relevant hematocrits, the data can be normalized
considering the local reduced scattering coefficient, although it
is difficult to achieve this for in vivo data. We have carried out
MESI imaging of the OB and BC at rest and following sensory
activation. The comparison of BC and OB data obtained after
craniotomy showed significant differences in ICT values at rest
or in an activated state indicating that the interpretation of func-
tional imaging should carefully consider local morphological
and functional specificity.
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