Evaluation of laser speckle contrast imaging as
an intrinsic method to monitor blood brain
barrier integrity
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Abstract: The integrity of the blood brain barrier (BBB) can contribute to
the development of many brain disorders. We evaluate laser speckle
contrast imaging (LSCI) as an intrinsic modality for monitoring BBB
disruptions through simultaneous fluorescence and LSCI with vertical
cavity surface emitting lasers (VCSELs). We demonstrated that drug-
induced BBB opening was associated with a relative change of the arterial
and venous blood velocities. Cross-sectional flow velocity ratio
(veins/arteries) decreased significantly in rats treated with BBB-opening
drugs, <0.81 of initial values.
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1. Introduction

Exchanges between the blood and the central nervous system (CNS) are highly controlled by
the blood brain barrier (BBB), essentially composed of endothelial tight junctions and
astrocytic glial cell endfeet wrapped around small brain vessels [1]. A breakdown of the
barrier’s integrity can negatively affect normal brain behavior. For example, recent studies
demonstrated that malfunction of BBB integrity is a key factor in many pathological brain
states such as Alzheimer’s disease and Post Traumatic Epilepsy (PTE) [2-5]. Conversely,
lack of BBB permeability represents a challenge for drug delivery into the CNS [6, 7].
Consequently, many techniques are being developed to locally alter the barrier integrity and
allow optimized local drug release into brain tissue [8—10]. It is thus often necessary to
monitor the progression in BBB disruptions. MRI or CT scanners are used to monitor BBB
integrity [11-14], as various MRI and CT parameters were proven to vary with BBB opening
[11]. However, MRI and CT scanners are expensive to operate, are not optimized for
prolonged measurement periods, and limit access to the subject during the recording period.

In preclinical studies on rodents, BBB permeability is often visualized and/or quantified
using optical imaging methods and extrinsic fluorescent markers [15-17]. In fluorescent
imaging, markers need to be injected within the vasculature, making these techniques
inappropriate for continuous BBB permeability monitoring. Fluorescent dye can be re-
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injected in multiple successive imaging sessions, but the typically long lifetime of the dye
inside the vasculature and/or the tissue considerably increases the intervals at which imaging
can be performed, leading to the reduction of the sampling rate.

As BBB opening is known to have an effect on cerebral blood flow [18], we studied the
effect of BBB opening on blood flow velocity maps acquired with Laser Speckle Contrast
Imaging (LSCI). LSCI is an intrinsic imaging technique that uses coherent light to measure
wide-field relative flow velocity maps and offers high spatiotemporal resolution [19-21]. This
technique has gained popularity in the past decade due to its simplicity, low cost, high spatio-
temporal resolution, and its potential use in miniature, animal-mounted systems [22, 23]. The
ability of the technique to measure flow velocities with high sensitivity has been confirmed by
comparison to both Laser Doppler measurements [24], time of flight measurements in vivo
[23], and in microfluidic systems in-vitro [25]. A number of review papers in the last few
years outline the breadth of applications enabled by the technique in cortical blood flow
imaging in healthy and damaged tissue [26—29].

Recently, we demonstrated that the coherence length of Vertical-Cavity Surface-Emitting
Lasers (VCSELSs) can be rapidly altered by applying different driving current modes (swept
current and continuous current modes), thus making VCSELs an attractive illumination
source for fast simultaneous measurements of blood flow and blood oxygenation via LSCI
and Intrinsic Optical Signal Imaging (IOSI) modalities, respectively [30, 31].

Previous studies reported simultaneous wide-field fluorescence imaging and LSCI [20,32].
Here we show that a similar system can be replicated with low power VCSELs. VCSELs
offer several advantages as compared to LEDs (size, sharp emission peak, low energy
consumption, stability) and other laser sources (cost, size, rapid intensity, and coherence
modulation), as further discussed in reference [31]. In this study, we acquired simultaneous
relative velocity maps and vascular fluorescent maps during BBB opening and determined the
effect of the opening on the relative velocity maps. Fluorescent dye imaging was used as a
“gold standard” comparison technique to confirm BBB permeability changes and leakage. In
addition, we simulated the effect of leaky vessel boundaries on the velocity maps to compare
to our experimental observations. Our results show that the ratio between venous and arterial
blood flow is significantly reduced in animals with compromised BBB, indicating that this
parameter is a promising metric to assess BBB integrity. To our knowledge, this work
represents the first demonstration that LSCI can be used as an intrinsic method for monitoring
BBB integrity.

2. Methods
2.1 Evaluation of flow parameters

Figure 1 shows a schematic representation of vessels with both intact (Fig. 1(a)) and leaking
(Fig. 1(b)) BBB. Based on the findings of Prager et al, who used a method based on
fluorescent labeling to monitor changes in blood flow dynamics [18], we hypothesized that
local changes in flow can be observed in blood vessels located near leaking zones and that
leakage at the capillary level (with or without red blood cell extravasation) would translate
into a change in the vascular ouput/input balance, i.e. the ratio of the blood flowing in and out
of the tissue. Figure 1(c) represents the transverse flow profile along the dotted line in Fig.
1(b), which defines the different parameters that were assessed in this study: (1) the maximum
relative blood velocity (usually at the vessel center), (2) the diameter of the vessel (full width
at half maximum of the velocity profile) and (3) the area under the transverse velocity profile
(calculated as a spatial integration of the flow velocity values between the two sides of the
vessel). The last parameter was measured because it comprises information on both (1) the
relative blood velocity and (2) the vessel dilation (diameter change). The integrated velocity
profile involves integrating the values of speckle contrast in the transverse direction. The local
speckle contrast values effectively integrate speed over depth. Therefore, the transverse
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velocity profile is an average integral of the speed in the two transverse directions along a
vessel. Therefore, the integrated transverse velocity profile effectively shows the volume flux
by multiplying speed by area.

Capilairies

Vein or Venule
(Output)

Artery or Arteriole
(Input)

P

velocity

x 1

Artery or Arteriole Q Vein or Venule
(Input) . : (Output)

-
Tranverse velocity profile (a.uL)

— y
Distance (a.u.)
S ()

\

(b)
Fig. 1. (a) Hypothetical illustration of the blood flowing through an artery (or arteriole),
capillaries and a vein (or venule), subsequently, in the condition of intact BBB. (b) Same
representation for a compromised blood brain barrier, wherein the venous output (red arrow) is
decreased. The input and output blood volumes are represented by white and red arrows,
respectively. (c) Hypothetical transverse velocity profile along the dotted line (b) and definition
of the different parameters measured and analyzed in this study. The maximal velocity
amplitude is represented by the vertical arrow, the vessel diameter (full width at half

maximum) is represented by the horizontal arrow, and the area under the transverse velocity
profile is represented by the shaded area.

2.2 Animal preparation

The imaging studies were conducted on anesthetized (2-3% isoflurane) male Sprague Dawley
rats (200-300g). All animal studies were performed in accordance with ethics protocols
approved by the University of Toronto Animal Care Committee. After anesthesia induction,
the animal was placed in a stereotaxic frame. A local analgesic (lidocaine cream, EMLA) was
applied to all pressure points and tissues to be incised. The animal body temperature was
maintained at 37.5°C using a thermal blanket (T/Pump, Gaymar Industries, Orchard Park,
NY). Hind limb withdrawal reflex, heart and breathing rates were observed at regular
intervals throughout the experiment to ensure that the animal remained at a surgical plane of
anesthesia. A 5 mm diameter craniotomy was performed over the sensory cortex and the dura
was carefully removed to expose the brain tissue to be imaged. As previously described [30,
31], the craniotomy was then surrounded with a petroleum gel track to form a well which was
filled with 1-2% agarose gel. Subsequently, the gel track was covered with a coverslip to form
a cranial window. Evans blue dye (Sigma, 1.5%, 1ml/kg) was injected via the tail vein. For
local drug application, the well was filled with saline only. In five animals, a craniotomy was
performed on both hemispheres, as described in section 3.2; a window was placed over the
open skull area in one of the hemispheres while a saline bath (made from petroleum gel wall,
surrounding the exposed skull area) was prepared over the second hemisphere. This
configuration allowed for unilateral drug application by changing the solution in the bath. In
two of these five animals, no fluorescent dye was injected to eliminate possible effect of dye
injection on our results.

2.3 BBB opening

Lipopolysaccharide (LPS) or deoxycholic acid (DOC) were used to alter the blood brain
barrier permeability [15, 33]. In a subset of experiments, we used tail vein injection of LPS
(Sigma, 1 mg/kg) a drug known to induce a BBB opening [15]. Blood flow and fluorescence
maps were acquired prior to, and two hours after, LPS injection, and were subsequently
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compared to one another. We were also interested in observing the effect of a local BBB
opening. Local application of LPS on the tissue, rather than intravenously, does not
systematically induce a disruption of the BBB [34] and for this reason topical application of
2 mM DOC (dissolved in saline) was used for local BBB disruptions. In animals treated with
DOC, relative blood flow and fluorescence maps were acquired prior to, and 30-40 minutes
after, the application of the drug.

2.4 Optical imaging

A schematic representation of the imaging setup is shown in Fig. 2(a) Several VCSELs with
different wavelengths (680, 795 and 850 nm) were incorporated into a small (~ 5 mm
diameter) package (Vixar Inc., Plymouth, MN), to be used as an illumination source. The
backscattered (or fluorescence) light was collected, collimated, and redirected onto a 14-bit
EMCCD camera (Rolera EM-C?, QImaging, Surrey, BC) with the help of two imaging lenses
(Nikon, 28 mm f/2.8 and 50 mm f/1.4). This configuration led to 1.8X magnification, and
images of 500 x 500 pixels (or 2 x 2mm) were acquired. To accommodate a fluorescence
imaging configuration, two long-pass filters (NT54-753, Edmund Optics Inc., Barrington, NJ)
were placed in between the two imaging lenses (where light is collimated) to sustain an
efficient blocking of the 680 nm excitation light (OD >6), while allowing the emitted
fluorescence light in wavelengths above 700 nm to pass through to the camera. A current
source (Model 6221, Keithley Instruments Inc., Cleveland, OH) and a switch (Model 7001,
Keithley Instruments Inc., Cleveland, OH) were used to power the VCSELSs.

Bandpass
filter(s)

lllumination
% som [
s ON
795 nm ] |_| J“_ oFF

Firewire

Imaging lenses ~ Camera

Keithley . .
time
—“———
Crani 300 imagesAJ 50 images
raniotomy exposure: exposure:
Animal 5 ms/image 300-500 ms/image

(a) (b)

Fig. 2. Schematics of (a) the imaging experimental setup and (b) the illumination and image
acquisition sequences.

For fluorescence images, Evans blue dye was excited by a 680 nm VCSEL source (swept
driving current = 3-10 mA, optical power < 10 mW) and the camera integration time was set
to 500 ms. The Evans blue dye was chosen because in its fluorescent form (when bound to
albumin) it does not cross the intact BBB [35], the accumulation of fluorescence in the
extravascular milieu was thus used to confirm BBB permeation. While a 680 nm wavelength
is not centered at the peak of the Evans blue absorption spectra [35], it is well suited for
fluorescence imaging since it creates sufficient fluorescence light that can be easily observed
by our sensitive camera. Furthermore, the light in this excitation wavelength has reduced
absorption by hemoglobin as compared to visible wavelengths.

For LSCI images, the tissue was illuminated by a 795 nm VCSEL (driving
current = 1.2 mA, optical power < 1 mW) and the integration time was set to 5 ms to satisfy
the long exposure time criteria suggested in [21]. Speckle contrast images were calculated
from the raw reflection images obtained using a 5 x 5 pixel window around each pixel and
averaged over 300 images to significantly reduce camera noise. 4-6 different depths were
imaged to maintain all vessels in focus. In previous studies [30], a 680 nm VCSEL was
chosen to illuminate the brain tissue in speckle imaging using the LSCI technique. The current
choice of 795 nm as an illumination wavelength for speckle imaging allows a simultaneous
recording of fluorescence and speckle maps. This is done through a coded sequence of 50
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fluorescence images acquired at high exposure times (300 - 500 ms) followed by 300 short-
exposure (5 ms) speckle contrast images using the 795 nm VCSEL (Fig. 2(b)). The use of a
single VCSEL package for both wavelengths of illumination retains the advantages of a
VCSEL as a fast, low cost, and miniature light source for optical brain imaging.

The temporal averaging performed in such manner enables extraction of robust flow
values that are insensitive to transient and inhomogeneity of flow and scatter density, while
retaining spatial (~10pum) and temporal (1.5 seconds per data point, repetition period of
16.5 seconds) resolution that is sufficiently high for the measurement performed.

2.5 Evaluation of BBB leakage on LSCI maps

The study was performed in two phases. The goal of the first phase was to determine the
appropriate flow parameter to be used as a metric of BBB integrity compromise, while the
goal of the second phase was to evaluate the efficacy of the metric to observe the temporal
evolution of BBB permeability. The first phase of this study was performed on 15 rats
separated into three distinct groups; a control group (n = 5), a second group treated with LPS
(n =4), and a third treated with DOC (n = 6). In animals treated with LPS, the BBB opening
is global and all vessels are expected to be included in a treated region; we thus considered
any vessel as being in the Region of Interest (ROI). However, in animals treated with DOC
(local BBB opening) we only considered the arteries and the veins arising from the treated
region. While the specific veins in the ROI may not always be fully related to the arteries that
we observed in that ROI, we note that any arteries and veins that are diving vertically into an
affected ROI region will have their relative velocities disturbed upon BBB opening (see for
example Fig. 1 in [36]). For all groups (control, DOC and LPS) we evaluated blood velocity
values and velocity profiles in different vessels. For the control group, 14 arteries (with
diameters ranging from 60 to 300 pm) and 20 veins (diameters ranging from 60 to 260 um) in
five rats were analyzed. For the DOC group, the hemodynamic properties were evaluated for
21 arteries (diameters ranging from 45 to 230 um) and 26 veins (diameters ranging from 85 to
400 um) in six rats. For the LPS group, the same parameters were measured in 11 arteries
(diameters ranging from 70 to 170 um) and 15 veins (diameters ranging from 145 to 400 pm)
in four rats. Only animals that showed no initial perioperative damage (brain swelling and dye
leakage prior to drug application, noted in two animals) were used in this study.

In each animal, the hemodynamic changes of 3-5 veins and 3-5 arteries in the focal plane
of the region of interest (ROI) were analyzed. These numbers were chosen according to the
number of arteries and veins diving in the imaged ROI. Arteries and veins were identified
visually by their morphology, diameter, branching pattern, and flow direction, as well as by
their reflectance under green and red LED illumination, which differ due to their different
concentrations of oxy- and deoxy-hemoglobin. The transverse flow profile of each vessel was
traced and the three parameters defined in Fig. 1(c) were measured. In order to compare the
effects in the different vessels, all measurements were normalized to their respective initial
values. We then compared the changes observed in veins and arteries and calculated the
relative changes in the output/input ratio, i.e. the relative changes observed in veins divided
by the relative changes observed in arteries.

For the second phase of this study (n = 3 rats), LSCI-derived relative velocity maps and
fluorescence maps were continuously acquired. Both hemispheres were simultaneously
imaged. The temporal behavior of both arterial and venous velocities was analyzed for the
drug-treated (DOC) and the control hemispheres, and compared to the rate of fluorescent dye
leakage to evaluate the temporal progression of BBB opening on a given brain hemisphere.

2.6 Flow simulations

In support of our experimental flow velocity studies in a rat brain, we simulated blood flow
velocities in a topology that resembles a section of the brain with leading arteries and
collecting veins. We modeled an artery-like vessel (80 pm diameter) as an “inlet” branching
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into different arterioles, capillaries and venules (5-20 um diameter) which then reconnected in
a vein-like compartment (200 pm diameter). The simulated geometry has a total length of
2000 pm (Fig. 3). Geometries and dimensions were chosen according to previous imaging
studies [36].

Cortex 80 um artery
surface

200 um vein

Tissue

100 um

5-20 um capillaries

Fig. 3. Simulated geometry of an 80 pum artery diving into the cortex tissue, branching into 5-
20um capillaries, and uniting into a surfacing 200 um vein.

To provide better insight into the flow dynamics we included limited redundancy of the
vascular network at the capillary level, even though accurate velocities and pressures for
microcirculatory networks were demonstrated in simpler models [37]. We considered the
blood as a non-Newtonian fluid (NNF) where the viscosity, #, is dependent on shear rate or
shear rate history. This model captures the effects of the individual red blood cells on the flow
through the properties of the fluid, as opposed to explicitly simulating them as a separate
portion of the blood stream, thus enabling the observation of the general flow behavior. While
more complex models consider the flow of red blood cells, they are, nevertheless, based on
numerous assumptions and require extensive computational resources [38—40].

The relation between the shear stress and the shear rate for NNF is non-linear, and can be
time-dependent. The viscosity of blood is time-dependent and tends to decrease with
increased stress. The Carreau power-law fluid model is a common model used to describe the
viscosity of blood [41-43], and is depicted by the equation:

n—1

n(7)=n+(m-n)[1+(47) |* ()

where 7.. is the viscosity at infinite shear rate [Pa x s], 7, is the viscosity at zero shear rate [Pa
x s],  is the relaxation time [s],  is the power index, and 7 =0dy/dt [1/s], is the shear rate.

At low shear rate (<< A™") Carreau fluid behaves as a Newtonian fluid, and at high

shear rate (7 >>A"") as a power-law fluid. Thus, in large- and medium-sized vessels, blood

behaves as a homogeneous incompressible (V-# =0) Newtonian fluid, with flow behavior
described by the time-dependent Navier—Stokes equation:

paa—”+p(ﬁ-V)ﬁ=V~g+f 2

t

Here u denotes the flow velocity vector, p is the constant fluid density, and o is the stress
tensor. The flow dynamics in small capillaries is described using the time-dependent viscosity

given by the Carreau model (Eq. (1)), where 0 =—pI+2n(7)D (p is the isotropic pressure,
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1 is the identity tensor, and D is the rate of deformation tensor), and f are the external body

forces per unit volume (e.g. gravity).

The COMSOL Multiphysics finite element method (FEM) suite was used to study the
changes in the blood flow dynamics due to leakage in the capillaries connecting arteries and
veins in the presence of a localized leaky boundary. We solved the time-dependent Navier—
Stokes equation (Eq. (2)) by introducing the time-dependant viscosity predicted by the
Carreau model (Eq. (1)) into the stress tensor o . We considered a simplified model where the
inflow was set as a constant (u;, = 10 [mm/s]) and the outflow had a zero-pressure boundary
condition. The flow is considered laminar while the blood is treated as an incompressible
NNF with density p = 1060 kg/m® and the viscosity of which is obtained from the Carreau
model. Following Eq. (1), the parameters for the time-dependent viscosity are given in ref
[44] and ref [42], where 5.. = 0.00345 Pa x s, o = 0.056 Pa x s, A =3.13 s and n = 0.3568.
Note that the blood flow velocity, u, in healthy brain capillaries varies between 5 mm/s for
large (5-10 um diameter) and < 1 mm/s for small (< 5 um diameter) capillaries [30, 45].

3. Results
3.1 Experimental effect of BBB opening on the hemodynamics of veins and arteries

Simultaneous recordings of the relative velocity map, using the LSCI technique, and of the
fluorescence map from a fluorescent dye marker, Evans blue, were used to evaluate the
permeability of the BBB in response to application of drugs. Following drug application, the
observation of extravascular fluorescence from the dye that was accumulated over time
outside the vessels was used to confirm the presence of a leaky BBB (see Figs. 4(a), 5(a) and
Fig. 9(a) in the Appendix). Figure 4(a) shows an example of fluorescence and relative
velocity maps before (labeled “initial” in the figure) and after topical application of DOC,
targeting a local opening of the BBB (labeled “DOC” in the figure), respectively. As shown in
the fluorescence images (Fig. 4(a), bottom two panels), DOC induced a large permeability
change and resulted in dye leakage from the vessels. Therefore, the vasculature that was
clearly visible in the “initial” image is hardly visible in the final fluorescence image (even in
the best focus plane). Correspondingly, this large permeability change has resulted in visible
changes in the flow velocity map (Fig. 4(a) top panels). The vasculature, for the most part,
remains visible in the LSCI-derived relative blood flow map. There is a noticeable arterial
vasodilatation accompanied by a net velocity reduction in many veins, as can be better seen
by plotting the difference in flow velocities from their initial values after DOC application
(Fig. 4(b)). Examples of relative flow profile for an artery and for a vein (both locations are
marked with a thick black line in Fig. 4(a)) overlaid by a fit to a parabolic flow velocity
profile are shown in Fig. 4(c), in the upper and lower panels, respectively.

Another example of the effect of DOC application, where the permeability changes in the
brain vessels for an individual rat were more subtle, is shown in Fig. 9. Note that in this case,
fluorescence accumulation in the extravascular medium was observed only in discrete zones
(see arrow in Fig. 9, bottom right panel), and relative flow profiles for an artery and for a vein
near the fluorescent dye accumulation region (black lines in Fig. 9(a)) show smaller changes
as well.
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Fig. 4. DOC-induced BBB opening signature in the blood velocity map. (a) Fluorescence
intensity and blood relative velocity maps before and after DOC application. (b) Relative
changes of flow velocity after DOC application. (c) Relative blood velocity profiles were
traced for an artery (upper) and a vein (lower) before and after DOC application. The DOC
fluorescence and relative velocity images were recorded 30 minutes after the drug application.
Initial profiles are traced in black and the final ones are traced in grey. Locations of the profiles
shown in (c) are highlighted in panel (a) by the black bars.

200 pm

o

Figure 5 shows a similar effect for the LPS-induced BBB permeability changes.
Simultaneous recordings of the relative velocity map, and of the fluorescence map from the
same fluorescent dye, Evans blue, were used to evaluate global changes in the permeability of
the BBB in response to a tail vein injection of LPS. Figure 5(a) shows an example of the
fluorescence and relative velocity maps before (labeled “initial” in the figure) and after tail
vein injection of LPS, targeting a global opening of the BBB (labeled “LPS” in the figure),
respectively. The action of the LPS drug was slower than that of the DOC drug.
Consequently, the final maps were obtained 120 minutes after LPS injection. A clear
observation of extravascular fluorescence from the dye due to opening of the BBB (Fig. 5(a),
bottom two panels) was accompanied with a reduction of the relative flow velocity (Fig. 5(a),
top two panels). There was no noticeable arterial vasodilatation. The reduction in net velocity
in the arteries was accompanied by a larger net velocity reduction in many veins. The
difference in flow velocities from their initial values is shown in Fig. 5(b). This difference can
be seen in an example of the relative flow profile for an artery and for a vein (both marked
with a thick black line in Fig. 5(a)) overlaid by a fit to a parabolic flow velocity profile in Fig.

5(¢).
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Fig. 5. LPS-induced BBB opening signature in the blood velocity map. (a) Fluorescence
intensity and blood relative velocity maps before and after LPS application. (b) Relative
changes of flow velocity after LPS application. (c) Relative blood velocity profiles were traced
for an artery (upper) and a vein (lower) before and after LPS application. The LPS
fluorescence and relative velocity images were recorded 2 hours after the drug application
because LPS effect was slower. Initial profiles are traced in black and the final ones are traced
in grey. Locations of the profiles shown in (c) are highlighted in panel (a) by the black bars.

Our experimental data, shown in Figs. 4 and 5, suggests that BBB opening has a different
effect on flow speeds in veins and arteries. There are several physiological factors that may
affect the local individual flow velocities (anesthesia state and duration, body temperature,
compensation process for the lost intravascular fluid, etc.), which will be discussed in section
4. In order to separate these possible effects and other factors causing spontaneous
hemodynamic changes that are not related to BBB opening, we evaluate a “macroscopic”
variable influenced by the drug-induced permeability changes, namely the ratio of the output
velocities and input velocities.

The output/input ratio of the relative velocity values was evaluated for the three
parameters defined in Fig. 1(c), namely (1) the maximum flow velocity value (amplitude),
(2) vessel diameter, and (3) integrated transverse profile. The histogram presented in Fig. 6
shows a calculation of the output/input ratio for each parameter measured in the three distinct
animal populations (control, DOC-treated, LPS-treated). The values of the integrated
transverse profile output/input ratios (parameter 3) normalized according to initial values are
1.03 £0.04, 0.78 £0.06 and 0.70 + 0.07 for the control, DOC-treated and LPS-treated animal
populations respectively (data shown as mean + SE). Note that while there seems to be a
slight reduction in the vessel diameter ratios (2) in treated animals, no statistically significant
changes in this parameter were observed. The integrated transverse profile (3) showed a
statistically significant reduction in the output/input ratio after DOC (two tailed t-test, p
=0.01) and LPS treatment (two tailed t-test, p = 0.02) when compared to the initial values and
when compared to the control group (p = 0.04 and 0.03 respectively).
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Fig. 6. BBB opening and permeability change effects on the vascular output/input ratio. To
compare the veins and arteries hemodynamics before and after drug-induced BBB disruption,
three parameters were measured in veins and arteries: the vessel diameter, the maximum
relative flow and the profile area. These parameters were normalized to initial values and used
to calculate the output/input ratios, i.e. the relative change in veins divided by the relative
change in arteries for each measured parameters. Output/Input ratios for different parameters:
the vessel diameter (width at half maximum of the velocity profile), the maximum relative
velocity (the maximum of the velocity profile) and the transverse profile area (the area under
the relative velocity profile curve) are shown in control animals (white, n = 5 rats (14 arteries
and 20 veins)), in animals treated with DOC (dark blue, n = 6 rats (21 arteries and 26 veins))
and in animal treated with LPS (pale blue, n = 4 rats (11 arteries and 15 veins)). For each
animal, the ratio was normalized according to the initial values (* = p < 0.05).

3.2 Continuous monitoring

Temporal evaluation of the effect of the DOC drug, before and after application (Fig. 4),
showed that while individual arteries and veins may be susceptible to velocity fluctuations
during the induced BBB permeability changes. The calculated ratio of venous and arterial
blood velocity aggregated over several vessels in the ROI was significantly reduced in treated
animals and can be used as a metric to assess BBB integrity. Simultancous observation of
fluorescence and speckle-derived relative velocity maps in two regions of the brain, while
only one of them was treated with DOC, validates the assertion that the “control” side is
minimally affected by the permeability changes, and that the velocity maps clearly
differentiate between the regions where the BBB was altered, and the regions where the BBB
was intact in the same animal. As described in the methods section, two cranial windows were
prepared and DOC was applied in only one of the cranial windows, allowing the untreated
hemisphere to serve as a reference (see Fig. 7(a)). Figure 7(b) shows the fluorescence (top two
panels) and relative velocity (bottom two panels) maps after DOC application. A clear
accumulation of dye outside the vessels was shown in fluorescence image (top right) for the
treated hemisphere. Overlaid on the relative velocity image for the treated hemisphere
(bottom right) is a marking for regions inside a vein, inside an artery, and in the extravascular
tissue where the temporal evolution of the relative flow velocity is traced, as shown in
Fig. 7(c). While the temporal curves for all tissue compartments (vein, artery and tissue) show
a monotonic slow reduction in the blood velocity of ~10% over an hour, the drug-treated
hemisphere (bold lines, Fig. 7(c)) clearly shows an effect in permeability change that results
in relative velocity changes. In this animal, the observed velocity in the drug-treated
hemisphere has increased in all of these tissue compartments. However, the increase was
stronger for the artery, leading to an effective reduction in the output/input ratio for these
individual vessels. Moreover, our analysis shows that the output/input integrated transverse
profile ratio, calculated for several veins and several arteries in the ROI, was significantly
reduced in the treated area (Fig. 7(d), thick bold time traces), as compared with the untreated
“control” hemisphere, in agreement with the findings reported in Fig. 6. Taken over (n =
5 rats) the output/input ratio (integrated transverse velocity profile ratio) was reduced after
DOC application to the treated hemisphere (Fig. 7(d), bar graph). This reduction in flow
velocity ratio was associated with an increase of the extravascular tissue fluorescence
intensity due to dye accumulation (Fig. 7(e)), indicating that it is related to permeability
changes and opening of the BBB.
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Fig. 7. Simultaneous observation of fluorescence and blood flow velocity maps in treated and
untreated hemispheres. (a) Schematic representation of the surgical procedures.
(b) Fluorescence (top) and relative velocity (bottom) maps for untreated “control” hemisphere
(left two panels) and treated hemisphere (right two panels) as they appear 60 minutes after
DOC application on the right treated hemisphere. (¢c) Temporal evolution of the relative flow
velocity in different tissue compartments for the treated (bold lines) and untreated hemispheres.
Artery (black), vein (grey) and extravascular tissue (dotted lines) are presented. The regions
over which the relative velocities were averaged are highlighted in panel b. (d) Time course of
the normalized integrated transverse output/input profile ratio (bar graph, data shown as mean
+ SE) and for the ratio calculated from the vessels shown in (b)-(c) (thick bold time traces).
(e) Extravascular fluorescence accumulation for a treated and control regions. Note that in
panels (c)-(e), the DOC application duration is represented by a grey zone. (f) Mean
output/input ratio 10 minutes after DOC application (n = 5 rats, ** = p < 0.01, data shown as
mean + SD).

The mean output/input ratio (integrated transverse velocity profile ratio) was reduced to
0.81 £ 0.11 after 10 minutes of DOC application (Fig. 7(f)). This reduction is significantly
different than the ratio observed in the untreated “control” hemisphere, 1.01 + 0.08 (n = 5 rats,
p = 0.002). Dye was injected at the beginning of the experiment, 20 minutes before DOC
application, to better resolve the effects due to dye injection and DOC application. However,
since the dye injection caused an increase in blood volume that could affect blood flow and
even compromise the BBB integrity, two experiments were performed without dye injections
and fluorescent imaging. Even without dye injection, DOC application led to a reduction of
the output/input ratio (Fig. 10 in the Appendix). The time dynamics of the response was
similar to those observed with the dye present in the blood stream.
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3.3 Flow simulation of leaky vessels

In parallel to our experimental studies, we sought to evaluate if a change in BBB permeability
can be observed in velocity changes in our model. In order to first validate the model, we
compared simulated and measured flow velocities without leaking condition in a flow map
shown in Fig. 11 in the Appendix. The absolute velocities were measured using the time of
flight technique described in [30]. The simulated velocity values match the measured
velocities with an average absolute variance of 12.0 + 9.0% (Table 1 in the Appendix). Both
simulated and measured values are in good agreement with our previous studies and literature
[30, 36].
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Fig. 8. Simulated effects of a localized leakage on velocity maps. a-b) Velocity maps without
(a) and with (b) leaky boundary conditions. The arrow in (b) shows the location of the leaking
zone. (c) Velocity changes calculated as 100-(vs - v;)/ v;, where vy is the final velocity (with
leak) and v; stands for the initial velocity (no leak). (d) Initial (black curve) and final (grey
curve) transverse velocity profile of the simulated vein. (e-g) Initial and final transverse
velocity profiles of different simulated arteries or arterioles. Lines along which the profiles
were taken (corresponding to locations i, if, iii) are marked in panel (b).

Figure 8(a)-8(b) shows the simulated schematic of a vasculature topology before and after
applying leaky boundary conditions. When comparing the simulated relative velocity maps in
intact conditions (Fig. 8(a)) to a case where localized leaky boundaries were added to a
capillary (see arrow in Fig. 8(b)), we observed changes in the relative flow velocities. These
changes become clearly visible in the velocity changes map (Fig. 8(c)), calculated as (v, -
v;)/v;, where vy is the final velocity (with leak) and v; stands for the initial velocity (no leak).
According to our simulations, a leakage affects velocities upstream and downstream (see Fig.
8(d)-8(g)) of the capillary bed). Note that in the present case, only one leaking zone was
simulated (20 um length leaking zone and the leaking velocity at the boundary varies from 0
to 0.2 mm/s within 2 s and follows ., = ug[1 + tanh(t-tg)] [mm/s]) [46]. The leak results in
complex velocity changes and depending on the location of the leak the effect on the velocity
measured in one artery (or one arteriole) may differ (see Fig. 8(e)-8(g)). However, there
seems to be a constant drop in the blood output/input velocity ratio when comparing the
velocity in the superficial vein and the arteries. Different leaking conditions (opening sizes,
flow velocities, and locations of opening in the network) repeat the general trend, showing a
decrease of the vein-artery flow velocity ratio. As such, in these scaled-down simulations we
chose to scale down the amount of leakage proportionally.
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Similarly, we have evaluated the effect of a partial occlusion on cerebral blood flow. The
leaking zone was replaced by a vessel diameter reduction by a factor 2 over a 20 pm length.
Occlusion led to a rerouting of blood in the vessel network but no change in the output/input
velocity ratio is seen (see Fig. 12 in the Appendix).

4. Discussion

In this study we used the intrinsic LSCI technique to observe changes in flow velocity and
related parameters, such as the flow output/input ratio, accompanying drug-induced BBB
opening.

A comparison of the hemodynamic response for arteries and veins penetrating a given
region in the cortex allows us to infer on the microvasculature state in deeper cortical layers.
Our most important observation is the different manner that the arterial and venous velocities
changed (see experimental example in Figs. 4(c) and 5(c), Fig. 9(c) and results derived from
simulations in Fig. 8(d)-8(g)). Notably, observing the superficial arterial and venous flow
velocities informs us on the state of the underlying vessel network, including the BBB
integrity, over time. Initially we expected to observe a decrease in venous velocity following
BBB disruption due to capillary leakage, but this predicted reduction of the venous flow was
observed in only 45% of the veins in the ROI and, interestingly, an increase in arterial flow
velocities was observed in 64% of the arteries in the ROI, across all animals in our study. This
suggests a local physiological compensation mechanism for the losses in fluid volume to the
extravascular tissue space. This compensation could be due to signaling implicating nearby
cells causing an arterial vasodilatation upstream.

Several factors can influence the local flow dynamics for individual vessels, including the
state and duration of the anesthesia. No statistically significant changes in raw velocity values
in individual veins and arteries were observed; we thus used the ratio of venous to arterial
integrated velocity profile as a metric for compromised BBB. This self-referencing of the
measurements reduced the effect of other physiological factors involved in regulation of
blood flow in the brain, as well as the effects of possible changes in absorption and scattering
properties of the tissue following drug application. Applying a drug to disrupt the BBB
significantly decreased this ratio, indicating a permeability change in the BBB. Indeed, this
ratio was reduced by 22 + 6% (final ratio of 0.78 £ 0.06) after DOC application and 30 + 7%
(final ratio of 0.70 + 0.07) after LPS injection, which is statistically meaningful (see
histogram in Fig. 6). The reduction of the vasculature output/input ratio after LPS or DOC
treatment is believed to be due to a leakage at the capillary bed and superficial vessels. This
leakage was confirmed by observing the accumulation of extravascular fluorescent dye, as
shown in Figs. 4(a) and 5(a). Furthermore, the same output/input ratio was measured in rats
where only one hemisphere was treated with DOC. The output/input ratio calculated 10
minutes after drug application was significantly smaller than the one calculated from the
control hemisphere (0.81 + 0.11 and 1.01 + 0.08 respectively), as shown in Fig. 7(f). This is
consistent with the values reported in Fig. 6. A reduction of the same ratio was also observed
in animals where no fluorescent dye was used (Fig. 10).

Our simulations provide insight as to the leakage dynamics due to focal BBB opening.
Simulated velocity maps have confirmed that the vein/artery velocity ratio decreases due to
leakage from the blood vessels. The simulation results (Fig. 8) are in good agreement with the
experimental observations. Although these simulations represent a simplified version of the
realistic brain vascular network compared to more extensive computational flow model [38,
39, 47] (limited redundancy, use of a homogenous fluid without simulated blood cells), the
general behavior depicted by the model was in agreement with values reported using the more
complex models.

A possible limitation of the LSCI-based technique that we currently see is that each area
under study must contains a few diving veins and arteries to ensure statistically significant
results, thereby requiring a large field of view and potentially limiting the spatial resolution of
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this technique. A potential solution is to measure the velocity in smaller arterioles, venules
and capillaries located in deeper cortical layers using a higher magnification optical imaging
system. Another limitation of using LSCI is the depth resolution provided by the technique,
since the contrast ratios calculated for each pixel are affected by moving scattering elements
above and below the vessel of interest. To limit the effect of underlying vessels more than one
vessel was analyzed, and vessel cross sections were also chosen to avoid non-quadratic
distribution when possible. The balance between arterial and venous flow could also
potentially be measured with other techniques such as functional micro-ultrasound, recently
reported by van Raaij and colleagues [48]. Their method quantifies blood flow and volume in
arterioles and venules. Nevertheless, LSCI remains an advantageous solution when cost,
portability, and simplicity are considered.

It is important to keep in mind that using LPS and DOC to instigate the BBB opening
triggers a complex inflammatory response, leading to osmotic exchanges, recruitment of cells
such as leukocytes, and thrombosis, which can also affect flow values. For example, it was
demonstrated that thrombosis caused a rerouting [18, 49, 50]; the observed changes were
similar for superficial veins and arteries. A decrease in both arterial and venous flow speeds
was observed near the thrombosis site and a compensating increase was observed in
peripheral regions [18]. These results are consistent with our occlusion simulation (Fig. 12),
which predicts homogenous changes across arteries and veins and no change in the
output/input ratio. It is challenging to completely separate BBB opening from the
aforementioned effects since they are interconnected. Indeed, it was reported that flow is an
important factor in leukocytes adhesion [51, 52]. Nevertheless, the inflammatory response and
the recruitment of immune cells depend on several processes including the expression of
binding proteins occurring minutes/hours after the insults [53]. Overall, the following four
factors suggest that changes observed in the first minutes following drug application are
caused by leakage: 1) the reported and simulated effect of thrombosis on cerebral blood flow
is uniform over veins and arteries, 2) the time required for cell rolling and attachment to the
vessel wall (reported to be several tens of minutes, even hours [54, 55]), 3) similar flow
changes observed in previous studies with a different modality [18], and 4) good agreement
between the temporal behavior of the fluorescent dye accumulation outside the vessel and the
observed changes in venous/arterial flow ratio. Nevertheless, the contribution of occlusions,
osmotic changes, and other contributors to the flow changes remain to be better investigated.

We emphasize that the sensitivity of the LSCI technique well exceeds the threshold
required to observe the ~20% changes in arterial-to-venous flow ratio we report on.
Calibration against absolute velocities in vivo [23] and in vitro [25] show the ability to discern
flow speed changes of <5% reliably. The expected profile shape of the vessels is parabolic;
such profile is observed in the centre of the blood vessels using the LSCI technique. We note
that experimentally observed deviations from the parabolic shape near vessel edges are due to
the convolution of the raw speckle images with the 5 x 5-pixel-wide filter, leading to blurring
of the vessel edges due to the contribution of the static scatterers in the nearby tissue.

The sampling rate of fluorescence imaging methods to monitor the state of the BBB is
limited by the dye’s lifetime within the vasculature. For example, our recent studies using
Cy5.5 based molecular markers have shown fast dye accumulation dynamics (within the first
~20 minutes) and long dye retention dynamics (typically for hours inside the body) [56].
Furthermore, our data indicates (Fig. 7(c), 7(d), 7(e)) that the flow response to barrier
permeability change is visible several minutes prior to an appreciable change in the
fluorescence signal, rendering our proposed technique better suited to studies where precise
permeability change dynamics are of interest. Our proposed technique can also present an
alternative to such modalities as MRI and CT, which require expensive instrumentation and
allowing little access to the subject, and are drawbacks in experiments where a large number
of animals need to be studied or in experiments where additional drugs need to be
administered into the animal following BBB permeability change.
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5. Conclusion

In this work we demonstrated that the ratio of arterial and venous flow profiles measured by
wide-field LSCI are affected by LPS and DOC application and that LSCI is a potential low-
cost, label-free technique to monitor the BBB integrity in a live rodent brain, with a
possibility for application in long (hours to days) imaging sessions. Using a simultaneous
measurement of fluorescence intensity of a dye leaking from vessels and relative velocity
changes, we observed that arteries and veins respond differently to a drug-induced blood brain
barrier opening. We proposed to measure the ratio between arterial and venous blood
velocities as a metric to track the BBB disruption dynamics. Our numerical simulations in the
simplified blood network model agree well with our experimental findings. The integrated
transverse velocity profile ratio was shown to be the most promising metric for assessing the
changes associated with drug-induced BBB opening. Along with further understanding of the
hemodynamic and the physiological changes associated with localized BBB leaky boundaries,
the technique proposed in this paper will help narrow the parameters to be measured to assess
BBB integrity, and help develop screening protocols in monitoring brain diseases such as
Alzheimer’s disease and post-traumatic epilepsy.

Appendix

In this Appendix we include supplementary information, supporting our studies on the
evaluation of LSCI as a technique for monitoring the BBB integrity in a live rodent brain. An
example of the effect of DOC application, where the permeability changes in the brain vessels
for an individual rat were subtle, is shown in Fig. 9. The time course of the normalized
integrated transverse output/input profile ratio without dye injections is shown in Fig. 10.
Table 1 show the measured and simulated velocity values for the vessel morphology maps
marked in Fig. 11. Fig. 12 shows the simulated effects of a localized clog on a velocity map.
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Fig. 9. Small permeability changes in vessels due to DOC application to a live rat brain.
(a) Fluorescence intensity and blood flow relative velocity maps before and after DOC
application. In some discrete locations, an accumulation of fluorescent dye is observed in the
extravascular region (white arrow). There is a slight change in the blood velocity map (top),
correlated with the observed small changes in intensity outside the vessels in the fluorescence
map (bottom) (b) Relative changes of velocity after DOC application. (c) Transverse relative
blood velocity profiles for an artery (upper) and a vein (bottom) before and after DOC
application. Initial profiles blood velocity profiles (black) and the final blood velocity profiles
(grey) after DOC application are overlaid in the figure. Spatial Locations of the plotted profiles
are highlighted in black in (a), top left panel.
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Table 1. Measured and simulated velocity values for the vessels marked by a number in
Fig. 11. Velocities were measured with the time of flight technique under green LED
illumination along the lines highlighted in Fig. 11. Given the challenges in translating the
vessel morphology accurately into COMSOL, the simulations did not converge for a
portion of the vessels.

Absolute
Segment Measured Simulated Variance [%]
1 0.371 — -
2 0.457 -
3 1.503 1.690 124
4 0.563 0.454 19.4
5 0.605 -
6 0.167 0.141 15.6
7 0.932 0.697 25.2
8 0.374 0.332 11.1
9 0.247 0.253 24
10 0.371 0.348 6.2
11 0.4 - -
12 0.175 -
13 0.282 0.278 1.4
14 0.261 0.251 3.8
15 0.262 - -
16 0.311 -
17 0.254 -
18 0.475 -
19 0.437 -
20 0.389 - -
21 0.476 -
22 4.162 —
23 - -
24 0.138 -
25 0.369 0.358 3.0
26 0.574 -
27 2.608 —
28 1.157 1.440 24.5
29 0.961 0.713 25.8
30 0.643 0.662 3.0
31 0.125 -
32 0.571 —
Mean 12.0
Stdev 9.0
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Integrated tranverse velocity
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Fig. 10. Time course of the normalized integrated transverse output/input profile ratio (N =
2 rats, data shown as mean + SE). Grey bars represent the treated hemisphere and white bars
the untreated hemisphere. DOC application period is marked with a grey box.

Fig. 11. Overlay of simulated (colored map) and measured vessel morphology maps (grey level
map). The color-coded velocities are in [mm/sec].
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Fig. 12. Simulated effects of a localized clog on velocity maps. a-b) Velocity maps without (a)
and with (b) an occlusion. The arrow in (b) shows the location of the clogged zone (smaller
diameter over a length of 20 um). (c) Velocity changes calculated as 100*(( vy - v;)/ v;) where v;
is the final velocity (with an occlusion) and v; stands for the initial velocity. (d) Initial (black
dots) and final (grey cross) transverse velocity profile of a simulated vein. (e) Initial and final
transverse velocity profiles of the simulated artery. Lines along which the profiles were taken
are marked in panel (b).
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