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Purpose: This work aims to explore the effect of Blood Brain Barrier (BBB)
opening using ultrasound combined with microbubbles injection on cerebral
blood flow in rats.

Methods: Two groups of n = 5 rats were included in this study. The first group
was used to investigate the impact of BBB opening on the Arterial Spin Labeling
(ASL) signal, in particular on the arterial transit time (ATT). The second group
was used to analyze the spatiotemporal evolution of the change in cerebral blood
flow (CBF) over time following BBB opening and validate these results using
DSC-MRI.

Results: Using pCASL, a decrease in CBF of up to 29.6 + 15.1% was observed in
the target hemisphere, associated with an increase in arterial transit time. The
latter was estimated to be 533 + 121ms in the BBB opening impacted regions
against 409 + 93ms in the contralateral hemisphere. The spatio-temporal anal-
ysis of CBF maps indicated a nonlocal hypoperfusion. DSC-MRI measurements
were consistent with the obtained results.

Conclusion: This study provided strong evidence that BBB opening using
microbubble intravenous injection induces a transient hypoperfusion. A spa-
tiotemporal analysis of the hypoperfusion changes allows to establish some
points of similarity with the cortical spreading depression phenomenon.

KEYWORDS
blood brain barrier opening, brain perfusion, DSC, MRI, pCASL, rodent, ultrasound

Abbreviations: BBB, Blood Brain Barrier; CBF, cerebral blood flow; ASL, Arterial Spin Labeling; DSC, Dynamic Susceptibility Contrast;

CSD, Cortical Spreading Depression.
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1 | INTRODUCTION

Neurodegenerative diseases and cerebral tumors affect
millions of people worldwide. Clinical and preclinical
research are actively working to improve our understand-
ing of these neurological pathologies and provide effec-
tive treatments to reduce the progression of the asso-
ciated symptoms. However, the essential role that the
Blood-Brain Barrier (BBB) plays in regulating inputs to the
brain is becoming a critical constraint in the development
of pharmacological treatments. Indeed, only drugs with a
molecular weight smaller than 400 Da can naturally cross
the BBB.! Major efforts have been deployed to overcome
this problem.?

Several studies have explored the potential of ultra-
sound to disrupt the BBB in order to overcome this lim-
itation.> The method selected for its low tissue damage,
reversibility and transient nature*> is the use of low inten-
sity pulsed ultrasound combined with microbubble intra-
venous injection (MB+US). The change in acoustic pres-
sure causes microbubble to oscillate, expand, and contract,
producing mechanical forces on the vessel walls that tem-
porarily increase the BBB permeability. Despite the fact
that this phenomenon is still poorly understood, several
hypotheses exist. Thus, to avoid irreversible tissue dam-
age, it is recommended to adopt a stable cavitation regime,
that is, that the resulting microbubble size oscillation is
stable, and stay away from the inertial cavitation regime
as it can break down membranes of nearby cells and is
more likely to induce edema or hemorrhage.®’ Stable cav-
itation generates mechanical stress on BBB endothelial
cells, depending on the ultrasound amplitude and fre-
quency, and microbubble size relative to that of the blood
vessels. Ultrasound combined with microbubble injection
enhances the passage of molecules across the BBB by var-
ious means,® but predominantly through the paracellular
pathway due to the enlargement of tight junctions under
the effect of the induced mechanical stress.’

Complex regulatory mechanisms are involved to main-
tain the equilibrium between perfusion supply and brain
tissue consumption; such as myogenic tone, neurogenic
response, metabolic mechanism, and endothelial mech-
anism.!° In order to progressively translate into clinical
trials,'! many preclinical studies have been conducted to
investigate the safety profile of the BBB opening proce-
dure in healthy mammals. This showed a reduction in
neurovascular response following the BBB disruption.!?
As cerebral perfusion enables the oxygen supply neces-
sary for the oxidative metabolism process of neurons, it
is highly important to investigate any secondary effect of
US-induced BBB opening on cerebral perfusion. Recently,
a functional-MRI study of the neurovascular response

after MB+FUS-induced BBB opening demonstrated an
attenuated hemodynamic response to both external stim-
ulation and hypercapnia challenge.'® Apart from a recent
study,'* the effects of BBB opening on cerebral blood flow
have been under-studied, and several questions related to
this topic remain unanswered.!>

The aim of this work is to investigate the effect of
BBB opening by MB+US on cerebral perfusion mea-
sured by MRI in rats. Several techniques are used to
quantify CBF using MRI: exogenous labeling methods,
based on dynamic tracking of contrast agent transit,
and endogenous methods based on arterial spin label-
ing (ASL) of blood water.!!7 A first experiment was
conducted to explore the impact of this procedure on
the ASL signal and the associated estimation of cere-
bral blood flow and arterial transit time (ATT), using the
pCASL (pseudo-Continuous Arterial Spin Labeling) MRI
sequence.'® This experiment enabled the analysis of CBF
maps from 40-60 min after the opening of the BBB and
the assessment of ATT in the impacted area. The outcomes
motivated a second experiment, focused on studying, at an
early stage of BBB opening, the spatiotemporal evolution
of CBF change using pCASL. A DSC-MRI" (dynamic sus-
ceptibility contrast MRI) acquisition was used to validate
and complete the obtained results.

2 | METHODS

2.1 | Animal preparation

Animals were treated according to the Council of
the European Communities guidelines (EU Directive
2010/63). This protocol was approved by the “Direc-
tion Départementale de la Protection des Populations de
la Haute - Garonne” and the “Comité d’éthique pour
lexpérimentation animale Midi-Pyrénées” (protocol
number 16780).

Ten healthy Wistar female rats (Janvier Labs) were
used with five animals (13-18 weeks old, weight:
300 +20g) included in the first experimental group
(Experiment 1) and five animals (34-38 weeks old, weight:
400 + 30 g) included in the second experimental group
(Experiment 2). Animals were first anesthetized using an
induction chamber with 3% of Isoflurane/O,. A catheter
was placed on the rat lateral tail vein while anesthetized
with 2% of Isoflurane/O, over a heating plate. The
catheter has been used for both microbubble injection and
contrast agent injection. For the imaging experiments,
animals were placed in a dedicated rat head Imaging Cell
(Equipement Vétérinaire Minerve SA) which allows to
preserve the animal health status (specific-pathogen-free)
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where Isoflurane/O, level was delivered from a nose
cone and maintained at 2%. The imaging cell enables
temperature regulation through heated air channels such
that the animal’s body temperature was kept constant
to 37 +£0.5°C. Respiratory rate was maintained around
60 = 10 breaths per min. All animal handling was carried
out in a biological safety cabinet.

The animals received a dose of 0.5 mmol/kg of Gadolin-
ium (Dotarem") followed by a 300 1 flush of saline.

2.2 | BBB opening procedure: MB+US

To ensure good coupling between the transducer and the
skull, the animal’s head was shaved with an electrical
razor and depilatory cream. An ultrasonic gel couplant
was then applied to the shaved surface of the animal’s
head. Prior to sonication, animals received an injection
of 200 ul of microbubbles (SONOVUE, 8 ul/ml Bracco')
followed by a 300 ul flush of saline. Sonovue microbub-
bles consist of an ultrasound contrast agent composed of
sulfur hexafluoride trapped in phospholipid microspheres
with an average diameter of about 2.5 ym?* at atmospheric
pressure.

Pulsed ultrasound were induced in the right hemi-
sphere of rat brains with a 10 mm flat transducer operating
at a center frequency of 1.13 MHz. The sonication parame-
ters were adjusted in agreement with previous studies.>?!
The 25 ms duration 1.13 MHz sine pulses has been created
using a function generator (HP33120A, Hewlett-Packard)
at a pulse repetition frequency of 1 Hz. The signal was then
amplified by a LA200H power amplifier (Kalmus Engi-
neering) and transmitted to the 50 Q transducer (in-house
impedance matching network). The overall sonication
time was set to 2 min. These conditions allow BBB opening
with limited damage to healthy tissue.>?! A preliminary
experiment was performed to identify 0.5 MPa as the min-
imum acoustic pressure required to induce effective BBB
opening (see Appendix S1).

Thus, experiments were conducted at 0.5 MPa (as cal-
ibrated in water) which corresponds to 0.38 MPa and
0.30 MPa accounting for the 25% and 40% attenuation loss
due to transmission through the skull in the first and
second animal group, respectively.??

2.3 | Magnetic resonance imaging

Animals were imaged on a 7T preclinical MRI scanner
(Biospec 70/16) equipped with a volume transmit coil
and a 2x2 elements surface receive coil. Anatomical
T,-weighted (T,w) images were acquired using a spin-echo
sequence (TR/TE = 2500/33 ms; in-plane resolution,

0.137 x 0.137 mm?; slice thickness, 1 mm; RARE-factor, 8;
acquisition time T,y = 2 min 40s). For CBF quantifica-
tion, and to confirm BBB opening, T; maps of the brain
tissue T;(T1,) were acquired with a nonselective inversion
recovery spin-echo Echo Planar Imaging (EPI) sequence
(pulse repetition time [TR]/echo time [TE] = 10 000/15 ms;
in-plane resolution, 0.326 x 0.326 mm?; slice thickness,
1mm; 17 inversion times (TI) between 20 and 9000 ms;
number of averages NA = 2; Tyeq = 5 min 405).

The pCASL sequence applied in the two protocols
described hereafter uses an unbalanced pCASL scheme
(with null mean gradient during the Control acquisitions)
preceded by two interpulse phase correction prescans
designed to reduce the tagging efficiency loss in pCASL
and improve CBF estimation accuracy.??

Blood water spins were inverted using a localized
labeling plane placed at the level of the rat neck (at
10mm from the magnet isocenter and 20 mm from the
anterior commissure). The labeling pulse train consisted
of 400 us Hanning-window-shaped RF pulses repeated
every 800 us and scaled to an average Bl amplitude of
3.5 uT during the RF pulse train. Gpax/Gmean Were set to
45/5 mT/m.

Following the phase optimization scans for each Label
and Control set, the resulting inversion efficiency (IE) was
measured 5 mm downstream the label plane with a flow
compensated gradient-echo sequence.

All EPI acquisitions were performed after a global sec-
ond order shimming over the brain volume (Map Shim
Bruker protocol) to minimize the geometric distortions
related to the EPI readout without strongly affecting the
field homogeneity at the level of the labeling slice.

2.31 | Experiment1

After the animal preparation and the MB+US BBB open-
ing (BBBO) localized on the right hemisphere (n=5),
images were acquired with the experimental time line
given in Figure 1, as following:

+ Anatomical T,w image,
+ T, map (before contrast agent injection) (T} pre—Gado)

« pCASL phase optimization step and Inversion Effi-
ciency measurements,

+ Five pCASL scans with different post-labeling-delays:
PLDs = [300 10 1100 200 700] ms and a labeling time
of: LT = 2 s (TR/TE = 3100/15 ms; in-plane resolution,
0.326 x 0.326 mm?; slice thickness, 2 mm; number of
repetitions: NR = 35 interleaved Label/Control scans;
Tacq = 3 min),

« T, map (after contrast agent injection) (T1 post—Gado)-
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FIGURE 1 Experimental time line that describes the two experiments conducted in this study. For both, the opening of the Blood
Brain Barrier was performed outside the magnet under a bio-safety cabinet and Gado-Dota intravenous injection have been conducted 50

min after. The time ¢ = 0 corresponds to the ending of the sonication. (A) Experiment 1; (B) Experiment 2

2.3.2 | Experiment 2

To describe the spatiotemporal evolution; a second experi-
mental protocol, given in Figure 1, was designed including
CBF estimation before and several minutes after MB+US
BBB opening (n = 5). Acquisitions were successively:

Before BBB opening:

+ Ty map (before sonication) (T1 pre-us),

« pCASL phase correction step and IE measurements,

« One pCASL scan for reference CBF quantification with
a single post labeling delay (PLD) = 300 ms and a label-
ing time of LT = 2 s (TR/TE = 2600/15 ms; in-plane
resolution, 0.326 x 0.326 mm?; slice thickness, 1 mm;
number of repetitions: NR = 35 interleaved Label/Con-

trol scans; Taeq = 3 min).

Special caution was taken to keep the animal cell in the
same location in the magnet in order to ensure a consis-
tent high IE of the pCASL scans since the measured phase
corrections are strongly correlated with the resonance fre-

quency in the carotids at the labeling plane.?
After BBB opening:

« A set of pCASL acquisitions (nine scans) acquired
directly after putting back the animal in the magnet
(between 5 and 8 min following BBB procedure),

« Diffusion map with EPI readout for apparent dif-
fusion constant (ADC) quantification were acquired
at b-values of 0 and 800s/mm? and three diffusion

directions (TR/TE = 2500/20 ms; in-plane resolution,
0.326 x 0.326 mm?; slice thickness, 1 mm; Tyq = 3 min
20s),

+ T, map (after sonication and before Gadolinium injec-
tion) (Tl,pre—Gado)’

« Dynamic susceptibility contrast (DSC) scan with an IV
CA injection 30s after the beginning of the acquisi-
tion (TR/TE = 500/10 ms; in-plane resolution, 0.390 X
0.390 mm?; slice thickness, 1 mm; for 300 scans during
2 min 30 s),

« T, map (after Gadolinium injection) (T} post—Gado)

« Anatomical T,w image.

2.4 | Data processing

The MRI data were reconstructed and analyzed using MP3
software?* developed in Matlab (The MathWorks Inc).
Before any processing, all EPI acquisitions were realigned
to correct for any possible movement of the animal dur-
ing the experiment using ANTSs. For each pCASL scan,
the repetitions were realigned to the first volume and all
EPI acquisitions have been realigned to a pCASL averaged
volume acquired in the middle of the experiment.

2.4.1 | Selection of regions of interest

The BBB-disrupted (or BBBO) region was identified using
the difference between T; maps obtained before and after
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the Gado-Dota injection. BBBO regions are regions such
that

ATy = (T1.pre-Gado — T1.post-Gado) > 50 ms. 1)

The 50 ms threshold value was chosen based on the
obtained results of AT; values in the unexposed hemi-
sphere. Indeed, following injection of a gadolinium-based
contrast agent, the T; relaxation time of the tissues
decreases moderately, in part due to residual intravascu-
lar gadolinium, as reported in previous studies.?> CBF map
analysis was made for the whole brain and in cortical,
hippocampal, thalamic, and striatal regions. Then, results
are displayed for the whole brain and the cortex. This
choice was motivated by the disparity of effects observed
in the rest of the structures between the different subjects
of the study.

To compare and normalize the BBBO results, the anal-
yses were also performed on the contralateral regions
obtained from the symmetric of the US exposed regions
with respect to the brain midline. In addition to this,
complementary regions to the BBBO regions were con-
sidered. The complementary regions describe the voxels
of the exposed hemisphere that do not fulfill the above
mentioned condition: AT; > 50 ms.

24.2 | T; mapping

T, maps were obtained by fitting signal evolution as a func-
tion of the TI pixel by pixel to the following equation using
the Levenberg-Marquardt algorithm:

M(TI) = | M, - <1—2':<e;%> l, (2

where M,(TI) is the MR signal collected at each TI, M,
is the magnetization at thermal equilibrium, T;; is the
longitudinal relaxation time constant of the tissue, and «
is the IE.

2.43 | Apparent diffusion constant

ADC has been automatically computed by the online pro-
cessing tool included in the ParaVision 6.1 software pack-
age of the MRI scanner.

244 | Arterial transit time

ATT is defined as the duration for the tagged blood
to flow from the labeling plane to the vascular or
the tissue compartments. It has been estimated in
parallel with CBF assessment of Experiment 1 using

the Levenberg-Marquardt algorithm to approximate ASL
signal AM /M, evolution as function of PLD as given by the
Buxton model?® where AM is the signal difference between
control and label acquisitions averaged over repetitions.
This estimation is based on one additional hypothesis: CBF
and ATT change during multi-PLD pCASL acquisitions is
considered to be negligible.

24.5 | pCASL - CBF maps

pCASL - CBF maps of Experiment 2 were computed using
the general kinetic model for quantitative perfusion imag-
ing with ASL,?® while considering a single compartment
model based on the assumption that the rate of exchange
between the vascular environment and the brain tissue
is extremely fast. Assuming that the postlabeling delay is
higher than the ATT, one has:

At PLD-At

. . . T . Tie
CBF = 6000-A-AM -e™b - 3)

2-IE-T1,,-MO,[-<1—eﬁ)

where Ty, is the apparent T, of tissue obtained from the
T, map; Ty is the longitudinal relaxation time of blood
(2230 ms at 7T);?” My, is the tissue magnetization at ther-
mal equilibrium, 7z is the labeling time, At is the ATT, A
the brain-blood partition coefficient of water (0.9 ml/g)*3
and IE. M,; was estimated using the control image of the

—-TR

ASL experiment multiplied by [1 —e™. ]! to correct for
incomplete T; relaxation during the TR.

For pCASL-CBF quantification of Experiment 2, the
ATT (At) has been fixed to 300 ms.?*°

2.4.6 | DSC - perfusion measurements

DSC - Perfusion measurements have been computed using
the DSC-MRI toolbox.! The arterial input function was
identified semi-automatically, and contrast extravasation
correction was performed using an algorithm based on
T, enhancement suppression that decreases the estimated
relative quantification of cerebral blood volume (rCBV)
artifactually.? DSC analyses provided relative quantifica-
tion of cerebral blood flow (rCBF), rCBV, and mean transit
time.

2.4.7 | Visualization of the spatiotemporal
evolution of CBF in the Cortex

This visualization is to study the propagation of CBF alter-
ation in rat cortex, that can be approximated by a circu-
lar section on a two-dimensional slice, we extracted the
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spatial evolution over time of the ASL signal from the
middle dorsal side to the lateral side of the cortex. To do
so, we converted our matrix, initially in cartesian coordi-
nates, into polar coordinates (7, #). The center of the new
system has been defined by considering a circle that best
crosses the different voxels of the cortical area. This allows
to consider a constant average radius throughout the cor-
tex. An angular step of 0.5° has been chosen in order to
properly sample the evolution of the signal. Then, the vox-
els contributions have been averaged given the considered
angular step. This process has been performed for each of
the 35 repetitions of the 10 pCASL scans of Experiment
2 to obtain ASL signal evolution maps along the cortex
over pCASL scans. The obtained maps were finally highly
smoothed with a two-dimensional Gaussian filter. The
propagation speed was calculated from the level curves
plotted on the obtained maps, considering v = (R - A8)/At
with R the average radius, Af the angle range and At the
time range obtained as At =n-2-TR, with TR pCASL
repetition time (for each Label/Control) and n the number
of scans.

2.5 | Statistical analysis

All data are expressed as mean + SD. Paired ¢-test or

Wilcoxon test (when normality test failed) have been used
to evaluate the differences between BBBO regions and

(A) (B)
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FIGURE 2

T1 map after
Gado-DOTA injection

contralateral regions in the case of DSC perfusion maps
and to evaluate the significant decrease and recovery of
CBF obtained from pCASL scans. Normal distribution
hypothesis have been tested using the Anderson-Darling
test. A p-value <0.05 was considered significant. Pearson
correlation coefficient has been used to evaluate the linear
correlation between pCASL-CBF and DSC-rCBF measure-
ments.

3 | RESULTS

3.1 | Experimentl

Figure 2 displays typical T; maps acquired before and
after Gadolinium injection. Contrast agent injection was
performed 60 min following BBB opening. AT;, obtained
from the subtraction of the tissue T; before and after con-
trast agent injection has been thresholded at AT; > 50ms
based on the obtained values over the control hemisphere
found to be ATino-geBo = 38.9 +13.8mS (T4 pre—gado =
1610.9 +37.4ms and Tipost—Gado = 1572.0 +46.7 ms).
Meanwhile, AT; gggo = 233.1 + 183.6ms was found on the
US-exposed hemisphere (T pre—gado = 1660.8 + 36.1ms
and T post—Gado) = 1427.8 +150.9ms).  Significant dif-
ference is found between AT;gggo and ATjno-BBBO
and confirms the effective opening of the BBB in the

1800

1400

1200

AT1 = (T1,pre-Gado - T1,post-Gado)

(E)

ATT

Coronal T; maps (A) before and (B) after Gadolinium injection for one typical subject. T; decrease is indicative of Blood

Brain Barrier (BBB) permeation to Gado-Dota and allows to locate the BBB opening area. (C) was obtained from the subtraction of the tissue
T; before and after Gadolinium injection. To highlight the effective opening of the BBB, values less than 50 ms were set to zero. (D)
Corresponding cerebral blood flow and (E) arterial transit time maps with a nonlocal blood flow decline associated with delayed arterial
transit time in the US-exposed hemisphere (AC, anterior commissure). The red arrows shown in (B) and (C) indicate the positioning of the

transducer over the right hemisphere of the animal.
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FIGURE 3  Cerebral blood flow assessment computed over FIGURE 4  Arterial spin labeling signal evolution according

blood brain barrier opening and contralateral regions in the whole
hemisphere (p = 0.01; paired ¢-test) and cortex (p = 0.008; paired
t-test), respectively for the Experiment 1 (n = 5)

US-exposed hemisphere (p = 0.008; Wilcoxon rank sum
test), with a mean volume of 203.3 + 70.7mm?>.

The corresponding obtained CBF map, on Figure 2,
illustrate a visible decrease in cerebral perfusion over the
sonicated region combined with a slight increase in the
ATT. Computed CBF values for BBBO regions (whole
brain) and BBBO cortical regions, for the five rats, are
displayed in Figure 3. Absolute CBF quantification tak-
ing into account the ATT through multi-PLD acquisi-
tions indicated a 29.6 +15.1% decrease between BBBO
regions (CBFgppo = 91.5 + 20.7ml/ min /100g of tissue)
compared to the contralateral region (CBF,_pppo =
130.0 + 14.8ml/ min /100g of tissue) (p = 0.01; paired
t-test). The same measurements performed only on the
cortical areas allows to obtain a similar result (a decrease of
41.1 +16.2% with CBFpppo = 88.1 + 13.7ml/ min /100g
of tissue against CBF,_pggo = 149.6 + 16.2ml/ min /100g
of tissue) (p = 0.008; paired t-test).

pCASL-multi PLD scans allowed to reconstruct the
ASL signal evolution according to the postlabeling time as
shown in Figure 4. The ASL signal evolution as a func-
tion of PLD reveals a delayed transit time in the BBBO
region compared to the contralateral region. Indeed, the
mean measured ATT over the BBBO regions (ATTgppo =
533 +121ms) is higher than the estimated ATT in
the contralateral hemisphere (ATTyo-gggo = 409 + 93 ms)
(p = 0.04; Wilcoxon signed-rank test).

3.1.1 | Experiment 2

Calculated T; maps for the second experiment are similar
to those described in Figure 2. The results show a decrease

to the post labeling delay for the blood brain barrier opening region
and the contralateral region following a single compartment model
fit.?6 The solid line is the mean over n = 5 rats and the shaded
regions depict the SD error.

of tissue T; after Gado-Dota injection at the level of the
US-exposed hemisphere (T4 pre—gado = 1702.8 + 21.4ms
and  Tipost—Gado) = 1480.0 +221.2ms) in  compari-
son with the contralateral hemisphere (Tipre-Gado =
1693.0+67.9ms and  Tjpost—Gado = 1625.7 + 58.8ms).
Indeed, significant difference has been found between the
obtained AT; at the level of the US-exposed hemisphere
(ATyBEBo = 226.5 + 225.4ms) in comparison with the
contralateral hemisphere (ATjno-seBo = 63.6 + 23.4ms)
(p = 0.03; Wilcoxon rank sum test).

Typical CBF maps obtained over the experiment dura-
tion are presented in Figure 5. One can observe the reduc-
tion in CBF at the level of the exposed hemisphere, fol-
lowed by a gradual recovery. However, different structures
of the US-exposed hemisphere were not affected in the
same way by CBF alterations.

The extracted CBF profiles are presented on Figure 6
for BBBO ROIs and cortical BBBO ROIs. Following tem-
poral interpolation, the obtained CBF estimation has been
double normalized to controlateral CBF and reference
CBF (acquired before BBBO) in order to reduce intersub-
ject variability. CBF estimation at ¢ = 0 is assumed to be
equal to the reference value of CBF.

For each profile, CBF evolution is described for the
BBBO region and the complementary, that is, with no
evidence of BBB opening (revealed by no Gado-Dota
extravasation). Displayed profiles have a similar pattern
showing a sharp decrease followed by a partial recov-
ery after 50 min. Thus, on the whole hemisphere, CBF
decreased at 14 minutes by 22.3% +5.8% (p = 0.03;
paired t-test) for BBBO regions and 14.7% + 8.9% for the
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followed by a progressive recovery with an estimated recovery in the 50 min following sonication.
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Temporal normalized cerebral blood flow (CBF) profiles for the blood brain barrier (BBB) opening (BBBO) regions (orange

curve), and complementary regions (blue curve), (A) in the whole BBBO region and (B) cortical BBBO region. The complementary refers to
the rest of the hemisphere where BBBO has not been proven. The solid line is the mean over n = 5 rats and the shaded regions depict the SE

of the mean.

complementary parts (p=0.05; paired t-test). Then, the
decrease in perfusion subsides to 12.3% + 4.5% (p = 0.01;
paired t-test) for BBBO regions and 10.0 + 7.0% for the
complementary regions (p = 0.04; paired t-test) at 48
min. On the cortical structure, the measured impact was
more pronounced and reached 30.8% + 5.8% decrease at
18 min for BBBO regions (p = 0.02; paired t-test) and a
21.4 + 7.0% for the complementary (p = 0.05; paired t-test).

Then, the decrease in perfusion subsides to 13.0 + 7.2%
(p = 0.03; paired t-test) for BBBO regions and 13.6 + 5.3%
for the complementary region (p = 0.17; paired t-test)
at 48 min.

Perfusion maps (Figure 7) obtained by the bolus
tracking method are consistent with the last pCASL-CBF
measurements obtained before contrast agent injec-
tion. Displayed results from DSC-rCBF maps, Figure 8,
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Obtained perfusion maps from DSC-MRI for one typical subject compared to (A) pCASL-CBF map; (B) DSC-rCBF map,

(C) DSC-rCBV map, and (D) DSC-mean transit time map. (E) BBB opening (BBBO) impact on DSC-MRI time course during the first pass of
Gado-Dota bolus (blue curve) compared to DSC-MRI time course in the unexposed hemisphere (orange curve). (F) Corresponding T; maps
before and after Gadolinium injection and the computed AT; map from the latters
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Evaluation of cerebral blood flow (CBF) obtained by Arterial Spin Labeling (ASL) and DSC-MRI at 50 min following

microbubble intravenous injection (MB+US). (A) pCASL-CBEF significantly lower in blood brain barrier opening (BBBO) regions (p = 0.03;
paired ¢-test). (B) DSC-rCBF also significantly lower in BBBO regions (p = 0.004; paired ¢-test). (C) pCASL-CBF versus DSC-rCBF scatter-plot

for the n = 5 animals of the Experiment 2

indicates a 15% + 4% decrease between BBBO region
and contralateral region. Meanwhile, pCASL-CBF indi-
cated a 22% + 15% decrease in BBBO regions compared
to their contralateral in the non-sonicated hemisphere
(p = 0.04; paired t-test). The effect of BBB opening on
the pCASL-CBF and DSC-rCBF were similar (p = 0.32;
paired t-test). Nevertheless, the expected correlation
between pCASL-CBF and DSC-rCBF, which is observed
at the contralateral regions (R?>=0.59, p = 0.13), is

no longer valid in the BBBO regions (R* = 0.006,
p=0.9).

For the estimated cerebral blood volume (rCBV) maps,
no significant decrease has been found between BBBO
regions (0.31 + 0.16 a.u.) and contralateral regions (0.35 +
0.19 a.u.) (p = 0.06; paired t-test). A slight increase in
the mean transit time was measured in the sonicated area
(11.1 + 2.6 a.u.) compared to its contralateral (10.6 + 2.3
a.u.) (p = 0.03; paired ¢-test).
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FIGURE 9

Hypoperfusion spreading through the cortex. (A) Representative scheme of the method used to study the propagation of

hypoperfusion through the cerebral cortex: for a given center in spherical coordinates (r, 8), cortex voxels were averaged with an angular

binning of 0.5°. 0° corresponds to the dorsal part of the cortex, and the angular rotation is clockwise. (B) Obtained map of the cortical spreading

hypoperfusion through time. Black arrows on the cerebral blood flow (CBF) maps describe the visible progression of hypoperfusion through

the cortex. (C) Level curves plotted for several Arterial Spin Labeling (ASL) signal values as a function of time (pCASL scans). The shaded area

indicates the slope considered to calculate the mean propagation velocity of the wave at 0.03 between 7 and 12 min following BBBO procedure.

The ADC maps showed no significant difference
between the BBBO regions (714 + 23um?/s) and the con-
tralateral regions (712 = 20um?/s) (p = 0.73; paired t-test).

The spatiotemporal analysis described in Figure 9,
allowed us to observe the propagation of the cerebral per-
fusion decrease from the dorsal cortex to the ventral cortex
within a slice. Surprisingly, there is not a strict spatial
correspondence between the hypoperfusion spreading and
the impact of BBB opening estimated from the difference
in Ty, before and after the contrast agent injection. Indeed,
hypoperfusion onset (between 0° and 15°) is more medial
than the highest BBBO impact (between 20° and 30°).
The mean velocity of the hypoperfusion propagation was
estimated to be 560 + 454m/ min.

4 | DISCUSSION

The aim of this study was to further investigate the effect of
BBB opening using ultrasound combined with microbub-
ble injection on brain perfusion. The results of the exper-
iments highlighted a decrease in CBF with strong evi-
dences of transient nonlocal vasoconstriction, lasting for
around 60 min following 0.38 MPa US-induced BBB open-
ing, with a significant impact on ATT. Maximum perfu-
sion decreases and BBBO region volumes were different
between the two experimental groups of animals. Dif-
ference in attenuation loss due to transmission through
the skull could explain that discrepancy. Indeed, effective
acoustic pressures estimated from animal weight®* was

0.38 and 0.3 MPa in the first and second group, respec-
tively. In a previous study performed with comparable
experimental conditions to our Experiment 1, a similar
50% decrease of CBF was measured.'*

The lack of impact on ADC supports that this BBB
opening procedure is safe with no potential cytotoxic
edema that could be induced by hypoperfusion3 neither
vasogenic edema by the controlled increase of blood bar-
rier permeability.3*

The absolute quantification of cerebral blood flow
using ASL is based on biophysical models that describe
the longitudinal magnetization evolution of tagged spins,
through the successive compartments, from arterial blood
to brain tissue.>>3 In addition, the role of ATT in pre-
cise CBF mapping has been widely discussed.?” Indeed, in
the present study, a decrease in CBF combined with an
increase in ATT was measured in the BBBO region. Such
increase in ATT has been associated with an upstream
impact or vasoconstriction at the level of feeding arter-
ies’® or arterioles®® that leads to an underestimation
of CBF.39%0

Perfusion mapping, in this article, was achieved using
the general kinetic model for CBF quantification®® based
on the assumption that labeled water in the blood is a
freely diffusible endogenous tracer.'®* However, it has
been shown that this assumption is not always valid in the
brain,*'*? especially for high blood flow rate, where water
extraction fraction tends to be lower.** As a result, the BBB
plays a role in the exchange restriction between the vascu-
lar environment and the brain tissue. Several studies have
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investigated the effect of BBB opening on CBF measure-
ment through intravenous injection of Mannitol**** and
they reported an increase in CBF measured by ASL and
DSC-MRI.

Thus, for the same effect, BBB opening by MB+US or
by Mannitol injection has contradictory consequences on
cerebral blood flow. The above-mentioned elements rule
out the hypothesis that the observed hypoperfusion is the
consequence of BBB opening and support the assumption
that the observed CBF decrease is the result of a myogenic
reaction to the mechanical strain applied the vessel walls
by oscillating microbubbles during sonication.

Different research groups have studied the secondary
effects related to BBB opening using ultrasound combined
with microbubble injection.!> Several evidences suggest
that MB+US impacts the cerebral vascular system and
affects the proper functioning of cerebral blood flow. An
in vivo study in mice showed in average a reduction of
60% in the diameter of arteries and arterioles following
sonication, as observed by optical imaging, followed by
a progressive recovery within 20-600 s.3® Results in rats
reported a reduction in vessel diameter in only 25% of
the vessels exposed to MB+US.* In the same study, an
inverse correlation has been found between vessel size
and vasoconstriction impact, with a stronger impact in
smaller diameter vessels. Thus, the outcomes described
in this article are consistent with previous findings, since
the observed CBF reduction can be an effect of vessels
vasoconstriction.

BBB plays an essential role in protecting brain tissue
but also in mediating and regulating the neurovascular
coupling. Evidences from fMRI studies have shown that
BBB disruption affects this function through a significant
decrease in the neurovascular response to stimulus'® with-
out affecting CBF baseline (at rest). However, CBF mea-
surement in this study was performed 1 h following son-
ication. Given the above-described CBF recovery approx-
imately 1 h after MB+US, the lack of effect on cerebral
perfusion is understandable. The same group has demon-
strated a reduced functional connectivity, using resting
state fMRI, in rats after FUS-BBB opening targeted to the
right somatosensory cortex.*® However, no clear statement
can be made about the changes in CBF through fMRI stud-
ies, since the BOLD signal originates from both CBF and
CMRO?2 (Cerebral Metabolic Rate of Oxygen) contribu-
tions.

Another key element to take into account is the
inflammatory response triggered by the BBB disruption.
Indeed, some research studies have detected, within the
BBB opening area, the presence of inflammatory mark-
ers (microglia) by immuno-fluorescent staining.*’*® The
inflammatory response may interfere with the vascular
neuro-regulatory system. However, those studies have not
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explored neuroinflammation in the hour following BBB
opening and have found inflammatory bio-markers several
hours after. Therefore, they could not provide an appro-
priate answer to the above-mentioned phenomenon, that
occurs immediately after MB+US.

The DSC perfusion acquisitions support the hypoper-
fusion highlighted through pCASL scans. ASL and DSC
results are comparable in the non-US exposed hemisphere,
in agreement with the literature® whereas this congru-
ence is not valid in the hemisphere with BBB opening.
A possible explanation for this is that the increase in
surface permeability affects the acquisitions and the
respective quantification models related to each method
in distinct ways.** Indeed, given the used quantifica-
tion model,?® assuming that water is a freely diffusible
endogenous tracer, pCASL-CBF at high perfusion may be
overestimated under BBB disruption,*! where water in
the blood may extravasate more freely. Meanwhile, DSC
may overestimate CBF due to the impact of Gado-Dota
extravasation on the T signal change. However, BBB
opening is expected to have a larger negative impact on
perfusion estimation by DSC than by ASL. In fact, due
to the relatively small difference between T; relaxation
times of blood and tissue compared to water exchange
rate across the BBB,>° the contributions of intravascular
and extravascular labeling to the total ASL signal are dif-
ficult to distinguish, despite increased BBB permeability.
In addition, a similar weak correlation between CBF val-
ues from the ASL and DSC was observed when the transit
time is more delayed.>! This finding supports the observed
delayed ATT albeit its estimation has some limitations,
notably the limited number of multi-PLD scans in the
experiment and a possible variation of CBF during the
scans considering the results of Experiment 2.

Expansion of CBF decrease beyond the BBBO region
highlights the nonlocal aspect of the observed phe-
nomenon and suggests that hypoperfusion requires lower
acoustic pressure than the pressure required to make the
BBB permeable to Gado-Dota. In addition, the performed
spatiotemporal analysis allows to establish some points
of similarity with the cortical spreading depression (CSD)
phenomenon. CSD is a relatively slow depolarization wave
that leads to the suppression of brain activity. The evolu-
tion of CBF over time following electrically induced CSD
was investigated,” a transient suppression of brain activ-
ity was measured by EEG with a 35% reduction in cerebral
blood flow, 4 min following CSD onset and a complete
recovery after 200 min following CSD onset. This hypoper-
fusion spreaded at 5Smm/ min measured by EEG. Similar
results were obtained in mice following CSD induced by
traumatic brain injury.>® Nonetheless, the spreading veloc-
ity computed with the cortical spreading maps reported
in the present study is 10 times slower, and suggests a
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dependency between the strength of the induced
mechanical stimulation and the spreading velocity of
hypoperfusion through the cortex. The effect of CSD on
blood flow have been extensively investigated and sev-
eral studies reported a large transient increase in CBF
occasionally preceded by a brief hypoperfusion.>* This
phenomenon is likely dependent on the used species and
the mechanism involved in the induction of CSD.

5 | CONCLUSIONS

This study provided strong evidence of a nonlocal tran-
sient hypoperfusion following BBB opening by ultra-
sound combined with intravenous injection of microbub-
bles identified using pCASL and DSC-MRI. The reported
outcomes are in agreement with previous studies that
show a decrease in vascular and neurovascular response
in the sonicated region. These results may appear
counter-intuitive since we would expect an increase in
perfusion correlated with a BBB opening. However, we
obviously have to count on the physiological reaction
to US stimulation The analysis of the findings sug-
gests a CSD-like phenomena resulting from the mechan-
ical strain generated by microbubble expansion induced
by sonication. Intracranial EEG monitoring following
BBB opening can be useful to confirm this hypothe-
sis and better characterize the observed hypoperfusion
propagation.

In our study, T,w, Tyw, and ADC scans showed
no abnormal hyper- or hypointense voxels in the tar-
get regions, meaning that no MRI-detectable edema nor
microhemorrhage was caused by the procedure, con-
firming that the method can safely and effectively open
the BBB, as demonstrated in very recent clinical trials
for the treatment of amyotrophic lateral sclerosis, mild
Alzheimer’s disease or glioblastoma.>>7 Investigating the
effects of MB+US BBB opening on cerebral perfusion is
a crucial element to improve our understanding of this
method and to broaden its applications in clinical therapy.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.
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Mestas J-L, et al. Evidence of cerebral
hypoperfusion consecutive to ultrasound-mediated
blood-brain barrier opening in rats. Magn Reson
Med. 2023;89:2281-2294. doi: 10.1002/mrm.29596
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