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Abstract

Ischemic stroke occurs abruptly causing sudden neurologic deficits, and therefore, very little is known about hemody-
namic perturbations in the brain immediately after stroke onset. Here, functional ultrasound imaging was used to
monitor variations in relative cerebral blood volume (rCBV) compared to baseline. rCBV levels were analyzed brain-
wide and continuously at high spatiotemporal resolution (100 um, 2 Hz) until 70mins after stroke onset in rats. We
compared two stroke models, with either a permanent occlusion of the middle cerebral artery (MCAo) or a tandem
occlusion of both the common carotid and middle cerebral arteries (CCAo + MCAo0). We observed a typical hemo-
dynamic pattern, including a quick drop of the rCBV after MCAo, followed by spontaneous reperfusion of several brain
regions located in the vicinity of the ischemic core. The severity and location of the ischemia were variable within
groups. On average, the severity of the ischemia was in good agreement with the lesion volume (24 hrs after stroke) for
MCAo group, while larger for the CCAo + MCAo model. For both groups, we observed that infarcts extended to
initially non-ischemic regions located rostrally to the ischemic core. These regions strongly colocalize with the origin of
transient hemodynamic events associated with spreading depolarizations.
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Introduction .
vascular responses dynamically. On the other hand,

Acute ischemic stroke is most often caused by occlu-
sion of a cerebral artery. It is characterized by a sudden
loss of blood circulation to an area of the brain, result-
ing in a corresponding loss of neurologic function.
Ischemic stroke triggers a decrease of blood supply in
the affected tissue which is timely key when considering
the tissue fate.' > Hemodynamics and characteristics of
lesion growth following immediately after vessel occlu-
sion are essential issues and represent a new target area
for promising therapeutic interventions.

However, imaging hemodynamics immediately after
the stroke onset at the brain-wide scale remains diffi-
cult to achieve, even in preclinical investigation.
Indeed, most of conventional modalities suited for
whole-brain imaging (MRI, PET, SPECT)*° have lim-
ited spatial and/or temporal resolution to resolve

neuroimaging techniques with high resolution capaci-
ties and well suited to capture hemodynamics (LDF,
LSCI, OIS, 2PM, PAM)é’7 are constrained by a reduced
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field-of-view (e.g., brain surface, limited depth of field).
While combining multi-modal neuroimaging strategies
would provide key insights, real-time and brain-wide
imaging of stroke hemodynamics remains challenging.
Functional ultrasound imaging has been successful for
brain imaging of evoked activity which are transient
hemodynamic events®® or epileptiform seizures in
rodent brain.” Indeed, this modality measures local
changes in cerebral blood volume (CBV) with a spatial
resolution of ~100 x 300 x 100 um?, a temporal resolu-
tion of ~0.1s, and down to 1.5-cm depth, enough to
image the entire rodent brain depth.”'' Therefore,
functional ultrasound imaging is well suited for preclin-
ical stroke research. Hence, it has been successfully
employed to study i) chronic brain-wide perfusion
changes after transient intraluminal occlusion of the
middle cerebral artery (MCAo),'? ii) post-ischemic
and post-recanalization reorganization of brain func-
tions after distal MCAo,"® and iii) brain-wide imaging
of stroke perfusion after thromboembolic stroke and
recanalization.'*

However, these studies focused mainly on the ische-
mic core and do not describe in detail the hemodynam-
ic changes in the peri-ischemic tissue. Indeed, spreading
depolarization (SD), a slowly propagating wave of
intense depolarization travelling across the cortical
tissue coupled with transient and local changes in cere-
bral perfusion,'>!'® has been described to potentially
exacerbate ischemic injury.'”>> While the features of
SDs induced by ischemia have been widely examined,
studies generally failed to identify their site of elicita-
tion. Therefore, precise tracking of the stroke hemody-
namics i.e., ischemia and SDs, at the brain-wide scale
could help to better understand their impact on
pathophysiology.

In this study, we used functional ultrasound imaging
to monitor real-time hemodynamics during stroke,
including perfusion and peri-ischemic SDs at the
brain-wide scale. We compared two rat stroke models,
i.e., a first model consisting of permanent occlusion of
the distal branch of the middle cerebral artery (MCAo0)
resulting in small ischemic lesions and a second model
with a tandem occlusion of the common carotid and
middle cerebral arteries (CCAo+ MCAo0) resulting in
larger and more robust ischemic lesions.?* *
Hemodynamic changes were monitored continuously
until 70 mins after stroke onset. Data were then regis-
tered, segmented, and clustered***” into 115 anatomical
regions, including cortical, thalamic, striatal, and hippo-
campal areas using a digitalized rat brain atlas based on
Paxinos.”® Comparing the ischemic territory and the
infarcted tissue at 24 hrs revealed a mismatch for both
size and location for both stroke models. Notably, we
observed that brain regions located rostrally of the
ischemic core are not affected by the ischemia up to

70 mins after stroke but became part of the ischemic
lesion within the 24 hrs post-stroke. These regions are
also from where SDs emerge quickly after the stroke
onset.

Material and methods

Animals

Experimental procedures were approved by the
Committee on Animal Care of the Catholic University
of Leuven, in accordance with the national guidelines on
the use of laboratory animals and the European Union
Directive for animal experiments (2010/63/EU). The
manuscript was written according to the ARRIVE
Essential 10 checklist for reporting animal experi-
ments.”’ Adult male Sprague-Dawley rats (n=24;
Janvier Labs, France) were housed in standard ventilat-
ed cages and kept in a 12:12 hrs reverse dark/light cycle
environment at a temperature of 22°C with ad libitum
access to food and water. To avoid selection bias, ani-
mals were randomly distributed in three experimental
groups: (i) MCAo, in which the distal branch of the
left MCA was permanently occluded (n=10; 289.8 £
51.7g), (ii)) CCAo+ MCAo, in which the left CCA
was permanently occluded shortly before the MCAo
(n=10; 278.4+40.2g), (iii)) a sham group where four
rats (252.5+15.2g) were imaged as in any other
group, but the microvascular clip was inserted next to
the MCA without occluding it. Note that one experi-
menter (C.B.) performed the entire procedure, from
skull opening, vessel occlusion to brain imaging, for all
animals of the study.

Cranial window for brain-wide imaging

A cranial window was performed in all rats under iso-
flurane anesthesia (Iso-Vet, Dechra, Belgium) continu-
ously delivered at 0.61/min through a nose mask.
A mixture of 5% isoflurane in compressed dry air
was used to induce anesthesia, subsequently reduced
to 2.0-2.5% during surgery and to 1.5% for imaging.
From surgery to the end of the imaging session, the
animal head was fixed and secured on a stereotaxic
frame with all nose clamp and ear bars (Rat
Standard Stereotaxic 51601, Stoelting Co., USA).
Body temperature was monitored using a rectal probe
and maintained at 36.5+0.5°C using a digitally con-
trolled heating blanket (CODA, Kent Scientific Corp.,
USA). Intraperitoneal injection of 5% glucose solution
was provided every 2 hrs to prevent dehydration. As pre-
operative analgesia, Xylocaine (0.5%, AstraZeneca,
England) was injected subcutanecously into the head
skin. The scalp was shaved and cleaned with iso-
betadine before removing the entire dorsal skull.
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The cranial window extended from bregma (B) +4.0 to
—7.0mm anterior to posterior, laterally 6.0mm to the
right side, until the parietal-squamosal suture on the left
side to expose the distal branch of the MCA was per-
formed as previously described.®'*!'? Sterile saline was
regularly added during drilling sessions to avoid over-
heating the tissue. The skull was carefully removed with-
out damaging the dura. Finally, the brain was covered
with a low-melting 2% agarose (Sigma-Aldrich,
USA) and ultrasound gel (Aquasonic Clear, Parker
Laboratories Inc, USA) to ensure a proper acoustic cou-
pling with the ultrasound probe.

MCAo and CCAo + MCAo procedures

Rats from the CCAo + MCAo group underwent CCA
dissection before cranial window surgery. Briefly, the
rat was placed in a supine position to shave and clean
neck hairs. A vertical incision was made on the neck,
and the left CCA was carefully dissected from the sur-
rounding tissue and exposed, avoiding damaging the
vagus nerve.”** A 3-0 surgical silk thread (Ethicon,
France) was placed around the CCA and remained
untightened until occlusion during the imaging session.
Rats from MCAo and CCAo+ MCAo groups were
subjected to a permanent MCA occlusion directly
during the imaging session using a microvascular clip
(#18055-03, micro-serrefine, FST GmbH, Germany)
that was manually refined by grinding for optimal ser-
ration of the MCAo in adult rats.

Functional ultrasound imaging

The data acquisition was performed using a functional
ultrasound imaging scanner equipped with custom
acquisition and processing software described by
Brunner, Grillet et al.>’ In short, the scanner is com-
posed of a linear ultrasonic transducer (15 MHz, 128
elements, Xtechl5, Vermon, France) connected to
128-channel emission-reception electronics (Vantage,
Verasonics, USA) that are both controlled by a high-
performance computing workstation (fUSI-2, AUTC,
Estonia). The ultrasound transducer was secured using
a custom-design 3D printed transducer holder and
translated over the rat head using a linear motor stage
(T-LSM200A, Zaber Technologies Inc., Canada) con-
trolled by the imaging workstation, thus allowing for
robust and repetitive anteroposterior scanning of the
brain (details about 3D printed pieces, setup, and syn-
chronization of imaging with motor translation can be
found in Brunner, Grillet et al.>’ and open-access’')
Imaging is performed on an anti-vibration table to min-
imize external sources of vibration. Each coronal
Doppler image is 12.8-mm width and 9-mm depth and
comprises 300 compound images acquired at 500 Hz.

Each compound image is computed by adding nine
plane-wave (4.5kHz) angles from —12° to 12° with a
3° step. The blood signal was extracted from 300 com-
pound images using a single value decomposition filter
and removing the 30 first singular vectors.”> The
Doppler image is computed as the mean intensity of
the blood signal in these 300 frames that is an estimator
of the cerebral blood volume (CBV).”!'® This sequence
enables a temporal resolution of 0.6, an in-plane reso-
lution of 100 x 110 pm, and an off-plane (thickness of
the image) of 300 um.?’

2D scan of brain vasculature

Before occlusion, we performed a high-resolution 2D
scan of the brain vasculature consisting of 89 coronal
planes from bregma (B8) +4.0 to —7.0mm spaced by
125pum. This scan was used for data registration.
During the 90-min imaging session, the same brain
area was scanned at lower resolution with only 23
planes with a step of 500 um that took approximately
23s to complete. The number of imaging planes was
chosen to maximize the number of brain volumes
scanned per min while preserving a good resolution
in the anteroposterior axis. For the MCAo group, a
20-min baseline was recorded before occluding the
MCA, whereas the CCAo+MCAo group has a
10-min baseline before CCAo, followed by the
MCAo 10mins later. Notably, the procedures were per-
formed live with a real-time display of the Doppler
images, allowing for monitoring the brain perfusion
and the direct confirmation of the CCA and/or MCA
occlusions (Movies 1 to 3 — Artifactual signal driven by
air bubbles trapped in the ultrasound gel is addressed
in Supplementary Figure 2). The imaging session was
stopped after 90 mins of recording. At the end of the
imaging section, the neck skin was sutured with a 2-0
surgical silk thread (Ethicon, France) and Metacam
(0.2mg/kg, Boehringer Ingelheim, Canada) was
injected subcutaneously for postoperative analgesia,
and rats were placed in a warm cage and monitored
until waking up.

Registration and segmentation

We developed a custom digital rat brain atlas for reg-
istration of the data based on the one stereotaxic atlas
of Paxinos.”® The spatial transformation matrix was
computed on the high-resolution 2D scan that was
manually aligned on the atlas following the procedure
described in Brunner, Grillet et al.>’ In short, the high-
resolution 2D scan of the brain vasculature was trans-
lated and rotated to align the 2D scan of the rat brain
to a digital version of the rat Paxinos atlas.”® For an
accurate registration, we used landmarks such as the
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surface of the brain, ventricles, hippocampus, superior
sagittal sinus, and other large vessels. If needed, the
brain volume was scaled to fit the atlas outline. Then,
the registration was refined by adjusting the position of
the volume using brain landmarks such as lateral ven-
tricles, hippocampus, and large vessels. The outcome of
this registration procedure is an affine coordinate
transformation: 7 = MFr+d, where 7= (x,y,z) are
the original coordinates of high-resolution 2D scan of
the brain vasculature, M is the rotation and scaling
matrix and & the translation vector. Finally, this affine
transformation was applied to the low-resolution 2D
scan with the same axis origin as the high-resolution
2D scan. The registration was performed in a blinded
fashion by two different operators, and we verified that
both results were consistent. The dataset was segmented
into 115 anatomical regions/hemispheres that were sub-
sampled from the 332 brain regions of the original atlas
(see Supplementary Table 1). The hemodynamic signals
were averaged in each area. The transformation of the
low-resolution 2D scan and the data processing of 2D
scan was performed using an automated MatLab-based
pipeline. The software for data registration and segmen-
tation is open-access here.*> The unrolled-cortex repre-
sentation corresponds to the maximum intensity
projection of the signal located 250 um under the corti-
cal surface (see Supplementary Figure 1).

Relative cerebral blood volume (rCBV)

We used the relative cerebral blood volume (rCBV;
expressed in % compared to baseline) to analyze ische-
mia defined as the signal in each voxel compared to its

average level during the baseline period (Figure 1).
After registration and segmentation, the rCBV signal
was averaged in each individual region.

Clustering of the rCBV loss

Once registered and segmented, the brain regions were
clustered based on the average rCBV loss after the
MCA occlusion and sorted from the most significant
loss of rCBV signal to the smallest (from 1 to 115) as
compared to baseline level. The list of the brain regions
clustered can be found in Supplementary Table 1.

Analysis of spreading depolarizations

The detection of spreading depolarizations (SDs) was
performed based on the temporal analysis of the rCBV
signal. The rCBV signal was averaged in an area of
interest (10 x 10 voxels) located in the left side cortex,
laterally to the ischemic territory. An SD is defined as a
transient increase of rCBV signal above 50% compared
to baseline. This procedure allowed to measure the
occurrence of SDs over the recording period and
their propagation pattern in the field of view. The
velocity of each SDs was calculated as the time spent
to propagate between two areas of interest located in
the left side cortex, along with the ischemic territory.
The origin of each SDs was located by tracking
back the trajectory to the region of the first detection
of the transient increase of rCBV. The occurrence, the
propagation pattern, and the velocity of SDs could be
efficiently visualized using the unrolled-cortex projec-
tion as presented in Movie 3.

Animal preparation

Continuous functional ultrasound imaging for
in vivo monitoring of hemodynamics during stroke
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Figure |. Experimental workflow and timeline. From left to right. An || X |13-mm cranial window was performed to access the
whole brain by functional ultrasound imaging before occluding the middle cerebral artery occlusion (MCAo) or MCAo combined with
the common carotid artery (CCAo 4+ MCAo). Image acquisition has been performed continuously for 90 mins by scanning the brain
repeatedly in the anteroposterior direction (23 secs/scan) before, during, and after stroke onset. After the experiments, rats returned
to their home cage and were euthanized 24 hrs after occlusion to quantify the infarct size using cresyl violet staining. We developed a
digital version of the rat Paxinos atlas®® for the registration, segmentation, and temporal analysis of ischemia using a dedicated

software solution.>
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Histopathology

Rats were killed 24 hrs after the occlusion for histolog-
ical analysis of the infarcted tissue. Rats received a
lethal injection of pentobarbital (100mg/kg i.p.
Dolethal, Vetoquinol, France). Using a peristaltic
pump, they were transcardially perfused with
phosphate-buffered saline followed by 4% paraformal-
dehyde (Sigma-Aldrich, USA). Brains were collected
and post-fixed overnight. 50-um thick coronal brain
sections across the MCA territory were sliced on a
vibratome (VT1000S, Leica Microsystems, Germany)
and analyzed using the cresyl violet (Electron
Microscopy Sciences, USA) staining procedure. Slices
were mounted with DPX mounting medium (Sigma-
Aldrich, USA) and scanned using a brightfield micro-
scope. Ischemic lesion areas were manually delineated
and measured by two researchers independently in
double-blind conditions using the Fiji software.**
Brain slices were then registered on the rat atlas utiliz-
ing a set of landmarks, including the overall size of the
slice, the cortical thickness, the positions of ventricles,
and the position/size of the hippocampus. The ischemic
lesion was projected in the unroll-cortex using the same
approach as defined previously (see above and
Supplementary Figure 1).

Statistical analysis

The dataset successfully passed Shapiro-Wilk and
Kolmogorov-Smirnov tests (significance level o= 0.05)
for normal distribution before being subjected to statis-
tical analysis, see details in results and figure captions.
All data are shown as mean+sd (standard deviation).
Statistical analysis were performed using Prism9.3.1
(GraphPad Software).

Results

Animals

Three rats from the MCAo group were excluded from
the analysis because we observed an extensive postmor-
tem hemorrhage extending in the cortex and subcortical
regions. It was probably caused by a displacement of
the microvascular clip during the 24hrs recovery
period. Therefore, the number of rats in this group
was reduced to n =7 for the analysis.

Brain-wide continuous monitoring of hemodynamics

The functional ultrasound imaging scanner allows
repeated 2D scans in the anteroposterior direction.
For the first time, we demonstrate the applicability of
this technology for large-scale and continuous monitor-
ing of hemodynamics in deep brain tissue before,

during, and after stroke onset. After data acquisition,
every 23 cross-sections spaced of 500 um were regis-
tered and segmented on a custom-developed digital
rat atlas (see Materials and Methods) to provide a vol-
umetric and dynamic view of the changes in perfusion
at high spatiotemporal resolution.

Typical plots of the temporal evolution of the hemo-
dynamic signal are shown in Figure 2(a) for both the
MCAo (green plot) and CCAo+ MCAo (orange plot)
stroke models. In this example, the variations in the
cerebral perfusion were measured as rCBV compared
to the baseline level in two regions of interest located
either in the ischemic core in the left hemisphere (S1BF)
or in the opposite control hemisphere (black ROI
and plots). As shown, for the MCAo stroke model
(Figure 2(a), green plot), the rCBV signal dropped
immediately by ~—50% after MCAo and remained
around this value during the entire duration of the
experiment. On the contrary, we observed a two-step
and a more profound decrease of the rCBV signal
(Figure 2(a), orange line) in the CCAo+ MCAo
stroke model. First, we observed a transient drop of
the rCBV to approximately —60% of the baseline
level caused by the CCA occlusion that quickly recov-
ered but not up to the initial values. Then, the MCAo
triggers a massive reduction of ~—95% of the rCBV
that remains at this level during the entire recording.
Interestingly, in the CCAo + MCAo stroke model, the
contralesional hemisphere also shows a transient drop
of ~—15-20% of the rCBV signal after CCAo that is
not exacerbated after MCAo (Figure 2(a), black line).
Note that the rCBV in the control ROI located in the
opposite hemisphere remains stable all along with
the experiment in both stroke models (Figure 2(a),
dark line).

Figure 2(b) provides a detailed view of hemodynam-
ic changes in 115 brain regions in the affected hemi-
sphere (See Supplementary Table 1) averaged for all
animals in each group (MCAo group, n=7,
CCAo+MCAo group, n=10). Each region is sorted
from the most significant loss of rCBV signal to the
smallest (from 1 to 115).

Four levels of rCBV loss when compared to baseline
level (—100% to —60%; —60% to —40%, —40% to
—20%, and —20% to 0%) were defined to better com-
pare the MCAo and CCAo + MCAo stroke models. At
rCBV loss comprised between —100% to —60%, we
noticed that more regions were affected in the
CCAo+MCAo than in the MCAo stroke model
(~20 vs. ~10, respectively), confirming the cumulative
effect of MCAo + CCAo on the reduction of the per-
fusion. All these regions were exclusively located in the
cortex. For rCBV loss ranging between —60% and
—40%, approximately the same number of regions
(~30) were affected in the two models, but we observed
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Figure 2. Brain-wide continuous and real-time monitoring of hemodynamics during ischemic stroke. (a) A typical image of the brain
microvasculature for one coronal cross-section from the 2 D scan before the stroke. Only the left hemisphere is imaged entirely here
because of the too-small size of the ultrasound transducer used for this study. All images were registered and segmented based on a
digital version of the rat Paxinos atlas®® (white outlines). Time series plots of the average signal in the primary somatosensory barrel-
field cortex (SIBF; green and orange region) in the affected hemisphere and the control ROI located in the opposite hemisphere
(black region) for each stroke model (MCAo in green; CCAo + MCAo in orange). (b) Global hemodynamic changes (rCBV) in |15
regions located in the ischemic hemisphere for both the MCAo (left and green panel) and CCAo + MCAo groups (right and orange
panel). Regions were clustered according to the extent of rCBV signal loss (from more to less pronounced; find red-to-blue color-
coded labels in Supplementary Table I). (c) Left to right. Plot showing the total volume of brain region corresponding to a given rCBV
decrease (%; mean =+ sd) and associated statistical difference (P-value, black square Unpaired t-test, *p < 0.05; left panel) between
ischemic territory volumes in the MCAo (green, n=7) and CCAo + MCAo groups (orange, n= 10). (d) Typical 2D brain scan of
hemodynamics showing the loss in rCBV induced by either MCAo (left panel) or CCAo + MCAo (right panel). 22 cross-sections out
of 23 are represented here. (e) Unrolled-cortex projection (see Supplementary Figure 1) showing the loss in rCBV induced by
either MCAo (left panel) or CCAo + MCAo (right panel). D: dorsal, R: right, A: anterior, P: posterior, B: Bregma reference point.
Scale bars: 100 pum.

that those regions tend to be slightly reperfused natu-
rally over time (Figure 2(b)). Furthermore, we identi-
fied 50-60 regions located in the cortex with a drop of
rCBV between —40% to —20% of the baseline level in
the MCAo group, whereas 80-90 regions were affected
for the same levels in the MCAo + CCAo group also
including subcortical structures (Figure 2(b) and
Supplementary Table 1).

To evaluate the relevance of the rCBV signal to pre-
cisely assess the perfusion status and differentiate
each stroke model, we quantified the affected brain
volume (in mm?®) for various levels of rCBV decrease
(Figure 2(c)). We observed that ischemic volume differs
significantly (P-value, black square Unpaired t-test,

*p<0.05) between the MCAo and the CCAo+
MCAo groups for values ranging from —30 to —75%
(Figure 2(c)), left panel; mean +sd). The most signifi-
cant difference between the two groups was observed
for the value —60% that was chosen for further anal-
ysis (Figure 2(c) to (e)).

The total volume of brain tissue showing an rCBV
reduction of —60% was then analyzed during the entire
imaging session. We observed that the volume of ische-
mic tissue for the CCAo+ MCAo group was 41+
10mm® and did not show a significant change between
the MCA occlusion and the end of the imaging
period (354 14 mm?; Figure 2(c), middle panel; mean-
+sd; p>0.44, GLM-based repeated measures
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one-way ANOVA). On the contrary, the volume of
tissue affected for the MCAo group tends to shrink
over time from 24+ 14mm® quickly after MCAo to
15+ 14mm’ after 70mins afterward (Figure 2(c),
middle panel; mean+sd; p<0.0001, GLM-based
repeated measures one-way ANOVA). Interestingly,
the differences between the two groups for an rCBV
level of —60% were already statistically significantly
different at Smins after stroke onset. It became even
more pronounced during the 70 mins imaging period
(Figure 2(c), right panel; p=0.013; Unpaired t-test).

Figure 2(d) presents a typical case for each model in
which we overlaid the ischemic territory on top of each
microvascular image collected during brain scans for
each stroke model. We projected and unrolled the cor-
tical regions into a flat surface overlaid with the ana-
tomical landmarks from the reference rat brain atlas to
appreciate the differences better. Such a view is advan-
tageous for accurately visualizing the regions with
reduced rCBYV, their spatial extent (Figure 2(e) and
Supplementary Figure 1) and comparing animals and
models.

A large part of the infarct is located in regions not
ischemic at 70mins after stroke onset

Cresyl violet staining of coronal brain slices was per-
formed 24 hrs after the experiments. A typical example is
presented in Figure 3(a). It shows that the infarcted area
is localized only in the cortex in both stroke models,
but MCAo caused a much smaller and less extensive
lesion (Figure 3(a), left panel; green area) than
CCAo0 +MCAo (Figure 3(a), right panel; orange area).

The statistical analysis of all rats confirmed that the
infarct volume is significantly larger for the
CCAo+MCAo0 group (75428mm?>, range [26.62—
123.26], n=10, mean+sd; Figure 3(b), in orange)
when compared to the MCAo group (24+ 10mm°,
range [2.92-33.17], n=7, mean +sd; Figure 3(b), in
green; ***p =0.0003, unpaired t-test). Note that these
results agree with rCBV data, also showing a larger
ischemic territory in the CCAo+ MCAo group.
Taken together, this demonstrates that functional
ultrasound images acquired at early time points after
stroke onset (from 5 to 70 mins) have an excellent pre-
dictive value to predict brain infarction. To confirm
this hypothesis, we compared the results obtained by
histopathology with those from functional ultrasound
imaging in each stroke model that were both presented
using the same unrolled-cortex projection as described
previously (see Supplementary Figure 1). Figure 3(c)
shows a typical case for each group. We observed in
the MCAo model (Figure 3(c), left panel) that the
infarcted region (green outline) only partially coincides
with regions showing reduced rCBV (green shading).

Interestingly, much of the infarcted tissue is located
rostrally to the region with low rCBV at 70 mins, in
an area that was not initially ischemic. On the contrary,
we observed a considerable overlap between the infarct
region and the initially ischemic region at 70 mins in the
CCAo0 + MCAo model (Figure 3(c), right panel) even
though, here again, non-overlapping regions were
observed in the anterior part of the brain. Nevertheless,
when total infarct size was compared with the initial
ischemic territory, it was preserved in the MCAo but
not in the CCAo + MCAo model, in which the infarct
volume was much smaller than the initial ischemic region.

Although we observed large variability in terms of
the location and size of the infarct at 24 hrs after stroke
compared with the ischemic areas at 70 mins after
stroke onset for each animal (Figure 3), these results
were confirmed at the group level, showing that the
infarcted territory extends rostrally to the ischemic
region by 1.53 £1.68 and 1.37 £0.66 mm, respectively
in MCAo and CCAo+MCAo groups (p=0.49,
Unpaired t-test). This mismatch is consistent for the
two groups (6/7 for MCAo and 7/7 for CCAo +
MCAo rats). Additionally, we noticed that the
MCAo group also shows, on average, a mismatch
between the position of the infarct and the areas of
low rCBV in the posterior part of the brain, where
we previously observed good reperfusion during the
70-min period of the functional ultrasound imaging
recording (Figure 2(b) and (c)). In both groups, these
results indicate that the lack of blood supply may not
be the only factor contributing to the infarction of the
brain.

These findings prompted us to evaluate other impor-
tant factors, such as SDs that have been shown to exac-
erbate focal ischemic injury by converting zones of the
viable but non-functional ischemic penumbra to the
core region beyond rescue.’”

Spreading depolarizations start quickly after MCAo

As shown in previous studies, functional ultrasound
imaging is suitable for whole-brain tracking of tran-
sient hyperemic events associated with SDs.”*® The
imaging protocol that we developed for this study
allows for detection, monitoring, and quantification
of SDs in real-time before, during, and after stroke
onset. The spatiotemporal profile of SDs was extracted
by averaging the rCBV signal in all voxels from the
retrosplenial granular cortex (RSG) that is located in
the vicinity of the region with the low level of rCBV
(Figure 4(a), left panel). As already observed in previ-
ous studies, SDs were triggering transient hyperemia
characterized by a rapid and massive increase of the
rCBYV signal (>+150% rCBYV), often followed by a sus-
tained reduction of the baseline level. Recorded SDs
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Figure 3. Size and location of the region with a low rCBV signal at 70mins do partially overlap with the infarct at 24 hrs. (a) Typical
rat brain cross-section stained by cresyl violet to evaluate the infarct size at 24 hrs after MCAo (left) or CCAo + MCAo (right). The
infarcted territory is highlighted for each stroke model (green and orange, respectively). (b) Comparison of the infarct volume (mm?)
between the two models, showing the CCAo + MCAo (orange) display a statistically more extensive infarct than the MCAo group
(green; Unpaired t-test, **p =0.0003). (c) The infarct (colored shadings) and the region with low rCBV levels (colored outlines) are
overlaid on the unrolled-cortex projection for one typical rat. (d) Same as in (c) but for all rats used in the study. D: dorsal, R: right,

A: anterior, P: posterior, B: Bregma reference point.

show some variance in hyperperfusion pattern (ampli-
tude, duration, shape) while early and transient hypo-
perfusion drop was detected in just few SDs (Figure 4(a),
right panel; Movies 2 and 3; Supplementary Figure 3).
We did not observe a significant difference in
the number (4.3+2.3 and 4.7+2.9, mean+sd,
p=0.7557, Unpaired t-test) and the frequency (1 SD
each 17.5mins and 15.2 mins, central frequency) of SDs
between the MCAo and CCAo+ MCAo groups

(Figure 4(b)). A detailed analysis of one individual
animal revealed that all SDs are generated within the
same brain region (Movie 3). Moreover, SDs were
mainly detected within the same brain region, where
rCBV loss was ~50% (see Supplementary Figure 4).
The sham-operated rats (n=4) had a maximum of
one SD with distinct and transient hyperemia propa-
gating over the cortex followed by a long-lasting
oligemia observed along the recording period
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Figure 4. Real-time monitoring of spreading depolarizations using functional ultrasound imaging. (a) A coronal cross-section
extracted from the 2D functional ultrasound imaging scan after stroke onset shows the substantial reduction of the rCBYV signal in the
cortex (red area). The time series plot of the average hemodynamic signal (rCBV) in the retrosplenial granular cortex (green and
orange dotted line) from the ischemic hemisphere for each stroke model (MCAo in green; CCAo + MCAo in orange). (b) Monitoring
of SDs. Each horizontal line represents one animal; each dot corresponds to the transient hemodynamic increase associated with an
SD. The average SDs are not statistically different between the two groups (Unpaired t-test, ns =0.7557). (c) Location of the
epicenter of SDs for the MCAo (green dots) and CCAo + MCAo (orange dots) models with respective centroids (mean =+ sd). Red
star locates the approximate site of clip placement on the MCA. (d) A plot of the distribution of the average velocity of SDs for MCAo
(green) and CCAo + MCAo models (orange). Each point represents one rat. The average SD velocity is not statistically different
between the two groups (Unpaired t-test, ns =0.5683) and (e) Color-coded map showing the propagation of an SD in a concentric
manner around the ischemic core from its epicenter located in the anterior part of the brain to the posterior part. D: dorsal, R: right,

B: Bregma reference point. Scale bar: 100 pm.

(Supplementary Figure 5). Single SDs were occurring
within the first Smins after sham MCAo with rCBV
changes and propagation velocity in agreement with
the literature. Moreover, no tissue with ischemic
damage was observed after the postmortem analysis.
It has been reported that the initial SD could be due
to the mechanical pressure during the mechanical clip-
ping to occlude the MCA.*” Excluding this initial SD
from our analysis, we observed that the second SD
appears rapidly within ~10mins for both models
(MCAo: 6+ 11mins, CCAo+ MCAo: 1149 mins).
The group analysis of functional ultrasound imaging
data for all animals revealed that most SDs were orig-
inating from the primary somatosensory cortex (72.2%
for MCAo versus 83.3% for CCAo + MCAo0) between
S1ULp and S1FL (centroid coordinates: B+ 1.5/2 mm,
Lateral 4.5/5mm) in the close vicinity of the area with
low rCBYV signal (Figure 4(c)). SDs are propagating at
a constant velocity. We did not observe differences
in the velocity of SDs between MCAo and

CCAo+ MCAo groups (respectively 5.8+ 1.0 and
6.4 +2.4mm/min, mean-=+sd; p=0.5683, Unpaired
t-test; Figure 4(d)), but the values are in agreement
with others studies.'® All SDs waves observed during
this recording period followed a bidirectional propaga-
tion from their point of detection, and no cycling SD
were observed. Figure 4(e) presents a typical color-
coded map overlaid on the unroll cortex projection
showing the trajectory and progression of a standard
SD from the anterior to the posterior part of the brain
by contouring the ischemic territory (Figure 4(e) and
Movie 3).

Discussion

We here demonstrate that functional ultrasound imag-
ing is a suitable technology for continuous monitoring
of brain-wide hemodynamics during stroke, allowing
for real-time assessment of the ischemic insult. We per-
formed repeated 2D brain-wide scans (11 x 12.8 x 9-mm?
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total brain volume) to track the hemodynamics changes
from the stroke onset to 70 mins afterward. Anesthetized
rats were subjected to either MCAo or CCAo + MCAo
stroke model. For each model, we 1) characterized the
hyper-acute rCBV loss and its spatial extend, ii) tracked
individual SDs over the brain, and finally iii) extracted
the infarct territories 24 hrs after stroke onset. We show
that CCAo+ MCAo model provokes a more pro-
nounced and robust ischemia than MCAo alone. Once
reconstructed, registered, and segmented on a reference
atlas, we observed that infarct territories were more ros-
tral than ischemia, a mismatch that strongly colocalize
with the origin of SDs.

We observed that the MCAo and CCAo+ MCAo
stroke models are significantly different when compar-
ing the volume with a rCBV loss of —100% to —60%
relative to baseline level. For such range of rCBV loss,
all ischemic regions were exclusively located in the
cortex. The volume of tissue progressively decreases
from 24mm’ 5mins after stroke onset to 15mm?®
70 mins post-stroke in the MCAo model, an effect
that was not observed for the CCAo + MCAo model.
This observation is coherent when considering that col-
lateral perfusion is impaired by the ligation of the
carotid artery (CCAo). Then, when comparing only
the regions with a rCBV loss ranging from —60% to
0%, we showed a slow but continuous perfusion
increase following the MCAo in both stroke models.
Interestingly, another observation is on the lateral
extent of rCBV loss that appears greater after MCAo
than CCAo + MCAo; while unexpected, one can sug-
gest that prior CCAo better preserves lateral perfusion.

We quantified the infarct size and found it signifi-
cantly smaller for the MCAo than for the
CCAo0 +MCAo0 model despite inter-animal variability
in both models, as previously reported for various pre-
clinical stroke models®® and patients.>*> We observed
a significant dispersion of infarct sizes in the
CCAo+MCAo0 even though this model has been
shown to provide more robust and reproducible
stroke lesions.?>***! Notably, the infarct volume mea-
sured at 24 hrs postmortem matched those of low rCBV
measured in vivo using functional ultrasound imaging
for the MCAo group but less for the CCAo + MCAo
model. For the latter, the infarct size was approximate-
ly twice as large when compared with rCBV data, pos-
sibly due to reduced collateral flow supporting delayed
infarct expansion.**** Hence, brain regions with a sig-
nificant rCBV loss did not fully overlap with infarct
location in both MCAo and MCAo + CCAo model,
in accordance to what was previously observed in a
context of early partial reperfusion.'* Indeed, we also
showed that the final infarction was located more ros-
trally as compared to the initial ischemic territory mea-
sured 70 mins after stroke for both models.

We demonstrated that the SDs propagate from one
point of origin in a rostro-caudal direction with a
median velocity of ~6mm/min which agrees with
range detailed in the literature.***® Interestingly, all
SDs originated within brain regions that are not ische-
mic in the first 70 mins after stroke but turned infarcted
at 24 hrs. It is important to note that SDs may occur up
to 6hrs after stroke onset and known to cause an
expansion of core-infarcted tissue,'®*’ a period not
imaged in our experimental design. Although we did
not observe differences in the number of the SDs
between the MCAo and CCAo+MCAo stroke
during imaging, confirming previous results which
demonstrated that the number of SDs was not directly
associated with the expansion of the ischemic insult.*
Finally, our results suggest that the primary somatosen-
sory cortex in rats is highly sensitive to focal brain ische-
mia and becomes a “hot spot” for generating spreading
depolarization, which may contribute to delayed infarc-
tion of this region. However, mechanisms and causal
effects linking spreading depolarization and the infarct
expansion require further investigation.

On the technical limitations of this study, we want to
mention the need of large craniotomy, the long anes-
thesia and the absence of electrophysiology and behav-
ior assessments. Functional ultrasound requires skull
opening for imaging deep brain regions®?” which may
impair both neurological score and infarction size that
are indeed significantly improved in rats treated by
decompressive craniotomy after MCAo0.>* Therefore,
it is likely that our results might underestimate those
in close skull since acute ischemia in the MCA territory
may lead to cerebral edema with raised intracranial
pressure and reduce collateral blood flow, which is
associated with larger infarct size.’' Regarding the pro-
longed anesthesia along surgery and imaging, it has a
direct impact on the cerebral blood flow, neurovascular
coupling, autoregulation, ischemic depolarizations,
excitotoxicity, inflammation, neural networks, and
numerous molecular pathways relevant for stroke out-
come.> ¥ It is important to note that our study was
not specifically designed to record brain hemodynamics
after the recovery from anesthesia. However, it is worth
mentioning that recent advances in the field, particu-
larly in awake stroke research, provide promising
opportunities to overcome this limitation.

Additionally, we did not record the neuronal activity
of the ischemic core or peri-ischemic territory to con-
firm that rCBYV signal is associated with electrical SD.
However, functional ultrasound imaging signal has
been repeatedly validated as a robust and trustable
proxy of the neural activity using electrophysiological
recording®>® ¢! or calcium imaging,®? and also suited
for tracking with high reliability propagating seizures.’
Moreover, several studies have already demonstrated
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the direct link between hemodynamic and neuronal
signals in ischemia®®* and spreading depolarization
context.?>¥%% Finally, it is important to note that we
did not specifically investigate the impact of sex dimor-
phism on the ischemic insult®® or early behavioral out-
comes following the insult, as recommended by the
STAIR guidelines for enhancing the translational
value of preclinical stroke research.®’

The recent development toward imaging brain-wide
hemodynamics in awake rodents*® combined with
experimental model to induce stroke in conscious
rodents®® will support future investigation on the link
between ischemia, SD and infarction expansion.
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