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Focused ultrasound (FUS)-induced disruption of the blood-brain barrier (BBB) is a non-invasive method to target
drug delivery to specific brain areas that is now entering into the clinic. Recent studies have shown that the
method has several secondary effects on local physiology and brain function beyond making the vasculature
permeable to normally non-BBB penetrant molecules. This study uses functional MRI methods to investigate how
FUS BBB opening alters the neurovascular response in the rat brain. Nine rats underwent actual and sham FUS

Brain
Drug delivery induced BBB opening targeted to the right somatosensory cortex (SI) followed by four runs of bilateral electrical
Neuroimaging hind paw stimulus-evoked fMRI. The neurovascular response was quantified using measurements of the blood

oxygen level dependent (BOLD) signal and cerebral blood flow (CBF). An additional three rats underwent the
same FUS-BBB opening followed by stimulus-evoked fMRI with high resolution BOLD imaging and BOLD imaging
of a carbogen-breathing gas challenge. BOLD and CBF measurements at two different stimulus durations
demonstrate that the neurovascular response to the stimulus is attenuated in both amplitude and duration in the
region targeted for FUS-BBB opening. The carbogen results show that the attenuation in response amplitude, but
not duration, is still present when the signaling mechanism originates from changes in blood oxygenation instead
of stimulus-induced neuronal activity. There is some evidence of non-local effects, including a possible global
decrease in baseline CBF. All effects are resolved by 24 h after FUS-BBB opening. Taken together, these results
suggest that FUS-BBB opening alters that state of local brain neurovascular physiology in such a way that hinders
its ability to respond to demands for increased blood flow to the region. The mechanisms for this effect need to be
elucidated.

Somatosensory cortex

1. Introduction not fully understood. Research in animal models implicates greater

transcellular permeability through widened tight junctions between

Focused ultrasound (FUS) can achieve non-invasive and spatially
localized disruption of the blood-brain barrier (BBB) (Hynynen et al.,
2001). An ultrasound transducer with curved geometry for focusing
transmits the acoustic pressure wave through the intact skull to a focal
region in the brain that is several millimeters in extent. Gas-filled
microbubbles are injected into the blood stream, and upon reaching
the focal region they undergo a rapidly oscillating expansion and
contraction in size known as stable cavitation. Forces created by cavi-
tating microbubbles in the vessels leads to a local disruption of the BBB.
The exact mechanisms for how normally non-BBB penetrant agents are
then able to cross from the blood stream into the brain parenchyma are

endothelial cells, a reduction in drug efflux mechanisms, and an increase
in the number of transcytotic vesicles (Aryal et al., 2017; Hynynen et al.,
2005; Sheikov et al., 2008, 2004). The BBB remains permeable for
several hours, and is fully resolved back to its original state within
24-48 h (Marty et al., 2012; Park et al., 2012). This powerful technology
has been used for targeted delivery of a wide variety of therapeutics into
the brain (Aryal et al., 2014; Burgess et al., 2015; Meairs, 2015; Timbie
et al., 2015), including in clinical trials for Amyotrophic Lateral Sclerosis
(NCT03321487), Parkinson’s disease (NCT03608553), Alzheimer’s dis-
ease (NCT02986932) and gliobastoma brain tumor (NCT03616860)
patients (Lipsman et al., 2018; Mainprize et al., 2019).
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In addition to disrupting the BBB, several secondary physiological ef-
fects have been observed following the application of FUS with micro-
bubbles. Raymond et al. demonstrated vasoconstriction in mice, showing
an average reduction in vessel diameter of approximately 50% following
the application of FUS (Raymond et al., 2007). The effect lasted approxi-
mately 5 min after which the vessels returned to their original diameter. A
similar study performed in rats found that a much lower percentage of
vessels showed signs of vasospasm (25% of vessels observed in rats vs 88%
of vessels in mice) (Cho et al., 2011). Kovacs et al. reported that they
measured significant elevation in several molecular and proinflammatory
markers in rats after FUS-BBB opening. Levels of these markers remained
elevated for up to 24 h and were interpreted to be indicative of a sterile
inflammatory response (Kovacs et al., 2017). Evoked potential measure-
ments and blood-oxygen level dependent (BOLD) functional MRI (fMRI)
used during forepaw stimulation to investigate the effects on neuronal
function in rats indicated that FUS BBB opening suppressed both the
evoked potential measurements and the changes in the BOLD signal in
response to the stimulus (Chu et al., 2015). The effect was only observed at
higher ultrasound power levels that also lead to red blood cell extrava-
sation seen on histology. Our group has shown that FUS-BBB opening,
even at lower powers, breaks the functional connectivity between two
interhemispheric cortical regions that usually exists in the rat brain, as
measured by resting state BOLD fMRI (Todd et al., 2018).

All of these effects summarized above could have an impact on the
working of the neurovascular unit, the group of interrelated cells involved
in the function and energy supply of neuronal activity. It is comprised of
neurons, astrocytes, endothelial cells that are a part of the blood-brain
barrier, pericytes that are found on the surface of capillary vessels, and
smooth muscle cells that surround pial and penetrating arterioles (Iade-
cola, 2017; Muoio et al., 2014). A main role of the neurovascular unit is to
ensure the proper supply of oxygen and nutrients to all areas of the brain as
local neuronal activity fluctuates up and down. This is achieved through
the complex process of neurovascular coupling, where neuronal activity
initiates a signaling mechanism to local blood vessels that in turn drives
changes in vessel dilation or constriction to regulate blood flow to the
region. Neurovascular coupling provides the rationale for using fMRI to
study brain function, as changes in the BOLD signal measurable by MRI are
assumed to be tightly coupled to neuronal activity. The full array of
mechanisms that make up the neurovascular coupling process are still not
well understood. An aggregation of evidence to date suggests that multiple
signaling pathways exist from both neurons and astrocytes to the local
vasculature, and that retrograde signaling through the vasculature prop-
agates upstream via endothelial cells to induce vasodilation of larger ar-
terioles and pial arteries (Iadecola, 2017).

In order to further understand the effects of FUS-BBB opening on
neurovascular coupling, a series of experiments were carried out in rats
consisting of FUS-BBB opening followed by fMRI imaging runs. BOLD
and arterial spin labeling (ASL) fMRI data were collected to focus on the
following questions about the effects of FUS-BBB opening: (i) are the
vessels in a state of continuous dilation or constriction such that baseline
cerebral blood flow would be altered? (ii) does it compromise the ability
of vessels to react to signals for dilation, first from stimulus-induced
neuronal activity and second from non-neuronal changes in blood
oxygenation? (iii) is there a cortical-depth dependence to the effects seen,
suggesting differences in how the hemodynamic response is altered for
the capillary bed versus surface arterioles. It is important to understand
these effects from a safety standpoint as FUS-BBB opening has entered
clinical use. From a neuroscience standpoint, investigating the effects of
this localized manipulation of the cerebrovascular network may provide
insight into the mechanisms of neurovascular coupling.

2. Methods
2.1. Experimental design

This study contains three components: (1) The first was designed to
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characterize the effects of FUS-BBB opening on the hemodynamic
response to an external stimulus as measured by BOLD and ASL fMRI
N =9 Sprague Dawley rats underwent two days of experiments: sham
FUS-BBB opening followed by anatomical and stimulus-based functional
imaging on one day, and actual FUS-BBB opening followed by the
identical imaging protocol on a separate day. (2) The second component
used a hypercapnia gas challenge to determine if the effects of FUS-BBB
opening on the BOLD signal are still present when the hemodynamic
response is induced by a change in vessel blood oxygenation level as
opposed to neuronal activity. An additional N = 3 Sprague Dawley rats
underwent one experimental day consisting of FUS-BBB opening and
BOLD imaging during a carbogen gas (95% 02, 5% CO2) breathing
challenge. (3) The third component investigated whether the effects of
FUS-BBB opening on the BOLD signal have a cortical-depth dependence
to them. The same N = 3 Sprague Dawley rats from the second compo-
nent also underwent high resolution stimulus-evoked BOLD fMRI. For all
three components of the study the FUS-BBB opening was targeted to only
the right hemisphere while the stimuli were applied bilaterally. To
minimize the possibility of suppressing neuronal activity, the FUS BBB
opening was done at a power level which was shown to not have an effect
on evoked potential measurements (Chu et al., 2015) and histology was
performed to confirm that no damage had been done to neuronal cells.

2.2. Animal preparation

All experiments and animal handling were performed under proced-
ures approved by the Brigham and Women’s Hospital Institutional Ani-
mal Care and Use Committee and in accordance with the Office of
Laboratory Animal Welfare and the Association for Assessment and
Accreditation of Laboratory Care regulations. Male Sprague Dawley rats
were used for all experiments (242-334 g). Anesthetic induction was
achieved with one dose of ketamine and xylazine (80 mg/kg/10 mg/kg)
at the start of each experiment. The head of the rat was shaved and de-
pilatory cream was applied to remove all fur for optimal ultrasound
coupling. A tail vein catheter was inserted to be used for injections of
microbubbles and MRI contrast agent.

2.3. FUS blood-brain barrier opening

FUS-BBB opening was targeted to the somatosensory cortex (S1) in
the right hemisphere. The procedure was performed with an in-house
made MRI-compatible focused ultrasound system. The ultrasound
transducer operates at 690 kHz and has a 3.0 cm diameter and 3.5 cm
radius of curvature. The system additionally has a three-axis manual
positioning system to move the transducer, a single element passive
cavitation detector, and a transmit/receive MRI RF coil. The rat lies su-
pine with its head fixed in place by ear bars and coupled to the ultrasound
transducer by a bath of degassed water. The FUS sonications are gener-
ated by a function generator (33220A, Agilent), amplifier (240L, E&I)
and custom Matlab user interface. Accurate targeting of the right S1 re-
gion was achieved by steering the location of the FUS focal point (as
determined by a pre-setup heating of a silicone gel phantom) to the
location of S1 (as determined from an MRI T2-weighted structural image
of the brain).

BBB opening was done by applying repeated bursts of FUS sonications
immediately after injection of microbubbles (200 pL/kg bolus injection
of Optison, GE Healthcare). The sonication parameters were 10 ms
bursts, 1Hz repetition frequency, and 120 repeats. To ensure full
coverage of the right S1 region, five sets of sonications were applied over
a 2 x 2mm square (4 corners and one in the middle), with the center of
the focus targeted to 1 mm below the cortical surface. All sonications
were applied at a peak negative pressure of 0.34 MPa (as calibrated in
water), which is estimated to correspond to a pressure of 0.26 MPa in the
brain after accounting for a 23% attenuation loss due to transmission
through the skull (O’Reilly et al., 2011). The frequency spectra of mea-
surements recorded from the passive cavitation detector were used to
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monitor microbubble activity (McDannold et al., 2006). An increase in
the magnitude of the first harmonic is indicative of microbubble stable
cavitation, which was seen in all sets of sonications in all rats. The
presence of a broadband increase in the acoustic emission signal is
associated with inertial cavitation, a violent collapse of microbubbles
that leads to tissue damage, which was not seen in any of the rats. A
warming blanket was used throughout the BBB opening process to
maintain body temperature and the rat’s breathing was continuously
monitored. For sham BBB opening, the rat was positioned in the FUS
system and water bath for an equivalent amount of time, but no FUS
sonications were applied.

After all of the fMRI runs were completed, the extent of BBB opening
was assessed using contrast enhanced imaging. T1-weighted images were
acquired before and after tail vein injection of gadolinium (Magnevist,
0.25mL/kg) and converted to percent difference. The RARE sequence
parameters were: 0.3 x 0.3 x 0.6 mm resolution; 18 slices with 0.4 mm
slice gap; TR = 609 ms; TE = 18 ms. The percent difference images were
co-registered to the anatomical image and normalized into template
space (as described below).

2.4. Functional MRI

The imaging was performed over approximately 1h and 20 min,
starting approximately 1 h after the completion of the ultrasound soni-
cations for BBB opening. After BBB opening, the rat was removed from
the FUS system and set up in the conventional Bruker animal holder, all
the while kept in an unconscious state. A nose cone was used for delivery
of isoflurane and oxygen, body temperature was maintained with a water
warming blanket, and a 2 cm surface coil was place over the rat’s head for
signal acquisition. The rat’s breathing rate was monitored throughout the
experiment. A bolus injection of Dexdomitor was given subcutaneously
(Dexmedetomidine; Orion, Espoo, Finland; 0.025 mg/kg) and delivery of
0.25% isoflurane in 60% oxygen was started (Adamczak et al., 2010).
Periodic infusions of Dexdomitor were given as needed to keep the rat in
a stable physiological state. This combination of medetomidine and light
isoflurane has been shown to be beneficial for functional imaging studies
of sedated animals (Brynildsen et al., 2017).

Bilateral activation of the hind limb region of the somatosensory
cortex was achieved by electrical stimulation of the rat’s hind paws. Pairs
of 30 gauge needles were inserted into the pads of the second and fourth
digits on each hind paw. Electrical pulses of 300 ms duration were
delivered at 6 Hz using a TENS unit (TU 7000, Tensunits.com, Largo,
Florida) connected to an in-house built circuit that synchronized the
stimulus to the MR data acquisition. The voltages in each branch of the
circuit going to the two hind paws were measured on an oscilloscope and
adjusted to have equal values of 600 mV as measured across a 177 Q
resistor in series with the circuit, corresponding to approximately 3 mA
of current to each hind paw.

The fMRI imaging for the first component of the study consisted of
four imaging runs using block-designed stimuli: short (6 s On, 84 s Off)
and long (18 s On, 72 s Off) stimulus durations were imaged with a BOLD
sequence and an ASL sequence. The BOLD fMRI data was acquired with a
2D single-shot gradient echo echo-planar imaging (EPI) sequence.
Sequence parameters were: 3.2 x 3.2 cm field of view; 64 x 64 x 18 im-
aging matrix; 0.5 x 0.5 x 1.2 mm resolution; 18 1.0 mm axial slices with
0.2 mm slice gap; TR = 1500 ms; TE = 18 ms; four dummy scans prior to
data acquisition; 325 image volumes acquired in 8 min and 8 s. The ASL
data was acquired with a 2D single-shot continuous ASL sequence.
Sequence parameters were: Interleaved tag/control images; TR = 3000;
TE = 16.5; 1 axial slice (2 mm thick); 3.2 x 2.4 cm field of view; 64 x 48 x
1 imaging matrix; 0.5 x 0.5 x 2.0mm resolution; 2000 ms labeling
duration; 350 ms post-label delay; 164 images acquired in 8 min and 12s.
The single axial slice of the ASL scan was placed to be in the center of the
hind limb region of the somatosensory cortex.

The fMRI imaging for the second component of the study used the
same BOLD sequence as in the first component, but the stimulus was
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replaced by a hypercapnic gas challenge. The breathing of carbon dioxide
is known to stress the cerebral vascular system and cause a vasodilatory
effect. But unlike the hind paw stimulation studies done above, any
changes in hemodynamics will not have been initiated from a neuronal
activity source. During imaging, the gas delivery was alternated from
medical air (79% N, 21% 02) for 3 min to carbogen (95% 02, 5% CO2)
for 1 min, repeated three times. The rat was acclimated to breathing
medical air for at least 10 min before imaging began (with the same level
of 0.25% isoflurane as before). The imaging parameters were the same as
those used in the first component of the study described above, except
525 image volumes acquired in 13 min and 7s.

The fMRI imaging for the third component of the study consisted of
one imaging run using a high resolution single-shot EPI BOLD sequence
and the short duration block-designed stimulation (6s On, 84s Off).
Sequence parameters were: 2.5 x 2.5 cm field of view; 100 x 75 x 12
imaging matrix (3/4 partial Fourier in the phase encode direction); 0.25
x 0.25 x 1.2 mm resolution; 18 1.2 mm axial slices with no slice gap;
TR =1000 ms; TE = 18 ms; four dummy scans prior to data acquisition;
488 image volumes acquired in 8 min and 8s.

For all imaging sessions, the main field homogeneity was optimized
using the Bruker MAPSHIM protocol and an anatomical image was ac-
quired with a T2-weighted RARE sequence (0.3 x 0.3 x 0.5 mm resolu-
tion; 60 slices with no slice gap; TR = 6500 ms; TE = 50 ms).

2.5. BOLD data analysis

All BOLD fMRI images were pre-processed using SPM12 (2014) and
custom Matlab scripts. To assess the location and extent of stimulus
induced activation, the data were analyzed in terms of percent change in
the BOLD signal. The T2-weighted anatomical image was segmented in
SPM12 using the template of Valdes-Hernandez et al. (Valdés-Hernandez
et al., 2011). The EPI images were realigned, co-registered to the
anatomical image, normalized to the template space, and spatially
smoothed with a Gaussian filter of 0.8 x 0.8 x 0.8 mm FWHM. The data
sets were further processed with a temporal high-pass filter (0.0056 Hz)
and the time signal spatially averaged over a white matter mask was
regressed out. The signal was converted into percent change from the
non-stimulus baseline and averaged over stimulation blocks to produce
an average signal over the 90 s on/off stimulation block.

Time courses of the percent change in the BOLD signal were extracted
from the left and right hindpaw S1 regions. An ellipsoidal cylinder shape
was used for the ROI with dimensions, 1.75 x 2.5mm in the cortical
plane and 1.5 mm through the cortex. The location in the cortical plane
was determined using each individual rat’s peak of activation, as defined
by the center-of-mass of the BOLD signal change 6 s into the stimulation
block. Locations of the individual ROIs did not vary more than [
+0.5 mm, +0.5 mm] over all data sets. The data was spatially averaged
over these ROIs and the plots are presented as the mean over the nine
rats, with shaded regions depicting+one standard deviation over the nine
rats. Tests for significant differences in the BOLD signal change between
the left and right S1 regions were done at each time point in the stimulus
block using a two-tailed t-test and Bonferroni corrected for 60 multiple
comparisons.

Due to the single slice acquisition, the ASL data was not realigned,
coregistered or normalized into the template space. Coregistration was
based solely on the original positioning of the slice during the time of
acquisition. The data was spatially smoothed with a Gaussian filter of 1.0
x 1.0 x 1.0mm FWHM and then converted into estimates of cerebral
blood flow (CBF). To minimize BOLD weighting of the data, the sub-
traction of the tagged images from the controls was done following the
procedure of Chuang et al. (2008). The time series data were high pass
filtered (>0.083 Hz) to remove the BOLD signal fluctuations and then
demodulated by multiplying by cos(n*n) to retain both the baseline CBF
and the changes in CBF due to stimulation. Conversion to CBF was done
according to (Alsop et al., 2015):
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6000 is a scaling factor to convert the units into ml/100 g/min, SI; is
the signal intensity from the control scan, SI; is the signal intensity from
the labeled scan, A=0.9 is the blood-tissue partition coefficient, Ry
=0.625 s~ is the assumed T1 relaxation rate of gray matter tissue,
o =0.85 is the labeling efficiency, & = 0.3 s is the assumed arterial transit
time, PLD =0.35s is the post-label delay time, and T =2.0s is the la-
beling duration.

As with the BOLD analysis, time courses of the CBF signal were
extracted from the left and right S1 regions and averaged over the
stimulation blocks. ROIs of 1.5 x 1.5 x 2.0 mm were used, centered on
the peak of CBF change. Tests for significant differences in the CBF
change values between the left and right S1 regions were done at each
time point in the stimulus block using a two-tailed t-test and Bonferroni
corrected for 30 multiple comparisons.

Maps of the baseline CBF values were calculated using only data from
the last 30 s of the 90 s stimulation blocks, when any changes in CBF had
returned to baseline. Data from these time points were averaged to create
a single baseline CBF map for each rat. Tests for significant differences in
the baseline CBF values between the left and right S1 regions were done
with a two-tailed t-test.

2.6. Hypercapnia data analysis

The BOLD data acquired during the hypercapnia study underwent
realignment, co-registration to the anatomical image, normalization into
the template space, and spatial smoothing with a Gaussian filter of 0.8 x
0.8 x 0.8 mm FWHM. High pass filtering was not done due to the very
slow time course of the air/carbogen blocks (4 min=0.0042Hz).
Regression of the average white matter signal was not done due to the
widespread changes in signal throughout the brain caused by the hy-
percapnic challenge. The data were converted into percent signal change
using the average of the medical air blocks as the baseline. ROIs of the
same size as in the first component of the study were used to obtain a
signal time course that was averaged over the three air/carbogen blocks.
The ROI for the right hemisphere was chosen to align with the center of
the BBB opening, and the ROI for the left hemisphere was placed con-
tralaterally in the same cortical region.

2.7. High resolution BOLD data analysis

The high-resolution BOLD data was processed in the same manner as

Histology
1.25x%

HIStOIogy . .
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the normal resolution BOLD data described above, with the important
exception that the smoothing kernel used had 1.0 x 0.1 x 1.0 mm FWHM.
This imparted essentially no smoothing in the cortical depth direction,
but still smoothed the data within the cortical plane to improve SNR lost
from the smaller voxel size. ROIs for the left and right S1 regions were
determined in the same manner as described above. For the plots of the
time courses, the data was averaged over the entire ROI. For the plots of
BOLD signal as a function of cortical depth, the data was taken from the
time point 6.5 s after stimulus onset and averaged over the ROI within
each individual cortical plane. This created nine data points spanning
2.25 mm of cortical distance.

2.8. Histology

To assess signs of tissue damage due to the FUS-BBB opening, his-
tology was performed on each of the nine rats from the first component of
the study. The rats were sacrificed one (N=4), two (N=2), three
(N = 2), or seven (N = 1) days after FUS sonication. The brains of the rats
were perfused with saline solution (100 mL, 0.9% NaCl) and 10% buff-
ered formalin (100 mL), fixed in 10% buffered formalin phosphate, and
cut into axial blocks embedded in paraffin. The blocks were sectioned
into 5 pm thick slices and stained with Haematoxylin and Eosin (H&E). A
neurobiologist with over 20 years of experience examined the stained
slides to determine the presence of damage to neuronal or other tissues.
All slides covering the cortex were considered, with particular attention
paid to the brain region where FUS-BBB opening occurred as determined
by the contrast MRI images.

3. Results
3.1. BBB opening

The location of BBB opening was confined to the right hemisphere in
all nine rats, occurring primarily in the region of the somatosensory
cortex (Fig. 1). Despite using fixed ultrasound parameters, the extent of
BBB opening varies across the nine rats. This is likely due primarily to
differences in skull geometry and orientation relative to the transducer
and secondarily to other aspects of biological variability such as vessel
size and distribution. The histology performed on the rats indicated that
the ultrasound did not cause damage to local tissue. There were no signs
of extravasation of red blood cells and no indications of injury to
neuronal cells.

Fig. 1. Summary of FUS-BBB opening and histology results. The top row shows T1-weighted contrast images depicting the location and extent of BBB opening for all
nine rats (images shown as percent change pre-to post-contrast agent injection). The location of the right (red) and left (black) S1 hind limb regions according to the
Paxinos and Waston rat brain atlas (Paxinos and Watson, 2013) are shown overlaid on the T2-weighted image at the far left. Histology of H&E stained slides of the
targeted right cortex are shown at 1.25x and 10x magnification. No signs of damage to cells or extravasation of red blood cells was seen for any of the rats.
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Fig. 2. Baseline CBF results. Maps of CBF values in the single slice acquired through the somatosensory cortex for the conditions of BBB closed and BBB open. The data
is the mean over the N = 9 rats. A T2-weighted anatomical image is shown for reference. The red and black squares on the CBF maps indicate the left and right S1 ROIs
that were used in the bar plot at the far right (mean and standard deviation over nine rats). The p-values are based on a two-tailed t-test without correction for multiple

comparisons (n.s. = not significant).

3.2. Effects of FUS-BBB opening on baseline CBF

Measurements of the baseline CBF for the rats in the BBB closed and
BBB open conditions are shown in Fig. 2. These values indicate the rate of
perfusion in the rat brain at rest-i.e., absent any activation due to stim-
ulation. The bar plots show the average CBF values in the left and right S1
regions. Within the conditions of BBB closed and BBB open, there are no
differences in baseline CBF between the left and right S1 regions.
Comparing between conditions, the CBF values were generally higher for
the condition of BBB Closed, by approximately 10% on average. The t-
tests performed indicate that both the left and right S1 regions had
significantly higher CBF values for the condition of BBB Closed. When the
CBF values were averaged over the entire slice, the difference was not
significant, and nor were there significant differences for any individual
voxels outside of the S1 ROIs.

3.3. Effects of FUS-BBB opening on stimulus-based changes in BOLD and
CBF

The results from the BOLD stimulus-based fMRI runs are shown in
Figs. 3 and 4. The data from the BBB closed condition confirms that the
BOLD responses in the left and right hemispheres are not significantly
different in terms of either amplitude or duration, and that the rise in
BOLD signal lasts longer for the 18 s stimulus, as expected. For the con-
dition where the BBB has been opened, the response in the targeted right
S1 is significantly decreased in both amplitude and duration. The initial
rise of the BOLD signal is not delayed, but it does not reach the same peak
amplitude and it returns to baseline more quickly. In the case of the 18 s
stimulus duration, the return to baseline happens even while the stimulus
is still on. There also does not appear to be a post-stimulus undershoot for
the BBB open cases, as there is when the BBB is closed.

As seen in Fig. 3, the mean BOLD signal change is larger in the left S1
region during BBB Open compared to BBB Closed for both the 6-s stim-
ulus data (peak change of 5.8% vs 4.5%) and 18-s stimulus data (peak
change of 6.4% vs 4.1%). However, tests for significant differences in the
data over all time points do not survive correction for multiple compar-
isons, either using the stringent Bonferroni correction or the less strict
false discovery rate correction.

The BOLD data was analyzed to investigate whether the observed
effect of BOLD signal change attenuation was correlated with the extent
of BBB opening. The results are shown in Supplementary Figure 1. There
is no evidence of such a correlation for the 6-s stimulation data, however
there is reasonably strong evidence that such a correlation exists in the
18-s stimulation. For the 18-s data the correlation is strongest towards
the end of the stimulus-on time. While the correlation values do not
exceed the stringent significance criteria of p < 0.05 corrected for mul-
tiple comparisons, several time points do cross the threshold of p < 0.01
uncorrected.

Fig. 4 shows a direct comparison of time courses for the 6 s and 18s
stimulus durations from the right and left S1 regions for the BBB open

condition. For the targeted right S1 region, the time courses of the BOLD
signal change show a similar pattern for both stimulus durations. In the
non-targeted left S1 region, the result of longer lasting BOLD change for
the longer stimulus duration are in line with what would be expected.

Results showing the changes in CBF in response to the stimulus are
shown in Fig. 5. The format is the same as in Fig. 3, where CBF time
courses are shown for the left and right S1 region at both stimulus du-
rations and under conditions of BBB closed and BBB open. As with the
BOLD results, the BBB closed condition confirms the expectation of
changes in CBF that are similar for the left and right S1 regions, and a
longer lasting change when the stimulus duration is longer. Unlike the
BOLD results, when the BBB is open the change in CBF in the targeted
right S1 region is not merely attenuated but appears to be completely
suppressed.

To determine the duration of the effect, one rat from the group of nine
was additionally imaged 1, 3, and 7 days after BBB opening. The BOLD
and CBF results from these four days are shown in Fig. 6. As with the
group results, there is a clear attenuation of the BOLD signal change and a
complete suppression of the CBF signal change on the day of BBB
opening. One day later, the time courses for the changes in BOLD and CBF
are similar in amplitude and duration between the left and right S1 re-
gions. The BOLD and ASL time courses for the left and right regions
remain very similar on days 3 and 7, suggesting that the effect of BBB
opening is resolved after 24 h and no lingering effects remain several
days later.

3.4. Effects of FUS-BBB opening on vessel reactivity to changes in blood
oxygenation

Three additional rats underwent BBB opening and standard resolu-
tion BOLD imaging during a gas challenge scan that alternated the gas
mixture fed into the nose cone between medical air (78% Nitrogen and
21% oxygen) and carbogen (95% oxygen and 5% carbon dioxide). Plots
of the BOLD signal time course and corresponding maps of the BOLD
change at various time points are shown in Fig. 7. In the first rat, there is a
small difference in the BOLD signal time course between the targeted
right hemisphere and the non-targeted left hemisphere. In the second and
third rats, there is a clear reduction in the amplitude of the BOLD change
in the targeted right hemisphere caused by the carbogen breathing. It
does not appear that the duration of the BOLD change is affected, as it
was in the stimulus studies above. The BOLD signal in the right hemi-
sphere “catches up to” the signal from the left hemisphere and they both
return to baseline at the same time.

3.5. Cortical depth dependence of BOLD changes

The same three rats as used in the carbogen experiments also un-
derwent stimulus-evoked fMRI with high resolution BOLD imaging using
only the 6 s stimulus duration. An analysis of possible effects on the BOLD
signal related to cortical distance is presented in Fig. 8. The results for
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Fig. 3. BOLD results. Plots of the percent change in the BOLD signal in response to hind paw stimulation are shown for the left (black) and right (red) S1 regions. The
solid line is the mean over all N =9 rats and the shaded regions depict+the standard deviation over the nine rats. The light blue shading represents the time that the
stimulus is on. Inset images show coronal and axial views of BOLD change maps at three time points after the stimulus onset. * indicates time points in the stimulus
block where the BOLD signal change is significantly different between the left and right S1 regions (two-tailed t-test, Bonferroni corrected for 60 multiple comparisons,
p < 0.05). No significant differences were seen for either of the BBB Closed cases.
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Fig. 4. Comparison of short and long duration BOLD time courses. Mean of BOLD time courses for 6 s (solid lines) and 18 s (dashed lines) stimulus durations are
plotted together. The time courses from the right S1 region (red) are very similar despite the different stimulus durations. The time courses from the left S1 region
(black) are in line with expectations, with the BOLD signal remaining elevated longer for the longer stimulus duration.
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Fig. 7. Carbogen gas challenge BOLD results. Individual results from three rats are shown in the three rows. The first column shows plots of the BOLD signal changes
in the left (black) and right (red) cortical regions. The second column shows the T1-weighted contrast difference image of the BBB opening. The images in the last four
columns are maps of percent change in the BOLD signal at different time points after the initiation of carbogen breathing. Note that the color scale of the BOLD percent

change is reduced to only 0-10% for Rat 12 due to the smaller change seen.

each individual rat show the extent of BBB opening, the BOLD signal
change time courses for the left and right S1 regions, plots of the BOLD
signal change as a function of cortical distance from white matter for the
left and right S1 regions (at 6.5 s after stimulus onset), and maps of the
BOLD signal change at three difference cortical distances (also at 6.5s
after stimulus onset). The origin for the cortical distance analysis is at the
white matter — gray matter interface with distances increasing towards
the cortical surface. In all three rats the non-targeted left S1 region shows
a clear relationship of greater BOLD signal changes towards the cortical
surface, as has been demonstrated by others (Tian et al., 2010). This
relationship holds for the targeted right S1 region in one rat, but in the
other two rats the rise in BOLD signal change plateaus at the highest
cortical layers.

For comparison, a similar analysis of BOLD signal change as a func-
tion of cortical distance was performed using the lower resolution BOLD
data from the nine rats in the first component of this study. The data were
reprocessed using the same 1.0 x 0.1 x 1.0 mm FWHM smoothing kernel
as was used for the high-resolution BOLD data. The individual plots of
BOLD signal change as a function of cortical depth are shown in Sup-
plementary Figure 2 for the conditions of BBB closed and BBB open.

4. Discussion

The aim of this study was to further elucidate the effects that FUS-
mediated disruption of the BBB has on neurovascular physiology. Our
main findings can be summarized as follows: (1) FUS-BBB opening at-
tenuates the neurovascular unit’s ability to respond to demands for

increased blood flow. This was shown to be the case when the initiating
mechanism was local stimulus-evoked neuronal activity and when it was
global changes to blood oxygenation. The attenuation in the neuro-
vascular response was present for both short and long duration stimuli. It
is not clear which mechanism in the cascade of events that make up the
neurovascular response is responsible for the effect. It could be any one of
neuronal activity, neurovascular signaling, the local vasculature, or
retrograde vascular signaling mechanisms that recruit increased flow
from upstream vessels. (2) There is some marginal evidence that targeted
FUS-BBB opening leads to non-local reductions in baseline CBF values.
There is more convincing evidence that following FUS-BBB opening to
one hemisphere, the baseline CBF values are not different between the
targeted and non-targeted hemispheres. (3) These changes are transient,
lasting less than 24 h, and no tissue damage was observed on histology,
implying that discernable damage to tissue due to the FUS plus micro-
bubbles is not the cause. Whatever underlying physiology is altered by
FUS-BBB opening, those changes appear to be completely reversible.

4.1. Which components of the neurovascular unit are affected?

In the sequence of events that constitute the neurovascular response,
neuronal activity leads to neurovascular signaling which leads to a
vascular response. If any of these components were affected by FUS-BBB
opening, the effect would propagate to the cerebral hemodynamics and
blood flow that were measured in this study. It is unlikely that neuronal
activity was suppressed by the BBB opening. Chu et al. showed that when
FUS is applied using a mechanical index of 0.55 (400 kHz, 0.35 MPa),
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Fig. 8. Cortical depth BOLD results. Individual results from three rats are shown in the three rows. The first column shows the T1-weighted contrast difference image
of the BBB opening. The second column plots the BOLD signal change time courses for the left and right S1 regions. The third column plots the BOLD changes at 6.5 s
after stimulus onset as a function of cortical depth. The locations of the shaded magenta, cyan and blue regions on the plots are shown on the T2-weighted anatomical
image inset. The fourth column shows maps of BOLD signal from 6.5s after stimulus onset at three different cortical distances from white matter.

there are no changes to the amplitude or latency of the P1 peak of a
somatosensory evoked potential measurement at 60 min after BBB
opening (Chu et al., 2015). In our study, we used FUS parameters that
give a lower mechanical index of 0.41 (690kHz, 0.34 MPa) and per-
formed imaging between one and 2 h after BBB opening.

It is possible that one of the many neurovascular signaling pathways
are affected by BBB opening. One explanation would be that the upre-
gulation of pro-inflammatory molecules see by Kovacs et al. could have
an interfering effect on the molecular messengers that are released after
neuronal activation to mediate dilation and constriction of surrounding
vessels (Kovacs et al., 2017). In the work reported by Kovacs et al., the
effects persisted for only several hours and largely returned to baseline by
24 h later. However, that study used a higher microbubble dose and had a
much larger area of BBB opening than our study, which could potentially
lead to significantly different effects between their experiments and ours.

If neither neuronal activity nor neurovascular signaling were affected
by the BBB opening, then the observed effects must be due to physio-
logical changes in the vasculature itself. This could either be changes in
the capillary vasculature that is closest to the neuronal activity and
known to be most affected by FUS-BBB opening, or it could be disruptions
in the hypothesized retrograde signaling that occurs along vessel endo-
thelial cells in order to initiate dilation in upstream arterioles and pial
surface vessels.

4.2. The ability of the vasculature to respond following BBB opening

Both the BOLD and the CBF data confirm that FUS-BBB opening at-
tenuates the hemodynamic response to an external stimulus. This finding
was also observed in the Chu et al. paper using BOLD measurements at
1 h after opening with slightly stronger FUS parameters (0.35 MPa peak
negative pressure, 0.55 Mechanical Index) (Chu et al., 2015). In our data
shown in Fig. 3, the BOLD signal change onset time does not appear to be
affected. But the amplitude and duration of the BOLD change are clearly

diminished. In the case of the longer duration 18 s stimulus, the BOLD
change is returning towards baseline even while the stimulus is still on. It
is also interesting that a clear sign of post-stimulus undershoot is seen in
all of the data where the BBB is closed, but not so for the two cases where
the BBB is open. Finally, it is possible that the BOLD response time
courses in areas of BBB opening are independent of stimulus duration.
Only two stimulus durations were tested, but the time courses for the 6 s
and 18 s stimuli appear very similar (Fig. 4).

The effects of BBB opening are even more striking in the CBF data
(Fig. 5). Based on these measurements, it appears that there is essentially
no change in blood flow in response to the stimulus. The average time
course from the 6 s stimulus data looks as if there might be an initial drop
in flow at the stimulus onset followed by a delayed small peak. However,
these changes are small enough that they could very well be just noise.

It is difficult to reconcile the fact that there is an observed change in
BOLD but no observed changes in blood flow based on the CBF mea-
surements. The hemodynamic response that gives rise to changes in the
BOLD signal is understood to be driven by changes in flow. For example,
the balloon model of BOLD signal changes proposed by Buxton et al. is a
set of coupled differential equations that rests on changes in flow into the
tissue (Buxton et al., 1998). If there are no changes to flow, then there are
no changes in venous blood volume, no changes in the concentration of
deoxyhemoglobin, and no changes in the BOLD signal. It is possible that
the answer lies with two other parameters known to affect the BOLD
signal that were not measured in this study: the cerebral metabolic rate of
oxygen consumption and the local tissue blood volume. The cerebral
metabolic rate of oxygen consumption is modelled as the product of
oxygen extraction, arterial oxygen content and cerebral blood flow.

The carbogen gas challenge experiments provided a way to induce
vessel reactivity from a source that was not neuronal activity. If the left
and right cortical regions responded in a similar manner that would be
strong evidence that the effects seen in the stimulus-evoked BOLD and
CBF data were due to alterations in either neuronal activity or
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neurovascular signaling mechanisms. However, BBB opening did have an
effect on the changes in the BOLD signal (Fig. 7). As with the stimulus-
evoked response, the onset of the change does not seem to be altered,
but the peak amplitude of the change is reduced. Unlike the stimulus-
evoked results, the BOLD signal does not make a quicker return to
baseline. The time course of the right S1 region “catches up” to the left S1
time course and they both reach the return to baseline at the same time.
These results indicate that the diminished ability of the vasculature to
respond to demands for increased flow is at least partly due to changes in
the physiology of the vascular itself, and not only an upstream compo-
nent of the neurovascular response.

4.3. The baseline condition of the vasculature following BBB opening

Results from the ASL data used to measure baseline CBF indicate that
there is no group average difference in resting blood flow between the
left and right S1 regions for either the BBB Closed or the BBB Open
condition. (Fig. 2). These measurements were performed between one
and 2 h after the FUS plus microbubbles were used for BBB opening. This
indicates that BBB opening does not put the vessels in the targeted region
into a state of long-lasting dilation or constriction compared to non-
targeted regions. Vessel constriction has been observed following FUS-
BBB opening in both rats and mice, but it was shown to last only
several minutes after which vessel diameter returned to the pre-FUS
value (Cho et al., 2011; Raymond et al., 2007).

However, there is moderate evidence that baseline CBF is globally
lower for the condition of BBB Open compared to BBB Closed. Baseline
CBF values were higher by an average of 10% throughout the entire slice
for the BBB Closed condition. Significant differences were only found
when comparing the left and right S1 ROIs, which were averaged over
nine voxels. If this is a real effect, it suggests a generalized effect on blood
flow by the locally targeted FUS-BBB opening. It is known that dimin-
ished activity of the sympathetic nerves leads to decreases in blood flow
(Sheng and Zhu, 2018). A number of processes may be considered to be
involved in FUS induced changes in sympathetic tone: (1) Direct effects
of BBB disruption: BBB dysfunction may decrease sympathetic excitatory
function (Biancardi and Stern, 2016); (2) Cytokine release from BBB
disruption, which may affect responsivity of sympathetic nerves (Elenkov
et al., 2000; Kenney and Ganta, 2014); and (3) it is possible that the ef-
fects of FUS-BBB opening extended below the cortex and into subcortical
autonomic centers that control blood flow.

It is also possible that the observed differences due were to uncon-
trolled changes in the experimental conditions between the two days that
the BBB Closed and BBB Open imaging runs were performed on. For
example, it is possible that the rats were under anesthesia for different
time durations before the functional imaging runs, which could lead to
them having been in different anesthetic states on average.

Here “resting blood flow” refers to times when there is no expected
increase in flow due to stimulus-evoked activity. The baseline CBF maps
were calculated by averaging together many time points over several
minutes to give a single CBF value. They are not a dynamic series of CBF
values over time, as are acquired in typical resting state fMRI studies.
This is important as previous work from our group has shown that FUS
BBB opening does alter inter-hemispheric resting state functional con-
nectivity metrics as measured by BOLD fMRI (Todd et al., 2018). BBB
opening must cause some alteration to the slow hemodynamic fluctua-
tions that make up the resting state fMRI signal or effect the mechanisms
that coordinate this signal between two physically separate brain regions.
It is not clear what that alteration or effect would be.

4.4. Differences in non-targeted regions during BBB closed versus BBB
open conditions

There is some ambiguous evidence that FUS-BBB opening might have
non-local effects on the stimulus-evoked BOLD signal changes. The BOLD
data for the non-targeted left S1 region presented in Fig. 3 show larger
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average changes in the BBB Open condition compared to the BBB Closed
condition. The statistical evidence for these differences reaching signif-
icance is borderline — several time points in the 18-s stimulus data have
uncorrected p-values slightly less than 0.01, but none of the time points
in either the 6-s or 18-s data meet the criteria of p < 0.05 after correcting
for multiple comparisons. Additionally, the effect of elevated BOLD
signal changes in the non-targeted hemisphere during BBB opening was
not observed in a previous study of ours that used a similar stimulus and
BBB Closed vs BBB Open experimental conditions (Todd et al., 2019).
It is possible that the FUS-BBB opening targeted to the right hemi-
sphere is somehow having an effect on the left hemisphere responses to
stimulation. While we are unaware of a particular mechanism for such an
effect, interhemispheric connections or brain autonomic responses may
play a role in these observations. As with the differences seen in baseline
CBF, it is possible that these observed differences are due to uncontrolled
differences in the BBB Closed vs BBB Open experimental conditions.

4.5. Cortical depth dependence

The results from the high-resolution BOLD data looking at cortical
depth effects are equivocal. The hypothesis behind the experiments was
it might reveal something about the role of vessel retrograde signaling.
Part of the neurovascular response is thought be a retrograde signaling
mechanism that originates in the capillary bed and travels upstream in
the vasculature via endothelial cells in order to recruit dilation from
larger arterioles. FUS-BBB opening is known to disrupt tight junctions
between endothelial cells (Sheikov et al., 2008) and therefore may
weaken this signaling and result in a reduced increase in flow from diving
arterioles and pial surface arteries. There was some evidence that the
BOLD signal near the pial surface was even more attenuated than in the
middle of the cortex in regions of BBB opening. But this effect was not
consistent over all rats (Fig. 8 and Supplementary Figure S2), and the
interpretation is somewhat complicated by the fact that this signal is also
due to blood from draining veins.

4.6. Implications for non-contrast methods of BBB disruption detection

Beyond the physiological implications, a better understanding of this
phenomenon may also have clinical implications if it can be used as a way
to map the region of BBB disruption without the use of an exogenous
contrast agent. Currently, the only method for determining the location
and extent of BBB opening in vivo is with contrast weighted MRI imaging.
This is acceptable for animal studies, but it would be preferable to not
have to administer contrast to patients if avoidable. It is not immediately
clear how a whole brain mapping of the observed effects due to BBB
opening could be done. The most clearly observable effects where in the
dynamic response to stimulus evoked neuronal activity. Such activation
is localized and not possible to achieve in all brain regions. The use of a
gas challenge will modulate flow in most of the brain. But it may not be
feasible to ask sick patients to undergo such a process that puts a heavy
burden on their breathing. Perhaps an imaging approach exists that was
not considered in this study, e.g., (Gregori et al., 2013).

4.7. Conclusions and future directions

The present work reports that FUS-BBB opening diminishes the ability
of cortical blood vessels to respond to demands for increased blood flow.
This is not due to the vessels being in a state of continuous dilation or
constriction, but rather some breakdown of the mechanisms that initiate
and accomplish temporary vessel dilation. A specific mechanism still
remains to be elucidated. At a gross level, no signs of histological damage
were observed and the effect is transient and reversible. This study did
not directly probe changes that may be occurring at the cellular or mo-
lecular levels. Information from further fMRI studies (e.g., cerebral blood
volume measurements), additional types of experiments (e.g., immune
responses, drug or receptor delivery) and imaging modalities (e.g. optical
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imaging of blood vessels) will be needed to fully understand how FUS-
BBB opening alters the neurovascular response. In addition to drug de-
livery studies, this work can also form a basis for evaluating neurological
diseases that have as a basis opening or disruption of the BBB at more
subtle levels.
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