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Comprehensive assessment 
of blood–brain barrier opening 
and sterile inflammatory response: 
unraveling the therapeutic window
Payton J. Martinez 1,6, Jane J. Song 1,6, Francis G. Garay 3, Kang‑Ho Song 2, Toni Mufford 3, 
Jenna Steiner 3, John DeSisto 4, Nicholas Ellens 5, Natalie J. Serkova 3, Adam L. Green 4 & 
Mark Borden 1,2*

Microbubbles (MBs) combined with focused ultrasound (FUS) has emerged as a promising noninvasive 
technique to permeabilize the blood–brain barrier (BBB) for drug delivery into the brain. However, 
the safety and biological consequences of BBB opening (BBBO) remain incompletely understood. This 
study aims to investigate the effects of two parameters mediating BBBO: microbubble volume dose 
(MVD) and mechanical index (MI). High‑resolution MRI‑guided FUS was employed in mouse brains to 
assess BBBO by manipulating these two parameters. Afterward, the sterile inflammatory response 
(SIR) was studied 6 h post‑FUS treatment. Results demonstrated that both MVD and MI significantly 
influenced the extent of BBBO, with higher MVD and MI leading to increased permeability. Moreover, 
RNA sequencing revealed upregulation of major inflammatory pathways and immune cell infiltration 
after BBBO, indicating the presence and extent of SIR. Gene set enrichment analysis identified 12 
gene sets associated with inflammatory responses that were significantly upregulated at higher 
MVD or MI. A therapeutic window was established between therapeutically relevant BBBO and the 
onset of SIR, providing operating regimes to avoid damage from stimulation of the NFκB pathway 
via TNFɑ signaling to apoptosis. These results contribute to the optimization and standardization of 
BBB opening parameters for safe and effective drug delivery to the brain and further elucidate the 
underlying molecular mechanisms driving sterile inflammation.

Keywords Focused ultrasound, Blood–brain barrier opening, Microbubbles, Sterile inflammatory response, 
Magnetic resonance imaging

Since the discovery of noninvasive BBBO through MB and FUS, several studies have investigated drug deliv-
ery into the  brain1,2. This has been reflected in the rising number of clinical trials registered each  year3. With 
the growing number of pre-clinical work utilizing MB + FUS, most attention has been devoted to optimizing 
BBBO parameters on the ultrasound (US) side, while conventional echocardiography contrast agent MBs with 
polydisperse size distributions have been employed at or near their clinical dose. As the field moves to more 
sophisticated MB formulations with longer circulation persistence and monodisperse size distributions, there 
is a need to elucidate the effects of MB size and number on BBBO. Additionally, the full extent of the sterile 
inflammatory response (SIR) from BBBO requires characterization, in terms of both ultrasound and MB doses. 
The safety of BBBO needs to be considered to minimize health concerns and mitigate harmful secondary  effects4.

The BBB is crucial in maintaining homeostasis and is the first line of defense against pathogens and noxious 
 insults5. To avoid the passage of undesirable molecules, the BBB is made up of a basal layer of endothelial cells, 
which selectively excludes hydrophilic molecules larger than 400  Daltons6,7. Tight junction proteins such as 
occludins, claudins and junctional adhesion molecules exist on endothelial cell membranes and form complexes 
to fasten together neighboring  cells8,9. Additionally, pericytes and astrocytic end feet processes envelop the 
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vasculature, regulating vascular constriction and ensuring proper maintenance of the  barrier10–12. Collectively, 
these constituents form a structure referred to as the neurovascular unit.

Microbubbles are ultrasound responsive colloidal particles that have a gas core encapsulated in a shell (e.g., 
polymer, phospholipid, protein)13–16. These 1–10 µm diameter spheres experience an isotropic but dynamic pres-
sure field within the ultrasound focus, resulting in volumetric  oscillations15. In therapeutic applications, particu-
larly in the brain, ultrasound parameters operate within lower frequencies (F ~ 1 MHz for mice and ~ 0.2–0.5 MHz 
for humans) to ensure transcranial propagation. Both probability of cavitation and the extent of BBBO are 
correlated to the mechanical index. Mechanical index can be varied by holding the frequency constant and 
adjusting the peak negative (MI = PNP/

√
F)17. With increasing MI, the MB acoustic behavior progresses from 

mild harmonic oscillations to violent inertial  implosions18–20. In the context of BBBO, harmonic MB oscillations 
were found to pry apart tight junction proteins, creating transient pores in the brain endothelium and allowing 
blood-borne molecules to  extravasate21–24.

As the MB is the acoustic actuator that captures the acoustic energy and uses it to produce localized mechani-
cal work on the endothelium, it is also an important parameter that must considered. Of particular interest is 
the size and concentration, which can be quantified as the injected microbubble volume dose (MVD, µL/kg)25,26. 
When matching MVD, MBs of different sizes were found to produce similar pharmacokinetic  profiles27,28, acous-
tic response as measured by passive cavitation  detection29, and extent of  BBBO25. Thus, MVD and MI serve as 
relevant MB and ultrasound dosing parameters, respectively, forming two axes to identify a window of safety 
and efficacy.

Despite technical characterization over the years, one of the most understudied areas is related to the biologi-
cal consequences of BBBO. On a larger scale, it has been observed that temporarily permeabilizing the BBB with 
inertial cavitation can induce microhemorrhages, transient edema and even cell death. Upon closer examina-
tion, transcriptomic analyses of the parenchymal microenvironment following MB + FUS BBBO have revealed 
upregulation of inflammatory pathways, mostly notably the NFκB  pathway30,31. While occurring in the absence 
of an active infection, this event has been labeled as the sterile inflammatory response (SIR) and is initiated when 
damage-associated molecular patterns are released from injured  cells32–34. These include ATP, uric acid, DNA and 
HMBG proteins, which bind to pattern recognition receptors provoking the immune  system35,36. Subsequently, 
proinflammatory cytokines such as TNFɑ and IL2 are released from inflammasomes and stimulate the activa-
tion of innate  immunity37. Several studies have implicated the hallmark activation of the NFκB pathway in the 
persistence of SIR; however, the direct mechanism of activation and associated pathways remain  unclear38–42. 
Moreover, microglia, the primary immune cells of the brain, migrate to the source of inflammation and release 
cytokines, signaling the recruitment of peripheral immune cells and other cell types in the  area30,43. Peripheral 
immune cells such as CD68+ macrophages circulate in the meninges via chemotaxis and migrate to the dam-
aged area to investigate and resolve the inflammatory  response30. Despite BBB closure within a 24-h window, 
peripheral immune cells have been shown to continue extravasating past the  BBB44,45.

Here, we report on a study to determine the extent of BBBO and SIR using a combination of MI (0.2–0.6 
MPa/

√
MHz ) and MVD (0.1–40 µL/kg). By using MRI-guided FUS, we sonicated the right mouse striatum 

and collected brain samples for bulk RNA sequencing 6 h post-sonication. We defined significant BBBO as a 
15% increase in signal intensity over a 1  mm3 volume in contrast enhanced T1-weighted MRI (CE-T1w MRI). 
The normalized enrichment score (NES) indicated how statistically significant mRNA for a given pathway was 
increased (upregulation) or decreased (downregulation) following MB + FUS treatment. We propose a defini-
tion of SIR according to three classes defined by NES analysis, which describe the statistical significance of a 
pathway (using an a priori set of genes from published bioinformatics databases like Gene Ontology, KEGG and 
MSigDB) to the observed phenomenon or phenotype through overrepresentation of specific gene expression 
(NES > 1.65) (Class I: TNFɑ signaling via NFκB gene set; Class II: both the TNFɑ signaling via NFκB and Inflam-
matory response gene sets; Class III: TNFɑ signaling via NFκB, Inflammatory response, and a damage-associated 
marker, apoptosis). Using these criteria, we developed a therapeutic window of ultrasound MI and microbubble 
MVD between the onset of BBBO and the onset of SIR, for each of the three classes. These windows will help to 
determine safe and efficacious MB + FUS parameters for BBBO in various applications.

Materials and methods
Animals
All experiments involving animals were approved by the Institutional Animal Care and Use Committee (IACUC) 
at the University of Colorado in CD-1 IGS mice (strain code: 022), and all methods are reported in accordance 
with ARRIVE guidelines (https:// arriv eguid elines. org). All mice used were female 9–11-week-old and purchased 
from Charles River Laboratory.

Microbubble preparation
Lipid-coated microbubbles containing a perfluorobutane (PFB) gas core were synthesized via sonication, as 
described previously by Feshitan et al.46. A monodispersed population of MBs (3 ± 0.5 µm) was isolated by dif-
ferential centrifugation. The isolation process, including centrifugation speeds, can be found in Supplemental 
Fig. S9. Microbubble concentration and number- and volume-weighted size distributions were measured with 
a Multisizer 3 (Beckman Coulter). Microbubble concentration ( ci , MBs/µL) versus microbubble volume ( vi , µL/
MB) was plotted, and the gas volume fraction ( φMB ) was estimated as follows:

φMB =

n∑

i=1

vi × ci

https://arriveguidelines.org
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where i is the index of the sizing bin, 300 bins ranging from 0.7 to 18 µm in diameter. Three independent MB 
preparations were measured 2 h before FUS treatment to confirm size distributions and concentration. MB 
stability 1 h after dilution to relevant injection concentration was also measured (Supplemental Fig. S10).

Magnetic resonance imaging
A Bruker BioSpec 9.4/20 Tesla MR Scanner (Bruker, Billerica, MA) with a mouse head RF phase-array coil was 
used. Mice were placed into an custom designed MRI bed that contained a stereotaxic ear bar. Each MRI session 
consisted of a 3D-localizer, and T1w MSME (Multi-Spin Multi-Echo) images were acquired in the axial plane 
(Table S3) 12 min after intravenous injection of 0.4 mmol/kg gadobenate dimeglumine (MultiHance, Bracco, 
Princeton, NJ). All mice underwent high-resolution 3D T2-turboRARE (Rapid Acquisition with Relaxation 
Enhancement) scans for anatomical imaging (Table S3). Mice remained stereo-tactically placed on an MRI bed 
and transferred to the FUS system for treatment. All image acquisition was performed using Bruker ParaVision 
NEO360 v.3.3 software.

MR image analysis
T1w MRI data sets quantified the extent of BBBO using FIJI (Maryland, USA). All axial slices were analyzed by 
defining the contralateral hemisphere and determining the mean and standard deviation of voxel intensities. The 
treated hemisphere was then defined, and all voxels were found above two standard deviations of the contralateral 
side. The area was determined and multiplied by slice thickness (0.7 mm) to find BBBO volume. The contrast 
enhancement (CE) was determined by the average intensity within BBBO volume and divided by the average 
intensity of the control region. Using control images (mice without BBBO), CE variation on the right side was 
found to be 0 ± 6% (Supplemental Fig. S1), therefore significant opening was defined as a greater than 15% CE.

MRI‑guided FUS treatment
The experimental setup is shown in Fig. 1D. A single element, geometrically focused transducer (frequency: 
1.515 MHz, diameter: 30 mm) was driven by the RK-50 system (FUS Instruments, Toronto, Canada). A single 
element, geometrically focused transducer (frequency: 0.7575 MHz, diameter: 10 mm) coaxially inside the 
driving transducer was used for passive cavitation detection. Using the T2-weighted MR image (coronal), the 
center of the striatum was targeted (Fig. 1D). Ultrasound gel (Aquasonic gel, Clinton Township, MI) was placed 
on the mouse. An acoustically transparent tank filled with degassed water was placed on top of the gel Fig. 1D. 
Microbubbles (0.1–40 μL/kg; 0.1 mL) and 0.1 mL MultiHance was injected intravenously through a retroorbital 
injection via 26 Ga needle. Afterward (within 10 s) FUS was applied. FUS parameters were as follows: 10 ms PL, 
1 Hz PRF, 300 s treatment time, and a PNP of 0.308, 0.615, or 0.923 MPa (0.246, 0.492, or 0.738 MPa in situ). 
Voltage data from the PCD was collected during the entire FUS treatment and analyzed as previously  described29. 
The remaining PCD analysis was done using MATLAB (Massachusetts, USA) including the calculations of har-
monic and broadband cavitation doses. Mice were sent back to MRI to complete post-FUS T1-weighted imaging. 
Groups were divided into n = 3 for all 12 dose levels (3 MIs, 4 MVDs).

RNA extraction and bulk RNA sequencing
At 6 h post FUS treatment mice were sacrificed via perfusion with 60 mL of ice-cold PBS. Post dissection, the 
treated site was removed and snap-frozen using liquid nitrogen. Brain samples were weighed and then imme-
diately placed into a cell lysing buffer (Qiagen, Hilden, Germany), and homogenized for 30 s. RNA was isolated 
and purified using the RNAeasy Kit (74,004, Qiagen). Quality control and library preparation were performed 
through the Anschutz Genomics Core for sequencing. Poly A selected total RNA paired-end sequencing was 
conducted at 40 million paired reads (80 million total reads) on a NovaSEQ 6000 sequencer.

Bulk RNA sequencing analysis
FASTQ files were obtained from Anschutz Genomics Core after sequencing. RNA analysis was performed using 
Pluto (https:// pluto. bio). Principal component analysis (PCA)47 was calculated by applying the prcomp() R 
function to counts per million (CPM)-normalized values for all 40,773 targets in samples from all groups. The 
data was shifted to be zero-centered. The data was scaled to have unit variance before PCA was computed. Dif-
ferential expression analysis was performed comparing the groups to the isoflurane-only control group unless 
otherwise noted in the figure caption. Genes were filtered to include only genes with at least 3 reads counted 
in at least 20% of samples in any group. Differential expression analysis was then performed with the DESeq2 
R  package47, which tests for differential expression based on a model using the negative binomial distribution. 
Log2 fold change was calculated for the comparison of the experiment to the control group. Thus, genes with a 
positive log2 fold change value had increased expression in treatment samples. Genes with a negative log2 fold 
change value had increased expression in control samples. Gene set enrichment analysis (GSEA) was done using 
the fgsea R package and the fgseaMultilevel()  function48. The log2 fold change from the experiment versus control 
differential expression comparison was used to rank genes. Hallmark gene set collection from the Molecular 
Signatures Database (MSigDB)49,50 was curated using the msigdbr R package.

Statistical analysis
All data collected are presented as mean ± SD. No preprocessing was done to the data except for voltage data 
collected from the PCD. PCD data were preprocessed as described in Martinez et al.29. All statistical analysis was 
completed in Prism 9 (GraphPad, California, USA). Star representations of p-values are indicated in captions 
and less than 0.05 was indicative of statistical significance. An unpaired Student’s t-test and ANOVA/multiple 
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comparisons were used to compare two groups and larger comparisons, respectively. The false discovery rate 
(FDR) method was applied for multiple testing  corrections51. An adjusted p-value of 0.05 was used as the thresh-
old for statistical significance.

Results
Microbubbles have a narrow size distribution
Microbubbles were isolated to a uniform size of 3-µm (± 0.5) diameter, as seen under brightfield microscopy 
(Fig. 1A). The size distribution of the MBs is monodisperse, with narrow peaks observed in both the number- and 
volume-weighted distributions (Fig. 1B). The mean diameters for the number- and volume-weighted distribu-
tions were 3.3 µm and 3.7 µm, respectively. The 10th and 90th percentiles in diameter were determined to be 
2.53 µm and 4.19 µm respectively (Table S1). To ensure consistent MVD injection, each MB batch was analyzed. 
Figure 1C illustrates the relationship between MB concentration and volume, which was integrated to calculate 
the gas volume fraction (ϕMB). For a basis concentration of  1010 MBs/mL, the mean ϕMB was determined to 
be 17 µL/mL (Table S1). MVD is calculated by multiplying ϕMB by the fluid volume dose (mL/kg) injected 
intravenously into the subject.

Figure 1.  Microbubble Characterization and Treatment Timeline. (A) Brightfield image of isolated 
microbubbles (3 µm) in diameter. (B) Number- and volume-weighted size distributions. Vertical dotted lines 
represent mean values. (C) Microbubble concentration plotted against volume at a basis concentration of 
 1010 MBs/mL. The shaded region under the curve represents the gas volume fraction. (D) Illustration of the 
MB + FUS treatment timeline. Initially, mice were imaged using T2w and CE-T1w MRI. Subsequently, they were 
moved to the RK-50 system to receive MB + FUS treatment. A more detailed timeline is provided at the bottom 
of panel D. After treatment, mice were imaged again with CE-T1w MRI. Data are presented as mean ± standard 
deviation (n = 5).
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Blood–brain barrier opening is dependent on both MVD and MI
The CE-T1wMRI revealed an intact BBB before the FUS procedure, as seen of minimal enhancement after Mul-
tiHance injection. Quantification of BBBO was performed on post-FUS CE-T1w MRI, based on the changes 
in T1 signal intensities in T1w versus CE-T1w MRI as illustrated in Fig. 2A. The CE difference between the 
contralateral hemispheres before FUS treatment was determined to be 0.05 ± 6% (mean ± standard deviation) 
(Supplemental Fig. S1). T2w MRI confirmed normal brain morphology.

Figure 2B shows representative images of BBBO for all twelve doses (MI/MVD). Within these experimental 
parameters, a clear onset of BBBO occurs at MVDs greater than 1 µL/kg at 0.2 MI, and MVDs greater than 0.1 µL/
kg at both 0.4 and 0.6 MI. Irregular morphology was observed at the highest dose, as indicated by loss of brain 
structure in hypointense areas in T1w MRI (white arrow in Fig. 2B). As the MI or MVD was increased, both 
the BBBO volume and amplitude increased, as seen by increased relative signal intensity (Fig. 2C,D). Linear 
trends between brain CE in BBBO (volume and intensity) and the MI/MVD were observed, yielding significant 

Figure 2.  Assessment of BBBO using Gadolinium contrast enhancement. (A) Cartoon depicting post-CE-T1w 
MRI image analysis. (B) Representative images of post-FUS MRI for each MI/MVD dose, captured at the peak 
BBBO area. (C) Quantification of BBBO volume (n = 3). Linear regression was performed for each mechanical 
index, resulting in R squared values of 0.86, 0.71, and 0.91 for 0.2, 0.4, and 0.6 MI, respectively. The X-axis is 
presented on a logarithmic scale. (D) Quantification of BBBO CE (n = 3). Linear regression was conducted for 
each mechanical index, resulting in R squared values of 0.79, 0.82, and 0.87 for 0.2, 0.4, and 0.6 MI, respectively. 
The X-axis is presented on a logarithmic scale. Data are presented as mean ± standard deviation.
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(p < 0.05) trends for all MIs (Fig. 2C,D). Transposed plots comparing volume and CE to MI are shown in Sup-
plemental Fig. S2A,B. Multiple regression analysis (MI + MVD) between BBBO CE resulted in  R2 = 0.86, although 
 R2 increased to 0.90 when analyzed as MI*MVD. This was similar for BBBO volume, with  R2 moving from 
0.89 (MI + MVD) to 0.94 (MI*MVD). Using FIJI, a round and circle score was given to each shape of BBBO to 
determine any lobe effects at high ultrasound pressures, and no significant differences were found between any 
dose pair (Supplemental Fig. S3). Based on the significance testing of pre-FUS controls (0.05 ± 6%, Supplemental 
Fig. S1), significant BBBO after FUS was defined as a 15% CE over a 1  mm3 volume. These intensity and volume 
thresholds are represented as dotted lines in Fig. 2C,D.

In addition to RNA sequencing, brains were stained fluorescently to visualize immune cell infiltration at the 
site of MB + FUS treatment. Five markers for immune cells were utilized, including GFAP, Iba1, CD68, CD4 and 
CD8 staining, astrocytes, microglia, peripheral macrophages, helper T-cells and cytotoxic T-cells (Supplemental 
Table S2). Representative IHC images were taken of the major effector protein, NFκB, to detect qualitatively 
the presence of inflammatory hotspots in the region of sonication on the post-FUS T1 images (Supplemental 
Fig. S4). Additionally, representative IHC images of CD4 (activated immune cells) showed increased signal with 
increasing MI. Meanwhile, Luxol fast blue staining for myelin (Supplemental Fig. S5) and hematoxylin and eosin 
staining to observe any changes to gross morphology (Supplemental Fig. S4) for each MI showed no differences 
between the groups.

Passive cavitation detection demonstrates microbubble activity varies with both MI and MVD
During each sonication, PCD recordings assessed microbubble acoustic activity during treatment. Voltage data 
obtained from PCD recordings were preprocessed and converted to the frequency domain (Fig. 3A). The fre-
quency content analysis revealed an increase in subharmonic and ultra-harmonic content with higher MVD 
and MI (Fig. 3B). The presence of significant broadband content was observed only when the MVD exceeded 
1 µL/kg at 0.6 MI (Fig. 3B). The frequency content throughout the treatments displayed a slight increase after 
injection, followed by a decline as MBs were cleared from circulation. This phenomenon was particularly evident 
at the highest MVD of 40 µL/kg (Fig. 3C). The average harmonic cavitation dose (HCD) was calculated for all 
doses, and a significant linear trend was observed at all three MIs (p < 0.05, Fig. 3D). Furthermore, there were 
no significant differences in broadband cavitation doses (BCD) between 0.2 and 0.4 MI at any MVD. However, 
statistically significant differences were observed at 0.6 MI with MVD higher than 1 µL/kg (Fig. 3D). Transposed 
plots comparing HCD/BCD to the MI can be found in Supplemental Fig. S6A,B. These values for no FUS and 
no MB controls are shown in Supplemental Fig. S7. Additionally, Fourier fast transform (FFT) plots of the PCD 
analysis have been added to Supplemental Fig. S11 to show the effects of retaining versus removing the funda-
mental frequency on the cavitation dose.

RNA sequencing indicates differential gene expression varies with MI and MVD
Six hours after MRI-guided FUS treatment, RNA was extracted from the treated brain region. Figure 4A illus-
trates our RNA sequencing pipeline, highlighting steps from extraction to analysis. To confirm variance between 
groups, all samples were initially plotted on a principal component analysis (PCA) graph. Figure 4B displays the 
primary two components with the highest variability, accounting for 14% and 9% of the total variance. Other 
variability testing was conducted on samples including UMAP and t-SNE plots found in Supplemental Fig. S8A,B.

Each triplicate sample was then analyzed for differentially expressed genes (DEGs) against the no-FUS control 
(+Isoflurane) (Fig. 4C). Overall, the DEGs increased with a higher MI or MVD. The highest number of DEGs was 
observed in the highest MVD and MI dose (40 MVD + 0.6 MI), totaling 1836 genes; the lowest observed number 
was 12 at the lowest MI and MVD. To understand their significance, the 1836 DEGs from the highest dose were 
analyzed for similarities with other doses. Among these genes, 536 were also found in at least two other doses, 
indicating a specific effect of MB + FUS treatment (Fig. 4D). The 536 genes were organized based on their fold 
change at the highest dose. As the dose was reduced in either MVD or MI, fewer genes in the set showed signifi-
cant differential expression, as indicated by the white bars. Notably, the lowest dose (0.1 MVD + 0.2 MI) did not 
exhibit significant differential expression among the 536 genes. Furthermore, the expression levels of these 536 
genes remained consistent across all doses. The genes showing higher expression levels in the highest dose (40 
MVD + 0.6 MI) also demonstrated higher expression levels in all other doses. Similarly, the less expressed genes 
maintained their lower expression levels consistently across all doses, following a similar gradient.

Hallmark gene set enrichment analysis reveals inflammatory response after BBBO
The next step in RNA analysis was to perform GSEA to provide a biological context for the DEGs. To cover a 
wide range of biological processes, we utilized the 50 hallmark gene sets from the Broad Institute (Cambridge, 
Massachusetts). Figure 5A illustrates the top gene sets identified across all 12 doses. Notably, there are 12 distinct 
gene sets that show upregulation at the highest doses and decline as the MI or MVD decreases. These twelve gene 
sets include, beginning with the most significant: TNFɑ Signaling via NFκB, Inflammatory Response, Hypoxia, 
Allograft Rejection, Epithelial-Mesenchymal Transition, Interferon Gamma Response, IL6 Jak Stat3 Signaling, 
Apoptosis, Complement, P53 Pathway, IL2 Stat5 Signaling, and Coagulation. Importantly, all these gene sets are 
closely associated with inflammatory responses.

Enrichment plots for all gene sets identified in the highest dose (40 MVD + 0.6 MI) are presented in Fig. 5B. 
The high peak on the left side of the plots indicates the strong enrichment of these gene sets. Gene set relation-
ships were illustrated via a Circos plot in Fig. 5C, where direct gene connections (represented by purple lines) and 
connections via Gene Ontology (GO) biological processes (light blue lines) are established between each gene 
set. Purple lines indicate the presence of the same gene in different gene sets, while blue connections represent 
genes found in similar Gene Ontology (GO) pathways across different gene sets.
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Figure 5D provides another perspective by visualizing the major mechanisms between these gene sets through 
signaling molecules. Three main groups emerge from the analysis of these gene sets: the initial inflammatory 
response (TNFɑ signaling via NFκB), the major inflammatory response (which involves more chemokine and 
cytokine signaling), and damage-associated gene sets (related to apoptosis). Overall, the results of the GSEA 
highlight the prominent role of inflammatory responses and related pathways in the transcriptional changes 
observed owing to MB + FUS dose escalation.

Blood–brain barrier opening by CE‑T1w MRI is the best indicator of SIR
To better understand the relationship between our parameters and BBBO or SIR, we conducted a correlation 
matrix analysis of all major variables identified. Figure 6A presents this matrix, highlighting both strong and 
weak correlations. Our analysis revealed a stronger correlation between hyperintense volume and CE in BBBO 

Figure 3.  Assessment of acoustic response using PCD. (A) Illustration of PCD data analysis. Voltage versus 
time data was cropped to remove the pre-FUS signal, followed by Tukey windowing and high-frequency 
filtering beyond PCD sensitivity (left). The resulting signal was then converted to the frequency domain 
using FFT, and the area under the curve (AUC) was quantified for respective regions to determine harmonic 
cavitation dose (HCD) and broadband cavitation dose (BCD) (right). (B) Average FFT for each FUS pulse 
during a five-minute treatment at each respective MI/MVD dose. (C) Representative spectrograms for 40 MVD 
doses are shown throughout the sonication time (300 s). Quantification of harmonic cavitation dose (D) and 
broadband cavitation dose (E) with respect to MVD and MI (n = 3). Linear regression was performed for each 
MI, resulting in R squared values for harmonic cavitation dose was 0.71, 0.74, and 0.71 for 0.2, 0.4, and 0.6 MI, 
respectively. The R-squared values for broadband cavitation dose were 0.73, 0.52, and 0.75 for 0.2, 0.4, and 0.6 
MI, respectively. Data are presented as mean ± standard deviation.
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areas with MVD, as compared to the MI (0.83 vs. 0.76 and 0.41 vs. 0.48, respectively). PCD parameters exhibited 
consistent relationships (0.46–0.64) with both MVD and MI. In terms of RNA expression, indicated by normal-
ized enrichment scores (NES), correlations varied with MVD or MI. MVD showed a stronger correlation with 
complement, hypoxia, and TNFɑ signaling via NFκB  (R2 = 0.79, 0.68, and 0.70, respectively). On the other hand, 
MI displayed a stronger correlation with IL2/stat5 signaling, IL6/jak/stat3 signaling, interferon-gamma response, 
allograft rejection, and inflammatory response  (R2 = 0.60, 0.63, 0.75, 0.61, and 0.78, respectively). Our main find-
ing indicated that BBBO volume and BBBO CE were the effects most strongly associated with RNA expression, 
with all correlations having  R2 values greater than 0.86 (excluding allograft rejection and interferon-gamma 
response). We then plotted our top-represented gene sets against BBBO volume (Fig. 6B). At least half of all 
doses exhibited significant NES in each gene set, and each relationship demonstrated strong linear correlations.

Figure 4.  Bulk RNA sequencing of treated brain region. (A) Sequential RNA processing steps, from sample 
preparation to gene set enrichment analysis (GSEA) and mapping. (B) Principal component analysis (PCA) plot 
displaying all samples in the dataset, including different MI/MVD combinations and isoflurane control samples. 
(C) Differential gene expression analysis for each MI/MVD dose. The number displayed on the top right of each 
plot indicates the count of significantly differentially expressed genes. All doses were compared to isoflurane 
control samples (n = 3). Among the 1,836 differentially expressed genes (DEGs) identified in the highest MI/
MVD dose, 536 genes were also found in at least two other doses. (D) Heatmap illustrating the expression of 
the 536 genes, ranked by log2 fold change in the highest MI/MVD dose. White color represents insignificant 
differential expression. The Euclidean distance map is shown on top of the heatmap.
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A noteworthy observation was the identification of a small cluster of three MVD/MI doses: 1 MVD + 0.6 MI, 
10 MVD + 0.4 MI, and 40 MVD + 0.2 MI (red circles). These doses exhibited similar BBBO CE (between 31.6 and 
38.5%) and NES in five of six gene sets. To gain further insights, we performed DEG analysis between each dose 
(Fig. 6C). The volcano plots indicated minimal differences in gene expression, with a limited number of DEGs 
(4–125 genes). To corroborate these findings, we examined the fold change in highly utilized genes (leading edge 
genes) within five inflammatory families (Fig. 6D). We observed similar expression levels among the cluster 
doses, while their expression differed significantly from the lowest and highest doses. Overall, our results suggest 
that the extent of BBBO plays a pivotal role in the SIR, surpassing the influence of other parameters in isolation.

Figure 5.  Hallmark gene set enrichment analysis. (A) Dot plot illustrating the 12 MI/MVD doses based on 
size (adjusted p-value) and color (normalized enrichment score). Gene sets are arranged by adjusted p-value 
for the highest MI/MVD dose. (B) Enrichment plot presenting the top 12 gene sets identified in (A). The x-axis 
displays the genes ranked by log2 fold change, with vertical ticks indicating the gene positions within the gene 
set. The heatmap represents gene expression, with red indicating higher expression in the first group (40 MVD 
+ 0.6 MI), and blue representing higher expression in the isoflurane control group. The green line represents the 
running enrichment score. (C) Overlapped Circos plot demonstrating relationships between the top 12 enriched 
gene sets. Purple lines indicate the presence of the same gene in different gene sets, while blue connections 
represent genes found in similar Gene Ontology (GO) pathways across different gene sets. (D) Schematic 
representation of the top enriched gene set pathways.
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Therapeutic windows can be defined between BBBO and SIR
We defined significant BBBO as a minimum of 15% CE in a volume greater than 1  mm3. Figure 7A presents a dot 
plot depicting all doses and their corresponding BBBO volume (size) and CE (color). With defined thresholds, 
we observed a region representing insignificant BBBO (blue) and significant BBBO (red).

We recognized the gradient of responses and developed different classes of SIR (Fig. 7B). Each class encom-
passed previous classifications, creating a hierarchical framework. Figure 7C illustrates the therapeutic window 

Figure 6.  Correlation of RNA expression and BBB opening. (A) Correlation heatmap showing the relationship 
between MI and MVD doses and resulting BBBO volume, contrast enhancement (CE), cavitation doses, and 
RNA expression. Pearson correlation coefficient (r) values are displayed in each box. The color scale represents 
the magnitude of the Pearson correlation coefficient. (B) Correlation between normalized enrichment score 
(NES) scores and BBBO volume. Only pathways from gene sets with more than six doses exhibiting significant 
NES scores are represented. Linear regression analysis was performed for each plot, and the corresponding 
R-squared value is shown in the top left corner. The plots indicate the fraction of significant doses in the bottom 
right. A red circle denotes a small cluster of three doses with similar BBBO volumes. (C) Volcano plot displaying 
the differentially expressed genes (DEGs) between doses within the small cluster (40 MVD + 0.2 MI, 10 
MVD + 0.4 MI, and 1 MVD + 0.6 MI). The number of DEGs is indicated in the top right corner. (D) Bar graph 
representing the log2 fold change of the lowest dose (0.1 MVD + 0.2 MI), the cluster doses, and the highest dose 
(40 MVD + 0.6 MI). The x-axis displays five of the most influential genes within five inflammatory signaling 
families.
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between significant BBBO and SIR. In Class I, the least strict classification, significant NES (> 1.65) in the TNFɑ 
signaling via NFκB gene set serves as the defining criterion. Within this class, a small window of significant 
BBBO is observed before the onset of SIR (10 MVD + 0.2 MI and 1 MVD + 0.4 MI). The only instance where SIR 
occurs without significant BBBO is 0.1 MVD + 0.6 MI.

Class II is defined by the onset of significant NES (> 1.65) for both the TNFɑ signaling via NFκB and Inflam-
matory response; the therapeutic window expands. Here, three doses exhibit significant BBBO without the onset 
of SIR (10–40 MVD + 0.2 MI and 1 MVD + 0.4 MI).

Finally, Class III is characterized by significant NES (> 1.65) for TNFɑ signaling via NFκB, Inflammatory 
response, and a damage-associated marker, apoptosis. We observe five doses with significant BBBO but no onset 
of acute SIR (10–40 MVD + 0.2 MI, 1–10 MVD + 0.4 MI, and 1 MVD + 0.6 MI). These findings delineate the 
therapeutic window between significant BBBO and the onset of acute SIR, providing valuable insights into the 
relationship between these two critical factors.

Discussion
FUS with MBs has gained significant attention as a promising approach for non-invasive delivery to the  brain52–56. 
This technique offers modularity with a diverse set of US and MB parameters that can be used, enabling BBBO 
manipulation and subsequent inflammatory responses. However, defining appropriate thresholds can be chal-
lenging. We focused on two key parameters: mechanical index (MI, MPa/

√
MHz ) to predict in situ pressure at 

the focus and microbubble volume dose (MVD, µL/kg) to quantify total injected gas volume. These parameters 
have demonstrated the crucial roles of US and MBs in determining  BBBO17,57. Consistent with previous studies 
investigating the relationship between BBBO and  MI56–60, we observed a similar linear relationship between MI 
and cavitation activity with the extent of BBBO, as measured by MRI CE. Similarly, as MVD increased, a linear 
effect on BBBO was observed. Our multiple regression analyses concluded that the strongest relationship occurs 
when combining the influence of both MI and MVD as the product of these two doses. This synergy, represented 

Figure 7.  Therapeutic window between BBBO and onset of sterile inflammatory response (SIR). (A) Dot plot 
illustrating the mean blood–brain barrier opening (BBBO) in terms of volume (represented by the size of the 
dot) and contrast enhancement (indicated by the color of the dot). The grid is plotted based on microbubble 
volume dose (MVD) and mechanical index (MI). Significant BBBO is defined as 15% contrast enhancement 
in a 1  mm3 volume. The red region represents significant BBBO, while the blue region represents insignificant 
BBBO. (B) Classes defined for the onset of the sterile inflammatory response. Each circle represents the criteria 
required to meet a specific class level. (C) Dot plot displaying the regions of neither significant BBBO nor SIR 
(purple), BBBO only (green), SIR only (light blue), or significant BBBO and SIR (pink). Each plot represents a 
different class level for the onset of SIR as defined in (B).



12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:17036  | https://doi.org/10.1038/s41598-024-67916-8

www.nature.com/scientificreports/

through the term, MI*MVD, exhibited a high coefficient of determination  (R2 = 0.9), indicating that the combined 
effect of MI and MVD has a greater impact on BBBO than either parameter alone.

PCD provided valuable insights into MB behavior in real-time during the treatments. The analysis of the 
voltage  data29 determined the HCD/BCD, which showed linear trends with MI and MVD. Notably, the HCD 
exhibited a powerful relationship with both BBBO volume and CE, confirming its potential as a predictive 
parameter for assessing  BBBO20,42,56,61.

Determining the threshold for significant BBBO is crucial for safe and effective treatments. While various 
studies have investigated this threshold, the wide array of parameters and metrics utilized makes direct com-
parisons between experiments challenging. Nonetheless, many studies have reported a threshold in the range of 
0.3 to 0.5 MI at different MVDs. We found the threshold for significant BBBO (> 15% CE in a volume of 1  mm3) 
to be greater than 1 MVD + 0.2 MI and greater than 0.1 MVD + 0.4/ 0.6 MI. Our estimates for a 15% increase 
in targeted signal intensity are dependent on our specific MRI protocol. It is important to note that our highest 
dose (40 MVD + 0.6 MI) resulted in irregular tissue morphology illustrated by hyperintense and hypointense 
regions on T1w + CE MRI. This observation suggests a potential maximum safety threshold at 40 MVD + 0.6 MI 
at our tested ultrasound parameters (1 MHz, 10 ms PL, 10% D.C).

Bulk RNA sequencing enables us to understand the global transcriptomic activity in cells or tissues. To limit 
noise from areas outside of our focal region, we performed an MRI-guided dissection of the sonicated region 
for RNA isolation. Analysis of sequencing data revealed that at higher MB+FUS doses (e.g., 40 MVD + 0.6 MI), 
more DEGs were present indicating heightened transcriptomic activity. This was not the case when compared 
to combinations of lower MB+FUS doses (0.1 MVD + 0.2 MI). In Fig. 5D, we compared all DEGs in the highest 
dose (40 MVD + 0.6 MI) against DEGs in the remaining conditions (11/12). However, when compared against 
the most common DEGs, no genes were significantly up or downregulated, indicating that the 62 DEGs are not 
related to inflammation or damage but rather other tangential biological processes.

GSEA was performed on all 12 combinations using the 50-hallmark gene set analysis, which compared gene 
expression against the 50 most fundamental biological pathways and functions in the body. Out of the 50 path-
ways analyzed, our DEG expression profile matched similar expression patterns and genes associated with inflam-
mation and damage, with the highest ranked pathway as TNFɑ signaling through NFκB. This finding corrobo-
rated results from other studies that identified activation of the NFκB pathway as a primary driving force behind 
SIR after MB + FUS  BBBO30,31,62. Outside of broad inflammatory responses, other pathways that are upregulated 
are the JAK/STAT and Interferon family. These pathways have been associated with immune recruitment, specifi-
cally involving T-cell activation and macrophage chemotaxis towards inflammatory  hotspots63,64. This supports 
the evidence of peripheral immune cell extravasation after BBBO-induced SIR and implicates specific immune 
cell populations that are responsible for mediating host-specific responses. A third major event observed in the 
RNA sequencing data was the enrichment of genes in pathways related to hypoxia and apoptosis, indicative of 
cellular damage. Increased MI is known to inflict cellular damage, as greater mechanical forces exerted on the 
vessel endothelium have been associated with  hemorrhaging65,66. This has similarly been observed in multiple 
 studies56,57, where increased peak negative pressures for BBBO produced cerebral microhemorrhages and damage 
consistent with traumatic brain  injury67. Another study showed transiently altered blood flow and hypoxia were 
observed with BBBO, and capillary vessel restriction was implicated as the  source68. This study along with our 
observations adds a dimension to the SIR, which considers cellular damage in the potentiation of SIR.

After running the 50-hallmark analysis, we conducted a correlation analysis comparing the most enriched 
pathways identified by GSEA against tested US and MB parameters. Interestingly, our findings revealed distinct 
pathways that exhibited a stronger correlation with MVD, such as the activation of the complement system, 
hypoxia, and NFκB pathway via TNFɑ signaling. Unexpectedly, activation of the NFκB pathway exhibited a 
more pronounced correlation with MVD, while MI had a stronger relationship with pathways such as allograft 
rejection, IL2/STAT3, IL6/JAK/STAT3, IFNγ , and inflammatory response. Despite obvious differences observed 
between MI and MVD, all pathways correlated most highly to BBBO volume  (R2 > 0.70) and CE  (R2 > 0.81). A 
study performed by Mathew et al. in 2021 and McMahon et al. in 2017 similarly concluded that contrast enhance-
ment from a gadolinium based contrast agent in CE-T1w MRI is a good predictor of gene expression associated 
with SIR following MB+FUS  treatment31,59.

When NES for the most significantly upregulated pathways were plotted against BBBO CE, a “cluster” of MVD 
and MI combinations was apparent on the trendlines. This phenomenon was most notably observed with 1.0 
MVD + 0.6 MI, 10 MVD + 0.4 MI and 40 MVD + 0.2 MI, which clustered together due to their similar intensities 
of BBBO and normalized gene enrichment scores. This is seen in 5 of 6 graphs in Fig. 7B, except hypoxia where 
10 MVD + 0.4 MI did not have a significant NES, further supporting the notion that the intensity of BBBO is 
the greatest indicator of bioeffects. Moreover, exchanging higher MI dose with lower MVD, or vice versa, can 
yield comparable BBBO and SIR.

As defined previously, BBBO was considered significant when 15% CE was achieved in a volume greater than 
1  mm3. Applying these criteria in Fig. 7A, regions of significant BBBO and insignificant BBBO were delineated, 
serving as the basis for developing our therapeutic window. By comparing the RNA sequencing data from the 
12 tested parameter combinations, differences in gene expression amongst parameters were analyzed and dis-
tilled into three generic categories based on similarities in gene expression and pathway upregulation (Fig. 7B). 
NFκB signaling has been defined in many studies as a hallmark of the  SIR3,30,31,62. Kovacs et al. first defined this 
as the primary mechanism driving the SIR, especially after MB + FUS BBBO, launching subsequent studies aim-
ing to further investigate the  bioeffects30,31. Due to this, we broadly defined “mild” SIR as the activation of the 
NFκB pathway via TNFɑ signaling (NES > 1.65). Since the SIR acts in concert with adjacent immune processes, 
we considered a second definition of “moderate” SIR that involved the upregulation of a broad inflammatory 
response following activation of NFκB (NES > 1.65). Recently, several groups have worked to operate alongside 
the activation of SIR after MB +  FUS69–71 without triggering damage pathways (apoptosis). Likewise, our Class 
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III (“acute”) therapeutic window is defined as the onset of inflammatory responses and activation of NFκB, which 
avoids activation of apoptosis through cellular damage. This class facilitates a controlled level of inflammation 
that may be beneficial in neurogenesis, amyloid-beta  clearance72, and microglial  reprogramming55.

Our categories of SIR above are not standard definitions of SIR but are based on our interpretation of observed 
patterns in RNA sequencing results. Specific gene sets that were noticed to be enriched alongside the activation of 
the NFκB pathway via TNFɑ allowed us to formulate distinct definitions of SIR. It is important to acknowledge 
that while we linked our classification of SIR with specific pathways, such as upregulation of an inflammatory 
response and apoptosis, these classes may not encompass the full mechanism of the SIR. This limitation arises 
from the GSEA 50 hallmark pathway, which sorted inflammation observed after SIR into basic categories and 
indicates the existence of prominent associations within pathways (e.g., inflammatory response and apoptosis) 
included in our classifications.

Moving forward, further investigations are warranted to address limitations in our study. Firstly, exploring 
other US parameters such as frequency, pulse length, duty cycle and sonication time, but also MB parameters 
such as MVD, size and formulation. Secondly, as SIR was only evaluated at one time point (6 h); future studies 
should explore sampling at different time points after BBBO to assess the temporal extent of SIR. An additional 
limitation to this study is derived from the nature of bulk RNA sequencing, which cannot differentiate expres-
sion profiles from distinct cell populations. Instead, it only evaluates the broad transcriptome input for every 
cell. Future efforts will provide more tunable therapeutic windows that allow more safe and effective treatments.

In conclusion, our study highlights the substantial impact of both MVD and MI on MB+FUS BBBO and 
SIR. The combination of MI and MVD exhibited a more pronounced effect on BBBO compared to individual 
parameters. RNA analysis revealed unique DEGs associated with inflammatory responses and immune recruit-
ment. Our study defines three therapeutic windows bridging together significant BBBO with the onset of SIR in 
three different levels of severity. This guidance is invaluable for studies aiming to deliver therapeutics without 
inducing inflammation, thereby ensuring the safe and effective delivery of drugs into the brain.

Data availability
Sequence data that support the findings of this study have been deposited in the NIH BioProject Archive with 
the primary accession code PRJNA1100543. Other data are available upon request.
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