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Abstract: Focused ultrasound (FUS) represents an emerging non-invasive technique capable of achieving reversible and targeted
opening of the blood-brain barrier (BBB) when combined with microbubbles (MBs), significantly enhancing drug permeability.
This  technology  demonstrates  considerable  potential  in  preclinical  studies  for  diagnosing  and  treating  neurological  disorders.
Ensuring safe and effective BBB opening while preventing tissue injuries such as red blood cell extravasation remains a critical
translational  challenge.  This  review  examines  the  mechanisms  of  FUS  combined  with  MBs  induced  BBB  opening,  key
influencing  factors,  and  recent  advances  in  strategies  for  monitoring  and  controlling  in  vivo  cavitation  activity,  providing
foundational insights for future research.
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T he  blood-brain  barrier  (BBB)  comprises  brain
microvascular  endothelial  cells,  astrocyte  end-
feet,  pericytes,  tight  junctions,  and  a  basement

membrane  (diameter  4-8  μm)  [1]. Its  selective   perme-
ability maintains  central  nervous  system  (CNS)   home-
ostasis  but  impedes  trans-barrier  transport  for  98%  of
small  molecules  and  nearly  all  large  molecules  [2,3],
posing significant challenges for CNS therapeutics. Cur-
rent BBB  traversal  strategies  include  invasive   tech-
niques  such  as  intracranial  injection  and  convection-
enhanced delivery,  which  achieve  high  local  drug   con-
centrations  but  carry  surgical  risks  [4,5].  Non-invasive
approaches  involving  viral  vectors  and  nanoparticle
modifications  frequently  suffer  from poor  targeting and
low delivery efficiency [6,7].

Focused  ultrasound  combined  with  microbubbles
(FUS-MBs)  technology  has  emerged  as  a  promising
solution due to its non-invasive nature, reversibility, and

spatial  precision.  Optimized  parameter  combinations
enable  temporary  BBB  opening  (recovery  within  6-24
hours),  with  MRI-guided localization  enhancing   treat-
ment accuracy.  This  approach  has  successfully   deliv-
ered  chemotherapeutic  agents,  antibodies,  and  nucleic
acids [8-11] and shown potential for clearing β-amyloid
plaques in Alzheimer's models [12,13]. Mechanistically,
FUS exerts  biological  effects  through  thermal   mecha-
nisms (tumor ablation),  mechanical  forces  (neuromodu-
lation), and  cavitation  (primary  BBB  opening   mecha-
nism)  [14].  Cavitation-generated mechanical  stress  dur-
ing  stable  (SC)  or  inertial  cavitation  (IC)  loosens
endothelial  tight  junctions  [15,16].  Despite  advantages
including  non-invasiveness,  deep-brain  targeting,  and
scalable  treatment  areas,  parameter  misoptimization
risks inflammation and hemorrhage [17]. Thus, elucidat-
ing  mechanisms,  refining  parameters,  and  developing
safety  monitoring  protocols  are  essential  for  clinical
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translation.

 FUS-MBs Induced BBB Opening

 Mechanisms
FUS-MBs-induced BBB  opening  involves   synergis-

tic  physical  and  biological  interactions  (Fig.  1).  FUS
achieves  sub-millimeter  spatial  focusing  (diameter  1-2
mm,  depth  8-15  mm),  concentrating  >  95% of  acoustic
energy  non-invasively  within  target  regions  [18].  MBs
(1-10  μm)  serve  as  cavitation  nuclei  and  drug  carriers,
amplifying energy conversion efficiency to enable BBB
opening at low intensities (0.125-3 W/cm2).

Cavitation is widely recognized as the primary mech-
anism  [19],  quantified  by  the  mechanical  index  (MI  =
PNP/√f)  [20].  At  MI  =  0.1-0.5, intravenously   adminis-
tered MBs undergo  SC.  Oscillating  MBs displace  adja-
cent  endothelial  cells  during  expansion  and  generate
invaginations  during  contraction.  Associated  microjets
and shear waves stretch cell membranes, widening tight
junctions reversibly.  At  MI  >  0.5,  IC  occurs.  MBs col-
lapse  violently,  producing  mechanical  stress,  microjets,
and  localized  hyperthermia  that  create  endothelial
micropores. While expanding BBB opening, IC increas-
es  vascular  rupture  risk  [21-23].  Critically,  SC  drives
reversible  opening,  whereas  IC  minimally  contributes
and correlates with tissue damage [15,16,24].

Acoustic  radiation  force  enhances  cavitation  by
aggregating MBs along wave propagation paths, increas-
ing  endothelial  contact.  Force  magnitude  depends  on
ultrasound intensity,  frequency, and MB characteristics,
enabling  modulation  of  BBB  opening.  Two-photon
microscopy  reveals  that  MB  expansion  transiently
reduces local blood flow. This ischemic effect may syn-
ergize with cavitation by activating endothelial  hypoxia
pathways  [25,26].  The  spatial  selectivity  of  FUS-MBs
ensures that  only  sonicated  MBs  near  endothelia  medi-
ate localized BBB disruption [27].

At  the  molecular  level,  FUS-MBs upregulate   cave-
olin-1 expression to  promote transcytosis  while  activat-
ing  Rho kinase  and  PI3K/AKT pathways.  This  cascade
induces occludin phosphorylation and cytoskeletal reor-
ganization, disassembling tight junction complexes [28].
This multifaceted synergy enables spatiotemporally con-
trolled BBB opening for precision drug delivery.

 Key  factors  influencing  BBB  opening  safety  and
efficiency

Skull  Skull  acoustics  critically  constrain  ultrasound
transmission.  Bone-soft tissue  acoustic  impedance  mis-
matches and skull  absorption and porosity cause ampli-
tude  attenuation  and  phase  distortion  [29]. Focal   pres-
sure  decreases  by  0.357 dB per  1  mm increase  in  skull
thickness and 0.048 dB per 1 mm increase in transducer-
skull  distance.  Interspecies  skull  thickness  and  density
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Figure 1    Schematic of BBB physiology and FUS-MBs mediated opening technology [15].
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variations  further  modulate  attenuation  (e.g.,  positive
correlation with rat  body weight [30]). Notably,   tempo-
ral and  frontal  bones  exhibit  higher  transmission   effi-
ciency  than  occipital  regions  due  to  reduced  thickness
and  favorable  incidence  angles  [31].  Multi-element
phased  arrays  improve  beam  focusing,  while
implantable ultrasound devices overcome attenuation in
clinical  glioblastoma trials [32].  Species-specific acous-
tic databases will facilitate parameter optimization.

Acoustic  Parameters  Frequency  selection  balances
penetration depth and focusing precision. The 200 kHz-
1.5  MHz  range  is  optimal  for  transcranial  applications,
with 1.5 MHz considered a safe upper limit to minimize
thermal  injury  [33].  Peak  negative  pressure  (PNP)
directly governs opening extent.  Safe opening occurs at
0.3 MPa, while > 0.6 MPa risks tissue damage. A 10 ms
pulse duration  achieves  optimal  opening;  longer   dura-
tions  (e.g.,  100  ms)  increase  hemorrhage  risk  without
efficacy gains, likely due to MB destruction. Duty cycles
>10%  may  increase  injury  risk.  Shorter  burst  lengths
elevate  PNP  thresholds.  Pulse  repetition  frequency
(PRF)  exerts  dual  effects.  Higher  PRF  increases  total
pulses within fixed durations, enhancing opening extent.
Lower PRF improves spatial uniformity [34,35]. Conse-
quently, 1 Hz PRF is standard in preclinical and clinical
studies [31].

Notably,  a  distinct  saturation  phenomenon  exists  in
BBB  opening:  once  a  certain  opening  threshold  is
reached,  further  increasing  acoustic  parameters  fails  to
enhance  opening  but  instead  elevates  safety  risks.  This
underscores the need for precise optimization of parame-
ter combinations in practical applications to achieve safe
and effective BBB opening.

Microbubbles  Dynamics  MBs  physicochemical
properties  critically  influence  opening  efficacy.  Shell
composition dictates biological effects. Optison® (albu-
min shell) exhibits superior opening capability and low-
er  inflammation  versus  Definity®  (lipid  shell).  A  clear
dose threshold exists. The clinical dose (10 μL/kg) caus-
es  mild  inflammation,  whereas  100  μL/kg  activates
inflammatory  pathways  [36]. Size  effects  are   pro-
nounced. MBs sized 1-2 μm permit BBB recovery with-
in 24 hours. Those > 4 μm require 2-6 days. Larger MBs
(6-8 μm) open BBB at lower pressures (0.15-0.30 MPa)
than smaller MBs (0.30-0.46 MPa), reflecting mechani-
cal constraints in capillaries [16]. Sterile inflammation is
reduced with 1 μm versus 3-5 μm MBs at equal dosing
[37]. These findings guide clinical MB selection.

Other Factors BBB opening area does not correlate
with recovery time. Multitarget sonication increases the
opening  area  3.5-fold  without  prolonging  repair  [38].
Vessel size influences efficacy. The IC threshold is low-
er  in  venules/arterioles  than  capillaries,  potentially  due

to greater mechanical confinement in small vessels [39].
Regional  heterogeneity  exists.  The  thalamus  shows
higher  ultrasound  sensitivity  than  the  hippocampus
under  identical  parameters,  possibly  reflecting  vascular
density  differences  [39].  MB  injection  rate,  sonication
delay,  and  target  selection  further  modulate  efficacy.
Comprehensive  device  optimization,  species-specific
databases,  and  safety  threshold  definitions  are  vital  for
clinical translation.

 Safety  Monitoring  and  Control  of  FUS-MBs
Induced BBB Opening

 Monitoring cavitation activity
FUS-MBs induced BBB opening relies on cavitation

effects, the safety of which is regulated by the interplay
of acoustic  parameters,  MBs  properties,  and  tissue  het-
erogeneity. Factors such as individual variations in skull
acoustics  and  regional  vascular  distribution  affect  local
ultrasound energy deposition, while dynamic MB distri-
bution in  blood  flow can  cause  abnormal  local  concen-
trations. These  factors  collectively  contribute  to   spa-
tiotemporal variability in cavitation effects and associat-
ed  risks.  Therefore,  real-time  monitoring  of  cavitation
status and dynamic adjustment of ultrasound parameters
based on this feedback are crucial for precise control of
the BBB opening process.

The acoustic  response  characteristics  of  MBs   pro-
vide a critical basis for real-time control of FUS-induced
BBB  opening.  Research  shows  that  MB  acoustic
response  exhibits  distinct  pressure-dependent  features.
At  pressures  below  0.1  MPa,  fundamental  frequency
scattering (f0)  predominates.  As pressure  increases,  MB
oscillation  enters  a  weakly  nonlinear  phase,  generating
integer harmonics (e.g., 2 f0, 3 f0), indicative of SC. Fur-
ther  pressure  increase  into  the  strongly  nonlinear  phase
leads to the emergence of ultraharmonics (e.g., 1.5 f0, 2.5
f0),  signaling  the  transition  towards  IC.  At  pressures
exceeding 1.5 MPa, MBs undergo violent expansion and
collapse,  generating  broadband  noise,  a  hallmark  of  IC
and  potential  tissue  damage  [40,41].  Passive  cavitation
detection  (PCD)  systems  quantify  energy  distribution
across  different  frequency  bands  via  spectral  analysis,
where  harmonics/subharmonics  correspond  to  stable
cavitation intensity, and broadband noise reflects IC lev-
els.  This  signal  analysis  method  based  on  fast  Fourier
transform provides a reliable basis for real-time discrim-
ination of cavitation type [42].

 Controlling cavitation activity
Open-Loop  Control  Strategies  Control  strategies

for  cavitation  activity  have  evolved  from  open-loop  to
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closed-loop  approaches.  In  2012,  O'Reilly's  team  [43]
pioneered feedback control  based on ultraharmonic sig-
nals: upon  detecting  the  target  signal,  the  system   auto-
matically reduced acoustic pressure to 50% of the preset
value. This method achieved over 95% detection accura-
cy, but transcranial signal attenuation limited its clinical
application.  In  2016,  Tsai  et  al.  [44] employed   subhar-
monic  energy  spectral  density  monitoring  combined
with  a  confocal  dual-frequency transducer  system.   Irra-
diation was terminated when the energy spectral density
increased  by  5.5  dB,  achieving  92%  sensitivity  and
92.3%  specificity  for  BBB  opening  monitoring  in  rats.
Huang  et  al.  [45]  established  a  human  skull-pig  brain
composite model and validated the clinical applicability
of open-loop control using a dual-threshold control sys-
tem  based  on  harmonic  component  spectral  integration
but noted limitations in noise immunity. Addressing this,
Kamimura  et  al.  [46] proposed  a  relative  power   spec-
trum analysis method in 2019, distinguishing stable cav-
itation  dose  (SCD)  from  inertial  cavitation  dose  (ICD)
based  on  baseline  spectral  calibration,  automatically
stopping sonication upon reaching preset SCD or detect-
ing ICD.  In  2021,  Robin  et  al.  [47] innovatively  devel-
oped  a  dynamic  control  strategy  based  on  cumulative
cavitation dose (CCD). Under fixed pressure conditions,
baseline  signals  are  pre-acquired,  and  real-time  cavita-
tion dose is decomposed into stable (integral  of 3rd-9th
harmonic  energy)  and  inertial  components.  Sonication
terminates  when  the  normalized  CCD  reaches  a  preset
threshold (CCDtarget).

Both studies achieved consistent BBB opening while
effectively reducing the risk of tissue damage from over-
sonication  by  precisely  quantifying  MB  dynamics
(Table  1).  However,  open-loop  systems  carry  a  risk  of
pressure overshooting due to threshold-triggering mech-
anisms  and  cannot  adapt  to  dynamic  changes  in  MB
concentration within the blood flow.

Closed-Loop  Feedback  Control  Strategies
Addressing the limitations of open-loop control  spurred
the  development  of  closed-loop  feedback  control.  Its
core concept involves continuously monitoring MB cav-
itation signals  (e.g.,  harmonics,  subharmonics,  ultrahar-
monics, broadband  noise)  to  dynamically  adjust   ultra-
sound parameters (primarily PNP) for safe and effective
BBB modulation. In 2017, Sun et al. [48] first reported a
dual-channel adaptive controller, innovatively utilizing a
proportional-integral  algorithm  to  track  subharmonic
energy and broadband noise simultaneously. When sub-
harmonic intensity  reached  a  preset  threshold,  the   sys-
tem  immediately  terminated  sonication  and  adjusted
subsequent  pulse  PNP  with  a  fixed  step  size  (∆Pt)  to
suppress  potential  IC  damage,  achieving  a  preliminary
balance between  BBB opening  efficacy  and  tissue  pro-

tection.
The  following year,  Bing  et  al.  [49]  introduced area

under  the  curve  (AUC)  to  quantify  sub/ultraharmonic
amplitudes for enhanced signal stability. Their feedback
algorithm compared the average AUC of three consecu-
tive  samples  to  a  target  threshold  (AUCtarg),  setting  a
dead  zone  (ε  =  0.2  ×  AUCtarg)  to  filter  noise.  If  the
average  AUC  was  within  AUCtarg  ±  ε,  pressure
remained  unchanged;  otherwise,  it  was  increased  or
decreased in 0.01-0.03 MPa steps. This cycle continued
until  sonication  ended.  The  study  further  validated  the
algorithm's universality for various commercial MBs. In
2019,  Çavuşoğlu  et  al.  [46]  developed  a  rapid  pre-cali-
bration  technique,  pre-mapping  the  cavitation  activity
zone  for  individual  animals  and  dynamically  adjusting
subsequent pulse PNP based on real-time measured ICD
value relative to the target zone boundaries. This method
reduced  spectral  identification  time  from 30  minutes  to
80  seconds,  significantly  improving  efficiency,  though
potential red blood cell extravasation risk was observed.
McDannold's  team  [50]  proposed  an  efficient  trigger-
pressure-reduction  strategy  to  enhance  response  speed
and safety in 2020. In rat models, the system monitored
1.5 f0 and 2.5 f0 harmonic amplitudes in real-time; if any
signal exceeded an ultra-high statistical threshold (base-
line  mean  +  10  standard  deviations),  the  current  PNP
was immediately halved and maintained until sonication
ended. This method optimized BBB opening while mini-
mizing  overpressure  risk  but  lacked  consideration  for
baseline cavitation level variations between individuals.
Addressing  this,  Chien  et  al.  (2022)  [51]  proposed  a
"virtual  pre-scan"  method,  establishing  individualized
SC baselines by calculating the sum of fourth harmonic
signal  magnitudes  and  setting  a  target  cavitation  level
(TCL) accordingly. A closed-loop algorithm dynamical-
ly adjusted PNP to maintain SC levels within the TCL ±
tolerance range while strictly monitoring IC events (ter-
minating  sonication  upon  exceeding  threshold).  The
study  identified  0.5-2  dB  as  a  safe  window  in  mouse
models; increasing TCL to 1 dB enlarged BBB opening
volume  by  14-fold  while  exceeding  3  dB  significantly
increased tissue damage risk. This approach was subse-
quently  validated  in  large  animal  (pig)  models  [52].
Concurrently, Lee et al. [53] developed a control strate-
gy  based  on  a  hyperbolic  tangent  model  of  pressure
amplitude, regulating SC intensity using third harmonic
integration.  Sonication  automatically  terminated  upon  a
20%  intensity  drop.  It  immediately  reduced  pressure
upon detecting broadband noise  indicative  of  IC,  effec-
tively preventing  tissue  damage  overshoot  and   demon-
strating  good  bio-adaptive  control  advantages  in  a
glioblastoma mouse model (Table 1).

Other  Monitoring  Strategies  Lv's  team  [54]  pio-
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neered  a  novel  ultrasound  imaging  monitoring  mode
alongside  acoustic  control  techniques.  Using  support
vector  machines  for  ultrasound  image  detection,  they
achieved  cavitation  region  classification  (accuracy  >
0.9). Improved  watershed  algorithms  yielded  a   cavita-
tion  extraction  Dice  coefficient  of  93.69%,  and  sparse
array  full-focus imaging  enhanced  computational   effi-
ciency by 40%. The team's successful tracking of cavita-
tion  evolution  was  demonstrated  in  bovine  liver  and
human tissue phantom experiments.

 Conclusion and Perspective
FUS-MBs technology achieves reversible BBB open-

ing primarily through cavitation effects, with safety criti-
cally dependent  on  precise  control  of  acoustic   parame-
ters, microbubbles properties, and skull acoustics. SC is
the dominant  mechanism,  while  IC  correlates  with   tis-
sue damage, underscoring the necessity for precise cavi-
tation intensity management in clinical applications. The
progression  from  open-loop  to  closed-loop  feedback
control  strategies  has  substantially  improved  regulation
precision,  enabling  real-time discrimination  of   cavita-
tion  types  through  spectral  analysis  of  harmonic  and
broadband noise emissions. Despite significant advance-
ments,  key  challenges  persist.  The  mechanisms  driving
heterogeneous  ultrasound  responses  across  different
brain regions remain unclear, and deeper investigation is
required  into  the  dynamic  distribution  of  microbubbles
within blood  flow  and  their  interactions  with   endothe-
lial  cells.  Furthermore,  systematic  evaluation  is  needed
regarding  the  potential  long-term  effects  of  repeated
BBB opening  and  determining  optimal  treatment   inter-
vals. Future research priorities include achieving precise
control under multimodal imaging guidance, developing
intelligent parameter  optimization  algorithms,  and   con-
ducting  large-scale clinical  validation  to  facilitate   com-
prehensive clinical translation of this technology.
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