
Table S2: Database of extracted protocol, ultrasound parameter, efficacy, and safety assessment data from all included articles.  
 
MB: microbubbles fc: transducer frequency; PNP: peak negative pressure; MI: mechanical index; PD: pulse duration; PRF: peak repetition frequency; DC: 
duty cycle; SD: sonication duration; ISI: Intersonication interval (period between sonications); DS: damage scores for assessing degree of haemorrhagic 
damage (0: no erythrocyte extravasation, 1: sparse erythrocyte extravasation; 2: petechial haemorrhage 3: extensive, haemorrhagic foci)[1]; OLs: 
overlapping locations; NOLs non-overlapping locations    
 
 
Numbers in bold indicate parameters varied and studied  
“T =” indicates the time from sonication of safety data acquisition  



First 
Author 

and Year 
Published 

Subject Transducer 
Type and 

Manufacturer 

Transducer Application  MBs 
Administered 

Ultrasound Parameters Comparative 
Degree of 

BBB 
Disruption 
Observed  

Reported Adverse Safety Outcomes 

Target(s) 
  

Intact Skull 
vs 

Craniotomy 
Application 

Type Dose 
 
 

ƒc 
(MHz) 

PNP 
(MPa) 

 
In situ 

MI PD 
(ms) 

PRF 
(Hz) 

DC 
(%)  

SD 
(s)  

# 
Sonications 

ISI (s) # of 
US 

Sessio
ns 

Intereses
sion 

Interval  

Macroscopic  Histological  Biochemical  Behavioural and 
Electrophysiological  

Baghirov 
et al. 

 
2018 

 
[2] 

Mouse 
 

(Metast
atic 

Melano
ma 

Model) 
  

Dual, single-
element, focused 

transducers 
 

FUS 
Instruments™ 

 
 

Metastatic 
melanoma 

lesions 
 

Intact  In-house, 
nanoparticle 
loaded MBs 
 

 
 

5000 
µL/kg 

1.1 0.31-
0.34 

0.30-
0.32 

10 0.33 0.33 300 1 N/A 1 - N/A Some evidence of 
erythrocyte 

extravasation 
 

T=immediately 
following sonication 

DS=1-2  
 

T=2 hours 

- - 

Baseri et 
al. 

 
2010 

 
[3] 

Mouse Single-element, 
focused 

transducer 
 

Riverside 
Research 

Institute™ 

Hippocamp
us 

Intact Definity® 
MBs  

 

50  
µL/kg 

1.53 0.30-
0.98 

0.24- 
0.79 

20 10 20 30 2 30 1 - ++ 0.46 + 0.61 + 0.75 
MPa: No evidence of 

gross haemorrhage  
 

0.98 MPa: Gross 
haemorrhagic and 

tissue damage  
 

T=30 minutes  

0.30 MPa: DS=0-1 (few 
micro-vacuolations) 

 
0.46 MPa: DS=1-2 (more 

dark neurons + micro-
vacuolations) 

 
0.61 MPa: DS=2 (more 
dark neurons + micro-

vacuolations)  
 

0.75 MPa: DS=2 
(significantly higher 

number of dark neurons + 
micro-vacuolations)  

 
No significant differences 

in adverse events @ 5 
hours across all PNPs 

 
T= 40 minutes and 5 hours 

  

Bing et al. 
 

2009 
 

[4] 

Mouse 
 
 
 

Siemens 
Sonoline™ 

Antares VF10-5, 
unfocused, 
diagnostic 

scanner 
 

Siemens Medical 
Solutions™ 

Subcortical, 
cerebral 
locations  

 

Intact  Definity® 
MBs  

 

1200 
µL/kg 

5.7 0.72 or 
1.67  

0.3 or 
0.7 

20 10 20 30 3 
 

OLs  

30 1 - + - 0.72 + 1.67MPa: DS=0-1  - - 

1200 
µL/kg 

5.7 3.10 1.3 0.0003
5 

36 0.0012
6 

30 5 
 

OLs 

30 1 - N/A - DS=2 - -  

Chen et al. 
 

2013 
 

[5] 

Mouse Single-element, 
focused 

transducer  
 

Imasonic™ 

Hippocamp
us 

Intact In-house, 
MBs 

4.8 x 
107 

MBs/
mouse 

1.5 0.45 
and 
0.60 

0.55 
and 
0.73 

6.7 5 3.35 300
0 

1 - 1 - + - 0.60MPa: DS=1; few dark 
neurons 

 
T=1 hour 

 
 

- 

- 

In-house, 
acousticall

y active 
nanodrople

ts  

3 x 108 
NDs/m

ouse 

1.5 0.45 
and 
0.60 

0.55 
and 
0.73 

6.7 5 3.35 300
0 

1 - 1 - + - No significant adverse 
events reported   

- - 



Chen et al. 
 

2014 
 

[6] 

Mouse Single-element, 
focused 

transducer  
 

Imasonic™ 

Hippocamp
us 

Intact Definity® 
MBs  

 

50 
µL/kg 

1.5 0.51 or 
0.84 

0.42 or 
0.69 

1.3 5 0.65 660 1 - 1 - ++ - 0.51MPa: DS=0 (all 
dextrans) 

 
0.84MPa: DS=0 (3 and 
70kDa); DS=1 (500 and 

2000kDa) 
 

T=9 minutes  

  

Choi et al. 
 

2010 
 

[7] 

Mouse Single-element, 
focused 

transducer 
 

Riverside 
Research 

Institute™ 

Lateral 
thalamus 

and 
hippocampu

s 

Intact In-house, 
1-2µm MBs

2.13 x 
10 

µL/mo
use 

1.5 0.46-
0.61 

0.38-
0.50 

20 10 20 30 2 
 

NOLs 

30 1 - +-+++ - 0.46MPa: DS= 0-1 
 
 

T=30 minutes 

- - 

In-house, 
4-5µm MBs

2.13 x 
10 

µL/mo
use 

1.5 0.30-
0.61 

0.24-
0.50 

20 10 20 30 2 
 

NOLs 

30 1 - + - 0.30MPa: DS=1 
 
 

T=30 minutes 

- - 

Choi et al. 
 

2011 
 

[8] 

Mouse Single-element, 
focused 

transducer 
 

Riverside 
Research 

Institute™ 

Lateral 
thalamus 

and 
hippocampu

s 

Intact Definity® 
MBs  

 
30 vs 180s 
infusion 

10- 
250 

µL/kg 

1.53 0.46 0.37 20 10 f20 660 1 - 1 - + - No significant adverse 
events reported 

 
SD=30s: T=18.5 minutes 
SD=660s: T=10 minutes 

- - 

50 
µL/kg 

1.53 0.46 0.37 0.1-30 10 0.1-30 660 1 - 1 - ++ 

50 
µL/kg 

1.53 0.46 0.37 20 1-25 10-50 660 1 - 1 - 0 

50 
µL/kg 

1.53 0.46 0.37 20 10 20 30 
or 

660 

1 - 1 - 0 

Choi et al. 
 

2011 
 

[9] 

Mouse Single-element, 
focused 

transducer  
 

Imasonic™ 
 

Lateral 
thalamus 

and 
hippocampu

s  

Intact Definity® 
MBs  

 
 

50 
µL/kg 

 
 

1.5 0.51 0.42 0.0023 
 

Phasic 
pulses 
with 
BRF 

0.1-10 
Hz 

6250-
100,00

0 

1.44-
23 

660 1 - 1 - + 
 

- No significant adverse 
events reported 

 

- - 

Choi et al. 
 

2008 
 

[10] 
 

Mouse 
(Health

y or 
APP/PS

1 
Alzheim

er's 
model) 

 

r Hippocamp
us 

Intact SonoVue® 
MBs  

 

25 
µL/mo

use 

1.53 0.6 0.49 20 10 20 30 2 
 

NOLs 

30 1 - N/A No significant adverse 
events reported 

 
T=immediately after 
and 22 hours after 

No significant adverse 
events reported 

 
 

T=1 hour 

- - 

Choi et al. 
 

2010 
 

[11] 

Mouse Single-element, 
focused 

transducer 
 

Riverside 
Research 

Institute™ 

Hippocamp
us 

Intact SonoVue® 
MBs  

 

25 
µL/mo

use 

1.53 0.57 0.46 20 10 20 30 2 
OLs 

30 1 - N/A - DS=1 
 

T=30 minutes 

- - 



Englander 
et al. 

 
2021 

 
[12] 

 

Mouse 
  

(DIPG 
model) 

Single-element, 
focused 

transducer 
 

Imasonic™ 

Tumour site Intact SonoVue® 
MBs  

 
Or    

 
Definity® 

MBs  

100 µL 1.5 0.7 0.57 10 5 5 120 4 
 

NOLs 

Imme
diately 
after 

1 or 2 
 
 

- N/A No significant adverse 
events reported 

 
T <2 hours 

No significant adverse 
events reported 

 
T <5 hours 

- 1 US session: No 
changes in grip strength 

 
2 US sessions: Transient 

bradycardia following 
MB administration; 

minor improvement in 
grip strength likely 

attributable to repeat 
testing 

 
No physiological 

assessments for 1 US 
session 

Jordao et 
al. 

 
2013 

 
[13] 

Mouse 
 

(Health
y and 

TgCRN
D8 

Azheim
er’s 

model) 

Single-element 
focused 

transducer 
 
 

FUS 
Instruments™ 

Cortical 
targets 

Intact Definity® 
MBs 

40 
µL/kg 
(health 
mice) 

 
Or 

 
80  

µL/kg 
(TgCR
ND8 
mice) 

0.5 0.3 0.42 10 1 1 120 4 
 

NOLs 

- 1 - 0 - All mice: Increased 
astrogliosis @ day 4 and 

15; increased glial 
activation @ 4 hours, 

peaking @ 4 days, 
resolving @ 15 days; 
increased IgG/IgM 

accumulation at sonicated 
site 

 
T=4 hours, 4 and 15 days 

All mice: Increased 
proteomic expression of 

Iba1 and GFAP, with 
same time points as seen 

in histology 
 

TgCRND8: Reduction 
in amyloid-beta plaque 
burden within 4 days 

 
 

T=4 hours, 4 and 15 
days 

- 

Kinoshita 
et al. 

 
2006 

 
[14] 

Mouse Single-element, 
focused 

transducer 
 

In-house  

Midline 
location  

Intact Optison® 
MBs 

 

50 µL 0.69 0.6 or 
0.8 

0.72 or 
0.96 

10 1 1 40 1 - 1 - + 0.8MPa: Small, 
scattered petechiae 

 
T=4 hours 

 
 
  

0.6MPa: DS=1; some 
apoptotic cells 

 
0.8MPa: DS=2; some 

apoptotic cells  
 

T=4 hours 

- - 

Kinoshita 
et al. 

 
2006 

 
[15] 

Mouse Single-element, 
focused 

transducer 
 

In-house 

Hippocamp
us and basal 

ganglia 

Intact Optison® 
MBs 

 

10 µL 0.69 0.6 or 
0.8  

0.72 or 
0.96 

10 1 1 40 1 - 1 - + No significant adverse 
events reported 

 
T=3 hours   

0.6MPa: DS=0-1  
 

T=3 hours 

- - 

50 µL 0.69  0.8-1.1 0.96- 
1.32 

10 1 1 40 1 - 1 - ++ 1.1MPa: Petechial 
haemorrhages 

 
T=3 hours    

0.8MPa: DS=1-2 
 

0.9 + 1.1MPa: DS=2-3 
 

T=3 hours   

- - 

Lapin et 
al. 

 
2020 

 
[16] 

Mouse Single-element, 
focused 

transducer 
 

FUS 
Instruments™ 

Hippocamp
us and 
frontal 
cortex 

location 

 Definity® 
MBs  

 

27-196 
µL/kg 

 
Long 
Infusi

on 

1.43 0.56 0.47 10 1 1 30 8 
 

NOLs 

30 1 - +-++ 196 µL/kg:  T2 
hypointense 

(haemorrhagic) 
lesions detected 

 
T=40 minutes 

- - - 

27-391 
µL/kg 

 
Long 
Infusi

on 

1.43 0.48 0.4 10 1 1 30 8 
 

NOLs 

30 1 - + No significant adverse 
events reported 

 
 

T=40 minutes 

- - - 



196-
703 

µL/kg 
 

Long 
Infusi

on 

1.43 0.39 0.33 10 1 1 30 8 
 

NOLs 

30 1 - + 632 µL/kg + 703 
µL/kg:  T2 
hypointense 

(haemorrhagic) 
lesions detected 

 
T=40 minutes 

- - - 

87 or 
179 

µL/kg 
 

One 
bolus 

1.43 0.39 0.33 10 1 1 30 8 
 

NOLs 

120 1 - + 179 µL/kg: T2 
hypointense 

(haemorrhagic) 
lesions detected 

 
T=1 hour 

- - - 

Liu et al. 
 

2014 
 

[17] 

Mouse 
 
( 

Healthy 
and 
U87 

Glioma 
model) 

Single-element, 
focused 

transducer 
 

Sonic 
Concepts™ 

Tumoral 
site 

Intact SonoVue® 
MBs  

 

4 
µL/mo

use 

0.5 0.3 or 
0.7 

0.42 or 
0.99 

10 1 1 60 1 - 1 - +++ - 0.3MPa: DS=0 
0.7MPa: DS=3 

 
T=4 hours  

- - 

McDannol
d et al. 

 
2017 

 
[18] 

Mouse Single-element, 
focused 

transducer 
 

In-house 

Putamen + 
Thalamus 

Intact Optison® 
MBs 

 
Air vs O2 

carrier gas 
for 

anaesthetic 

200  
µL/kg 

0.69 0.34- 
0.54 

0.41- 
0.65 

10 1 1 120 2 
NOLs 

0 1 - + - 0.34-0.36MPa: DS=0-1 
0.46-0.54MPa: DS=1-2 

 
 Air > O2 

 
T=1-2 hours 

- - 

McMahon 
et al. 

 
2020 

 
[19] 

Mouse Single-element, 
focused 

transducer 
 

In-house 

Striatum 
and frontal 

cortex 
location 

Intact Definity® 
MBs  

 

40 
µL/kg 

1.78 
 
 

0.93  
or 

1.87 

0.7  
or 
1.4 

0.005 
 

(Phasi
c 

pulses 
over a 
10ms 
burst) 

) 
 

1250 0.625 250 3 350 
 

1 - ++ 1.87 MPa:  SWI 
hypointense 

(haemorrhagic) 
lesions detected  

 
T=6 minutes 

0.93MPa: DS=1-2  
 

T=4 hours  

- - 

1.78 
 
   

0.33- 
0.93 

0.25- 
0.70 

10 
 

(Tonic 
pulse) 

0.5 0.5 250 3 350 
 

1 - 0.93 MPa: SWI 
hypointense 

(haemorrhagic) 
lesions detected 

 
T=6 minutes 

0.33 and 0.40MPa: DS=1 
 

T=4 hours 

  

Morse et 
al. 

 
2022 

 
[20] 

Mouse Single-element, 
focused 

transducer 
 

Sonic Concepts 

Hippocamp
us 

Intact SonoVue® 
MBs  

 
30s infusion 

 

5000 
µL/kg 

1 0.53 0.53 0.005 
 

(Phasi
c 

pulses 
over a 
10ms 
burst) 

 

1250 
 

0.625 
 

250 1  - 1 - + 
 

 0.53 MPa: DS=0 
 

T= 0 or 2 hours  

- - 

1 0.35 or 
0.53 

0.35 or 
0.53 

10 
 

0.5 0.5 250 1  - 1 - -  0.35 MPa: DS=1 
0.53 MPa: DS=1-2  

- - 



(Tonic 
pulse) 

Morse et 
al. 

 
2019 

 
[21] 

Mouse  Single-element, 
focused 

transducer 
 

Sonic 
Concepts™ 

Hippocamp
us  

Intact 
 
 
 
  

SonoVue® 
MBs  

 
30s infusion 

 

100 µL 1 0.35 0.35 0.005 
 

(Phasi
c 

pulses 
over a 
10ms 
burst) 

 

1250 
 

0.625 
 

250 1  - 1 - + -  Tonic pulses: Greater 
erythrocyte extravasation 

- - 

1 0.35 0.35 10 
 

(Tonic 
pulse) 

0.5 0.5 250 1  - 1 - 

Olumolad
e et al. 

 
2016 

 
[22] 

Mouse Single-element, 
focused 

transducer 
 

Manufacturer not 
specified  

 

Striatum Intact In-house 
MBs 

(first 3 
weeks) 

 
Definity® 

MBs  
(remaining 

weeks) 

1000 
µL/kg 

1.5 0.45 0.37 0.33 
 

10 0.33 60 1 - 2-10 
 

Biweekly + - No significant adverse 
events reported 

 
 

T=1 month 

- No changes in open field 
and rotarod performance 

tests  

1000 
µL/kg 

1.5 0.47 0.37 0.33 10 0.33 60 1 - 2-6 
 

Monthly + - No significant adverse 
events reported 

 
 

T=1 month 

- No changes in open field 
and rotarod performance 

tests 

1000 
µL/kg 

1.5 1.5 1.22 6.67 10 6.67 60 1 - 1 - ++ - DS=2; some neuronal loss 
 

T=1 day  

- Transient hypoactivity, 
and loss of 

balance/coordination  
 

Rotational affinity to 
side ipsilateral of 

sonication 
Omata et 

al. 
 

2019 
 

[23] 
 

Mouse Single-element, 
focused 

transducer 
 

Nepa Gene 
Co.™ 

 

Subcortical, 
cerebral 
location 

Intact Inhouse 
MBs (C3F8) 

3 x109 
MBs/k

g 
 

3.0 0.5 
W/cm2 

 50 10 50 180 1 - 1 - + -++ - No significant adverse 
events reported 

 
T=1 day 

- - 

Inhouse 
MBs 

(C4F10) 
Inhouse 

MBs (SF6) 
Sonazoid® 

MBs 
SonoVue® 

MBs 
Raymond 

et al. 
 

2007 
 

[24] 

Mouse 
 
 

Single-element, 
focused 

transducer 
 

In-house 
 

Subcortical, 
cerebral 
location 

Craniotomy Optison® 
MBs  

300 
µL/kg 

1.03 0.2 0.20 10 1 1 45-
60 

1  
 

or  
 

2 
NOLs 

Not 
specifi

ed  

1 - N/A Superficial, petechial 
haemorrhages 
observed near 

craniotomy site (also 
observed in controls)  

DS=2 
 

T=1 hour 

- - 

Raymond 
et al. 

 
2008 

 
[25] 

Mouse 
 

(APPsw
e:PSEN

1dE9 
and 

Single-element, 
focused 

transducer 
 

In-house 
 

Hippocamp
us 

Intact Optison® 
MBs 

30-50 
µL/mo

use 

0.69 0.67 or 
0.8 

0.81 or 
0.96 

10 1 1 40-
45 

1 - 1 - +  - 0.67 MPa: Scattered 
petechiae in 1/7 treated 

regions 
 

0.8 MPa: Scattered 
petechiae in 2 regions  

- - 



PDAPP 
transge

nic 
Alzheim

er 
disease 
models) 

Definity® 
MBs  

 
 

10 
µL/mo

use 
 
 

 
T=3-6 hours 

Samiotaki 
et al. 

 
2012 

 
[26] 

Mouse Single-element, 
focused 

transducer 
 

Imasonic™ 

Hippocamp
us  

Intact In-house 
MBs 

 
(1-2µm) 

107 
MBs/k

g 

1.53 0.45  
or 
0.6 

0.36  
or 

0.49 

0.07 10 0.07 60 1 - 1 - + - Histological findings not 
reported 

 
T=7 days 

 - 

In-house 
MBs 

 
(4-5µm) 

107 
MBs/k

g 

1.53 0.3-0.6 0.24- 
0.49 

0.07 10 0.07 60 1 - 1 - +-++ - Some cell loss detected at 
dentate gyrus and CA1 

 
T=7 days 

- - 

In-house 
MBs 

 
(6-8µm) 

107 
MBs/k

g 

1.53 0.3-0.6 0.24- 
0.49 

0.07 10 0.07 60 1 - 1 - ++ - Some cell loss detected at 
dentate gyrus and CA1 

 
T=7 days 

- - 

Shen et al. 
 

2016 
 

[27] 
 

Mouse Single-element, 
focused 

transducer 
 

Manufacturer not 
specified 

 

Subcortical, 
cerebral 
location 

Intact In-house 
MBs 

100 
µL/kg 

1.28 0.53 or 
0.64 

0.47 or 
0.57 

7.8 1 0.78 60  1 - 1 - ++ - 0.64MPa: DS=1-2 
 

T=4 hours 

- - 

500 
µL/kg 

 
 

1.28 0.53 or 
0.64 

0.47 or 
0.57 

7.8 1 0.78 60  1 - 1 - ++ - 0.53 MPa: DS=1 
0.64 MPa: DS=2   

 
T=4 hours 

- - 

Sierra et 
al. 

 
2017 

 
[28] 

Mouse Single-element, 
focused 

transducer  
 

Imasonic™ 

Striatum Intact In-house 
fluorescentl
y labelled 

MBs 

4 x 109 
MBs/
mouse 

1.5 0.60 or 
0.75 

0.49- 
0.61 

6.56 5 3.28 300 1 - 1 - ++ 0.60 MPa: T2 
hyperintensity 

(oedema) detected 
acutely 

 
0.75 MPa: Transient 

T2 hyperintensity 
(oedema) reversing 

within 3-4 days     
 

T=20 minutes, and 
daily for 7 days (075 

MPa only) 
 

0.60MPa: DS=1-2 
(resolved after 1 week)   

 
0.75MPa: DS=1-2 

(resolved after 1 week) 
microglial activation 1 
week after sonication 

 
All PNPs: T=1 week  

0.6 + 0.75MPa: T=2 hours 

- - 

Vlachos et 
al. 

 
2011 

 
[29] 

Mouse Single-element 
focused 

transducer  
 

Riverside 
Research 

Institute™  

Hippocamp
us 

Intact  In-house 
MBs 

 
(1-2µm) 

 

1x107 

MBs/
mouse 

1.53 0.45-
0.60  

0.36- 
0.49 

0.067 10 0.067 60 1 - 1 -  
+ 

No significant adverse 
events reported 

 
T=2 hours 

0.45 + 0.60 MPa: No 
significant adverse events 

reported 
 

T=7 days 

- - 

In-house 
MBs 

 
(4-5µm) 

 

x107 

MBs/
mouse 

1.53 0.30-
0.60 

0.24- 
0.49 

0.067 10 0.067 60 1 - 1 - ++ No significant adverse 
events reported 

 
0.60 MPa: 

Hypointense artefact 
not correlated w/ 

histology  

0.30 MPa: No significant 
adverse events reported 

 
0.45 MPa + 0.60 MPa: 

Cell loss in granular layer; 
sparse dark neurons; no 

microhaemorrhagic change 

- - 



In-house 
MBs 

 
(6-8 µm) 

x107 

MBs/
mouse 

1.53 0.30-
0.60 

0.24- 
0.49 

0.067 10 0.067 60 1 
 

- 1 - +++ No significant adverse 
events reported 

 
0.45 + 0.60 MPa: 

Hypointense artefacts 
not correlated w/ 

histology 

0.30 + 0.45 MPa:  No 
significant adverse events 

reported 
 

0.60 MPa: Cell loss; 
multiple dark neurons; no 

microhaemorrhagic change 

- - 

Wu et al. 
 

2014 
 

[30] 

Mouse 
(4T1-
luc2 

breast 
cancer 
model) 

Single-element, 
focused 

transducer 
 

Sonic 
Concepts™ 

Tumour site Intact Not administered 0.5 0.97 1.37 Continuous 
application 

600 1 - 1 - N/A - Significant number of 
apoptotic cells  

 
T=5 days 

- - 

Zhang, D. 
et al. 

 
2020 

 
[31] 

Mouse 
 

(Health
y and 
PDCL 
glioma 
models) 

SonoCloud® 
single-element, 

unfocused 
transducer 

 
CarThera™ 

 

Somatosens
ory cortex 
tumour site 

Intact Lumason® 
MBs 

 
 

7500 
µL/kg 

1.05 0.3 0.29 23.8 1 2.38 120 1 - 1 - N/A - DS=0-2 (few instances of 
white matter vacuolation) 

 
T=21 days  

- - 

7500 
µL/kg 

1.05 0.3 0.29 23.8 1 2.38 120 1 - 8 Over 3 
weeks 

N/A  - DS=0-2 (white matter 
vacuolation + hemosiderin 

laden macrophages)  
 

T=21 days 

- - 

Zhao, B. 
et al. 

 
2018 

 
[32] 

Mouse Vivid E9 M5S-
D® multi 

element phase 
array, unfocused 

diagnostic 
transducer  

 
GE Health™ 

Striatum Intact In-house 
MBs 

 
 

0.5-3x 
107 

MBs/
mouse 

 
 

1.5  0.98 0.8  
Continuous delivery 

180 1 - 1 - +++ - 0.5-1 x107 MB: DS=0-1 
 

2 x107 MB: DS=2 
(ischaemic neurons, slight 

vacuolisation) 
 

3 x107 MB: DS=2-3 
(extensive neuronal loss) 

 
T=6 hours 

- - 

1 x 107 
MBs/
mouse 

1.5 0.49-
0.98 

0.4-0.8 Continuous delivery 180 1 - 1 - ++ - MI=0.4: DS=0  
MI=0.6: DS=1 
MI=0.8: DS=1 

 
T=6 hours 

- - 

1 x 107 
MBs/
mouse 

1.5 0.98 0.8 Continuous delivery 60-
240 

1 - 1 - +++ - SD=60s: SD=1 
SD=120s: SD=1 

SD=180s: SD=1-2 
SD=240s: DS=2 (slight 

vacuolization) 
 

T=6 hours 

- - 

Ali et al. 
 

2018 
 

[33] 

Rat Single-element 
focused 

transducer 
 

In-house 

Pons  Intact Definity® 
MBs  

 
 

20 
µL/kg 

1.68 1.1 0.85 10 1 1 120 2 
 

(left and 
right pons) 

300-
420 

1 - - - No significant adverse 
events reported 

 
T≤6 hours 

- No differences in 
coordination or grip 

strength between groups 

Aryal et 
al. 

 
2017 

 
[34] 

Rat Single-element, 
focused 

transducer  
 

In-house 
 

Striatum  Intact Definity® 
MBs  

 

10 
µL/kg 

0.69 0.55 or 
0.81 

0.66 or 
0.98 

10 1 1 60 1 300+  1 - + 0.81MPa: T2* 
cortical hypointense 
(petechiae) lesions 

detected in all animals 
 

T=Immediately after  

0.55MPa: DS=1 
0.81MPa: DS=2 

 
T=1, 24, 48 and 72 hours 

- - 



Aryal et 
al. 

 
2015 

 
[35] 

Rat  
 

(9L 
gliosarc

oma 
model) 

Single-element, 
focused 

transducer  
 

In-house 
 

Striatal 
tumour site  

Intact Definity® 
MBs  

 
 

10 
µL/kg 

0.69 0.55-
0.81 

0.66- 
0.98 

10 1 1 60 1 300+ 1 - N/A  T2* hypointense 
(petechial) lesions 

detected  
 

T= Immediately after 

DS=0-1  
 

T=4 hours 

- - 

Aryal et 
al. 

 
2015 

 
[36] 

Rat 
 

(9L 
Gliosar
coma 

model) 

Single-element, 
focused 

transducer  
 

In-house 
 

Striatum Intact Definity® 
MBs  

 
 

10 
µL/kg 

0.69 0.55 
(sessio
ns 1-2)  

and 
0.81 

(sessio
n 3)  

0.66  
and 
0.98 

10 1 1 60 1 300+ 3 Weekly N/A  US + Doxorubicin: 
T2* cortical 
hypointense 

(petechial) lesions 
detected  

 
T= 53 and 67 days 

US: DS=0 
 

US + Doxorubicin: DS=1-
3 (necrosis at worst); 

macrophage infiltration  
 

Necrosis corresponded 
with cortical hypointense 
spots observed on MRI 

 
T=70 days  

- - 

Aslund et 
al. 

 
2017 

 
[37] 

 

Rat Single-element, 
focused 

transducer 
 

Imasonic™ 
 
 
 

 Striatum 
and 

thalamus 

Intact Acoustic 
Cluster 
Therapy 
(ACT) 

MBs/micro
droplet 

immersion 
or 
  

Sonazoid® 
MBs 

1000 
µL/kg 

 
 

1 
 

(A) 

0.28 0.28 0.4 0.004 1000 30 2 
 

(A+B) 
 

0 
 

1 
 

- 
 

++ No significant adverse 
events reported 

 
T=5 minutes 

ACT MBs: DS=1 
 

T=40 minutes  
 

- - 

1 
 

(B)  

0.09 0.09 0.4 0.004 1000 600 

Acoustic 
Cluster 
Therapy 

MB/microd
roplet 

immersion  

1000 
µL/kg 

1 
 

(A) 
  

0.28 0.28 0.4 0.004 1000 30 1 - 1 
 

- No significant adverse 
events reported 

 

No significant adverse 
events reported 

 

- - 

Cho et al. 
 

2016 
 

[38] 

Rat Single-element, 
focused 

transducer 
 

FUS 
Instruments™ 

 
 

Striatum Intact Definity® 
MBs  

 

20 
µL/kg 

 
Infusio

n 

1 0.6-
0.65 

0.6- 
0.65 

10 1 1 120 1 - 1 - N/A No significant adverse 
events reported 

 
T=Immediately after  

DS=0-1 
 

T=1 day 

- - 

Chopra et 
al. 

 
2010 

 
[39] 

Rat Single-element, 
focused 

transducer 
 

In-house 
 

Subcortical Intact Definity® 
MBs  

 

10 
µL/kg 

 

1.08 0.27-
0.76 

0.26- 
0.52 

10 1 1 300 4 300 1 - ++ 0.54 + 0.76MPa: 
Irreversible T2 
(haemorrhagic) 

lesions detected on 
MRI 

 
T=Immediately after 

0.27 MPa: DS=0-1 
0.39 MPa: DS=0-3 
0.59 MPa: DS=0-3 
0.78 MPa: DS=2-3  

 
T=2-4 hours  

  

1.08 0.2 – 
0.6 W 
(power 
ramp) 

 10 1 1 300 4 
 

NOLs 

300 3 Weekly N/A No significant adverse 
events reported 

 
 

DS=0 (2/4 rats) 
DS=1-3 (2/4 rats) 

- - 



Fan et al. 
 

2016 
 

[40] 

Rat Single-element, 
focused 

transducer 
 

Panametrics™ 

Tumour site Intact In-house, 
SPIO-Dox 

loaded 
MBs 

2.5 x 
1010 

MBs/
mL 

1 0.3 or 
0.5 

0.3 or 
0.5 

5000 
cycles 

1 N/A 240 1 0 1 - ++ - 0.3MPa: DS=0 
0.5MPa: DS=0 

- - 

Fan et al. 
 

2014 
 

[41] 

Rat Single-element, 
focused 

transducer 
 

Panametrics™ 
 
 

Striatum  Craniotomy In-house 
MBs 

1.5 x 
107 

MBs/k
g 

1 0.3- 
1.5 

0.3- 
1.5 

1 10 1 60 1 - 1 - +-++ 1.5 MPa:  
Oedematous + 

haemorrhagic areas 
detected on MRI 

 
T=2 hours 

Histological findings not 
reported 

 
T=6 hours 

- - 

SonoVue® 
MBs  

 

1.5 x 
107 

MBs/k
g 

1 0.2- 
1.5 

0.2- 
1.5 

1 10 1 60 1 - 1 - +-+++ 1.5 MPa:  
Oedematous + 

haemorrhagic areas 
detected on MRI 

0.2-0.5 MPa: DS=1 
 

1 MPa: DS= 1-2 
 

1.5 MPa: DS=3; apoptotic 
cells detected 

- - 

In-house 
MBs 

1.5 x 
107 

MBs/k
g 

10 1.0- 
4.5 

0.32- 
1.42 

 

1 10 1 60 1 - 1 - +-++ No significant adverse 
events reported 

 

2-4.5 MPa: DS=1 - - 

SonoVue® 
MBs  

 

1.5 x 
107 

MBs/k
g 

10 2.0- 
4.5 

 

0.63- 
1.42 

 

1 10 1 60 1 - 1 - + No significant adverse 
events reported 

 

Histological findings not 
reported 

- - 

In-house, 
carmustine 

loaded 
MBs 

9.89 x 
109 

MBs/r
at 

10 2.5 and 
4.5 

0.79- 
1.42 

1 10 1 240 1 - 1 - +-++ No significant adverse 
events reported 

 

No significant adverse 
events reported 

 

- - 

Fan et al. 
 

2015 
 

[42] 

Rat 
 
 

Single-element, 
focused 

transducer 
 

Panametrics™ 

Striatum Intact In-house, 
carmustine 

loaded MBs 

0.5 x 
109 

MBs/r
at 

1 0.3-1.5 0.3-1.5 1 10 1 240 1 - 1 - +-+++ -  1 MPa: DS=1-2 
 

1.5 MPa: DS=2 
 

T=5 minutes  

- - 

10 MHz single-
element, focused 

transducer 
 

Sonic 
Concepts™ 

10 1.49- 
4.49 

0.47- 
1.42 

1 10 1 240 1  
 

- 1 - +-++ - 
 

No significant adverse 
events reported 

 

- - 

Goutal et 
al. 

 
2018 

 
[43] 

Rat Single-element, 
focused 

transducer  
 

Imasonic™ 
 

Longitudina
l area across 

cerebrum 
and 

cerebellum 

Intact SonoVue® 
MBs  

 

200 
µL/rat 

1.5 0.6 0.49 3 1 0.3 300 1 - 1 - N/A No significant adverse 
events reported 

 
 

T=10 minutes  

- - - 

Han et al. 
 

2021 
 

[44] 

Rat Single-element, 
focused 

transducer 
 

FUS 
Instruments™ 

 
 

Striatum 
and 

thalamus 

Intact Definity® 
MBs  

 
Infusion 

 

20 
µL/rat 

1.1 0.60-
0.65 or 
0.75-
0.80  

0.57- 
0.62 or 
0.72- 
0.76 

 

10 1 1 120 1 - 1 - + 0.65 MPa: Increased 
water movement on 

ADC 
 

0.80 MPa: Increased 
and prolonged (up to 

48 hours) water 
movement on ADC 

 

0.65 MPa: DS 0 
 

0.80 MPa: DS=2; 
prolonged and increased 
aquaporin-4 expression; 

neurodegeneration present 
 

T = 5 min, 24 and 48 hours 

- - 



T= 5 minutes, 24 and 
48 hours 

Huh et al. 
 

2020 
 

[45] 

Rat 
 
 

Single-element, 
focused 

transducer 
 

FUS 
Instruments™ 

 
 

Striatum 
and 

thalamus 

Intact Definity® 
MBs  

 
 
 

10 
µL/kg 

1.13 0.65 0.61 10 1 1 120 2 
 

NOLs 

300 1 - + - Striatal targets: DS=1 
 

Thalamic targets: DS=2 
 
 

- - 

Jung et al. 
 

2019 
 
 
 

[46] 

Rat Single-element, 
focused 

transducer 
 

FUS 
Instruments™ 

 

Striatum 
and 

thalamus  

Intact Definity® 
MBs  

 
 
 

20 
µL/kg 

1 
 

(B) 
 

0.6-
0.72 

0.6- 
0.72 

10 1 1 120 2 
 

NOLs 
 

Simult
aneous

ly 

1  
 
 

- + No significant adverse 
events reported 

 
T=12 minutes   

No significant adverse 
events reported 

 
 

T=24 hours 

- - 

No 
MBs 

1 
 

(F) 

0.5-2 0.5-2 10 1 1 120 2  
 

NOLs 

Simult
aneous

ly 

2 
 

(F + 
B) 

Not 
specified 

+-++  1 and 2MPa: ∆� = 
±1ºC compared to 

unsonicated regions 

2 MPa: DS=2 (mild 
neuropil vacuolation) 

- - 

20 
µL/kg 

1 
 

(B) 

0.6-
0.72 

0.6- 
0.72 

10 1 1 120 

No 
MBs 

1 
 

(F) 

1 1 10 1 1 120 2  
 

NOLs 

Simult
aneous

ly 

2 
 

(F +B 
or 

B+F) 

Not 
specified 

++ No significant adverse 
events reported 

 

B+F: DS=3 (extensive 
neuropil vacuolation)  

- - 

20 
µL/kg 

1 
 

(B) 

0.6-
0.72 

0.6- 
0.72 

10 1 1 120 

Kobus et 
al. 

 
2016 

 
[47] 

Rat  Single-element, 
focused 

transducer 
 

In-house  
 

Striatum Intact Definity® 
MBs  

 
 

10 
µL/kg 

0.69 0.66-
0.8 

 
 

0.79- 
0.96 

10 1 1 60 3 
 

OLs 

120+ 6 
 
 

Weekly ++ Permanent 
abnormalities (e.g. 

hypointense/hyperinte
nse spots, enlarged 
ventricles) detected, 
via T2 W MRI, in 

12/15 rats 
 

T= Immediately after 
each session  

DS=0-3 (necrosis) 
 

Macrophage infiltration 
(14/15); hemosiderin 

deposits (11/15); 
iron/calcium mineralisation 

(5/15); cyst formation 
(4/15); astrogliosis/glial 

scarring (10/15)  
 

T=1-36 hours  

- - 

Kovacs et 
al. 

 
2017 

 
[48] 

Rat Single-element, 
focused 

transducer  
 

FUS 
Instruments™ 

 
 

Frontal 
cortex 

Intact Optison® 
MBs  

 
Infusion 

100 
µL/kg 

0.59 0.3 0.39 10 1 1 120 1 - 1 - N/A Hypointense T2* 
voxels, indicating 

labelled macrophage 
extravasation  

 
T=6 days    

DS=0; some apoptotic 
cells; evidence of neuronal 

loss + astrogliosis 
 

CD68+ macrophage 
activation and infiltration 

 
T=1,6, and 24 hours   

Increased transcription 
of chemokines, 

cytokines and tropic 
factors associated with 

sterile inflammation and 
NF-kB pathway. 

 
Increased protein 

expression of 
proinflammatory 

cytokines and heat-
shock proteins  

 
=0.5,1,6,12, and 24 

hours   

- 



Kovacs et 
al. 

 
2018 

 
[49] 

Rat Single-element, 
focused 

transducer  
 

FUS 
Instruments™ 

Frontal 
cortex/striat

um and 
hippocampu

s 

Intact Optison® 
MBs 

 
 

Infusion 
 

  
1 dose 

given for 
both 

sonications 

100 
µL/kg 

0.55 0.3  
 

(first 2 
session

s) 
 

0.5 
 

(subse
quent 

session
s)  

0.40 
0.67 

10 0.5-0.6 0.5-0.6 120 2 
 

NOLS 

300+ 1 or 6  Weekly  + 1 US session: few 
hypointense T2* 

lesions 
(microhaemorrhage)  

 
6 US sessions: 

multiple hyperintense 
T2 lesions 

(astrogliosis) + 
enlarged ventricles; 

hypointense T2* 
lesions (micro-
haemorrhages)  

 
T=7 and 13 weeks    

1 US session: DS=1; 
astrogliosis; iron 

deposition; slight CD68+ 
macrophage activation and 

infiltration; mild 
neurogenesis 

 
6 US sessions: DS=1; 

astrogliosis; iron 
deposition; extensive 
CD68+ macrophage 

activation and infiltration; 
moderate neurogenesis 

 
T=7 and 13 weeks    

6 US sessions: 
hyperphosphorylated tau 

in frontal lobe 
sonications 

- 

Liu et al. 
 

2009 
 

[50] 
 

Rat Single-element, 
focused 

transducer 
 

Imasonic™ 
 

Frontal lobe Intact None - 1.5 1.1- 
3.5 

0.90- 
2.86 

10 1 1 30 1 - 1 - ++ 1.1MPa: No T2* 
hypointensities 
(haemorrhagic 

lesions) 
 

1.9-3.5MPa: 
Increasing area T2* 

hyperintensities 
(haemorrhagic 

lesions) 
 

T=21 and 48 minutes 

1.1MPa: DS=0-1 
 

1.9-3.5MPa: Worsening 
haemorrhagic change 

 
T=1 hour 

- - 

Liu et al. 
 

2010 
 

[51] 

Rat 
 

(Health
y and 

C6 
Gliblast

oma 
Models) 

Single-element, 
focused 

transducer 
 

Imasonic™ 
 

Frontal lobe 
and striatum 

Intact SonoVue® 
MBs 

 

2.5 
µg/kg 

 
Health
y Rats 

0.4 0.45-
1.35 

0.71– 
2.13  

 

10 1 1 30 1 - 1 - +++ ≥0.98 MPa: Large, 
hypointense T2* 

lesions (intracerebral 
haemorrhaging)  

 
T= <30 minutes 

No significant adverse 
events reported 

 
T=4 hours  

- - 

2.5 
µg/kg 

 
C6 

Rats 

0.4 0.62 0.98 10 1 1 30 1 - 1 - N/A  No significant adverse 
events reported 

 

DS=2 (areas of gliosis, 
infiltrating inflammatory 

cells)   

- - 

Liu et al. 
 

2010 
 

[52] 
 

Rat Single-element, 
unfocused 
transducer 

   
K-Sonic Inc. ™ 

 

Cerebrum  
 

Fixed 
application 

Intact SonoVue® 
MBs 

 
 

25 
µL/kg 

0.028 0.8 4.78 10 1 1 240
- 

600 

1 - 1 - +++ - SD=240s: DS=0 
SD=360s: DS=0-1 
SD=480s: DS=1 

SD=600s: DS=2 (mild 
necrosis)   

- 
 

- 

25 
µL/kg 

0.028 0.8 4.78 10-100 1 1-10 360 1 - 1 - ++ - 50ms: DS-1 
100ms: DS=2   

 
T=4-6 hours 

- - 

Cerebrum  
 

Scanning 
application 

Intact 25 
µL/kg 

0.028 0.8 4.78 50 or 
100 

1 5-10 360 1 - 1 - +++ - 100ms: DS=1  - - 

Liu et al. 
 

2008 
 

Rat Single-element, 
focused 

transducer 
 

Frontal lobe Craniotomy SonoVue® 
MBs 

 

25 
µL/kg 

1.5 0.55-
4.9 

0.45- 
4.0 

10 1 1 30 1 - 1 - +++ ≥1.9 MPa: SWI 
hypoointensities 
(haemorrhagic)   

 

0.55 MPa: DS=0 
0.78 MPa: DS=0-1  
1.1 MPa: DS=0-1 
1.9 MPa: DS=0-2 

- - 



[53] Imasonic™ 
 

4.9MPa: extensive 
haemorrhaging 

 
T=1 and 8 days 

 

2.45 MPa: DS=0-2; 
apoptotic cells detected  

 
3.47 MPa:  DS=0-2; 

apoptotic cells detected  
 

4.9 MPa:  DS=0-3 
(extensive neuropil 

vacuolation, necrosis); 
apoptotic cells detected 

 
T=4-6 hours  

Liu et al. 
 

2010 
 

[54] 

Rat Single-element, 
focused 

transducer 
 

Imasonic™ 
 

Frontal lobe Craniotomy SonoVue® 
MBs 

 
 

25 
µL/kg 

 
(1 dose 
per 3 

sonicat
ions) 

1.5 1.10 0.90 10 1 1 30 6 
 

OLs 

<5 
 

(300+ 
betwe
en 3rd 
and 
4th)  

 

1 - ++ No significant adverse 
events reported 

 
T=10 minutes and 

continuously until 3 
hours; 4 and 24 hours 

DS= 0-1; no macrophage 
infiltration 

 
 

- - 

25 
µL/kg 

 
 

1.5 2.45 2.00 10 1 1 30 1 - 1 - T2* hypointense 
(haemorrhagic) lesion 
detected; macrophage 
infiltration detected 

via SPIOs 

DS= 2-3; macrophage 
infiltration observed  

- - 

Marty et 
al. 

 
2012 

 
[55] 

Rat Single-element, 
focused 

transducer 
 

Imasonic™ 
 
 

Thalamus Intact SonoVue® 
MBs 

 
 

200 
µL/rat 

 
 

1.5 0.45 0.37 3 10 3 60 1 - 1 - N/A  No significant adverse 
events reported 

 

- - - 

McDann
old et al. 

 
2019 

 
[56] 

Rat 
 
 

ExAblate 
Neuro® low 

frequency, 1024 
element phase 
array, focused 

transducer  
 

InSightec™ Ltd. 

Cerebral 
locations 

Intact Definity® 
MBs 

 
 

10 
µL/kg 

0.23 0.12-
0.19 

0.25- 
0.40 

5 1.1 0.55 30 
(1st) 

 
75 

(2nd) 
 

2 
 

OLs  

120+ 3 3 weeks N/A No significant adverse 
events reported 

 
T=48 or 72 hours 

Small scar (<1mm) in one 
rat 

 
T=3 weeks 

- - 

Mcdann
old et al. 

 
2020 

 
[57] 

 

Rat ExAblate 
Neuro® low 

frequency, 1024 
element phase 
array, focused 

transducer  
 

InSightec™ Ltd. 

Cerebral 
locations 

Intact Definity® 
MBs 

 
(No MBs 
for first 4 

sonications) 
 

10 
µL/kg 

 

0.23 0.068-
0.165 

0.14- 
0.34  

5 1.1 0.55  30 
(Fir
st 4) 

 
55 

(Las
t 4) 

4 
 

OLs 
 

(Applied 
twice - first 
4 no MBs; 
last 4 MBs) 

 

120+ 3 3 weeks N/A  Hyperintense T2 
(oedema) lesions 

detected in 
striatum/cortex in half 
of all sessions; lesion; 
did not resolve by day 

7 in 3 rats    
 

T= 1 and 7 days 

DS=1; additional pale 
stained scars found in the 

striatum of 4 rats (3 of 
which had the unresolved 

oedema) 
 

T=2 days   

  

Mcdann
old et al. 

 
2011 

 
[58] 

Rat Single element, 
piston, 

unfocused 
transducer  

 
In-house 

Putamen + 
thalamus 

Intact  Definity® 
MBs 

 
 

10 
µL/kg 

0.53 0.13-
0.31 

0.18- 
0.43 

10 1 1 60 4 
 

NOLs 

300+ 1 - ++ No significant adverse 
events reported 

 
T=4 hours 

0.24-0.31MPa:  DS=2 
(mild parenchymal 

damage)  
 

T=4 hours 

- - 



Mcmaho
n et al. 

 
2017 

 
[59] 

Rat Single-element, 
focused 

transducer 
 

FUS 
Instruments™ 

Striatum + 
thalamus  

Intact  Definity® 
MBs 

 
Infusion 

10 or 
100 

µL/kg 

0.55 0.19-
0.20 

 
Power 
ramp 

0.26- 
0.27 

10 1 1 120 3 
 

NOLs 

900+ 1 - ++  
 

No significant adverse 
events reported 

 
T=4 hours 

No significant adverse 
events reported 

 
T=6 hours 

10 µL/kg MB: no 
changes  

 
100 µL/kg MB: 

increased expression of 
genes associated with 

NF-kB pathway 

- 

100 
µL/kg 

0.55 0.20 or 
0.29 

0.27 or 
0.39   

10 1 1 120 3 
 

NOLs 

900+ 1 - + 0.20 + 0.29MPa: 
Transient 

hyperintense T2* 
(oedema) lesions; 

transient hypointense 
(microhemorrhage) 

T2 lesion detected via 
T2 MRI in one animal 

 
T=4 hours and 4 days 

0.20MPa: DS=1-2 
(leukocyte infiltration + 

evidence of some neuronal 
degeneration)  

 
0.29MPa: DS=1-2 

(leukocyte infiltration + 
evidence of some neuronal 

degeneration+ few 
microglial nodules + few 

necrotic foci)  
 

T=4 days  

0.20 + 0.29MPa: 
increase expression of 
genes associated with 

NF-kB pathway 
 

- 

Mcmaho
n et al. 

 
2020 

 
[60] 

Rat Single-element, 
focused 

transducer 
 

FUS 
Instruments™ 

Striatum + 
thalamus 

Intact Definity® 
MBs 

 
BG8774 

(In-house) 
MBs 

 
MSB4 (In-

house 
MBs) 

 
Infusion 

Gas 
volum

e 
equival
ents to 

20 
µL/kg 

of 
Definit

y® 
given 

0.58 0.25-
0.45 

0.33 – 
0.59 

10 0.5  0.5 260 1 - 1 - + - All MBs: DS=1 @ 1-day 
post sonication; DS=0 @ 

7-days post sonication 
 

T=1 and 7 days 

MSB4: Significantly 
increased transcription 

of proinflammatory 
genes: Il!b, Ccl2 and Tnf 

- 

Mcmaho
n et al. 

 
2020 

 
[61] 

 

Rat Single-element, 
focused 

transducer 
 

FUS 
Instruments™ 

Dorsal 
hippocampu

s 

Intact Definity® 
MBs 

 

20 
µL/kg 
 
Infusio

n 

0.58 0.36-
0.39 

(trigge
ring 

pressur
e) 
 

Mainta
ined @ 
50% of 
trigger

ing 
pressu

re 

0.47- 
0.51 

10 1 1 120 3 
NOLs 

300+ 1 - + 
 
 

Dexamethason
e appeared to 
reduce BBBD 

and 
reversed 

BBBD quicker 

No significant adverse 
events reported 

 
T=15 minutes and 2 

hours 

Saline: Evidence of 
astrogliosis + increased 

vascular density 
 

Dexamethasone: No 
significant adverse events 

 
T=10 days 

Saline: Increased 
GFAP, ICAM1, MCP1, 

VEGF expression 
 

Dexamethasone: No 
significant adverse 

events 
  

T=2 days 

- 

O’Reilly 
et al. 

 
2017 

 
[62] 

Rat Single-element, 
focused 

transducer 
 

In-house 

Subcortical 
targets 

Intact Definity® 
MBs 

 

20 
µL/kg 
 
Infusio

n 

0.552 0.28 0.34 10 1 1 120 1  
 

(Single vs 
multi-point 
sonications) 

300+ 1 - 0 
No difference 

observed 
between single 
point or multi-

point 
sonications 

No significant adverse 
events reported 

 
T=6 and 24 (T2 only) 

hours  

Small foci of tissue injury 
on H/E in 1/5 rats 

 
T=48 hours  

- - 



O’Reilly 
et al. 

 
2011 

 
[63] 

Rat Single-element, 
focused 

transducer 
arranged as a 
hemispherical 

array 
 

Imasonic™ 
 

Midline, 
subcortical 

targets 

Intact Definity® 
MBs 

 

20 
µL/kg 

 
Bolus 

 

1.18 0.54 0.50 0.003 
 

Phasic 
pulses 

in a 
10ms 
burst 

 
 

3,333 – 
166,66

7 
 
 

1- 50 120 8  
 

NOLs 

300 1 - + 6µs: 17/40 
sonications w/ 

possible oedema 
60µs: 2/10 

sonications w/ 
possible oedema 

 
300µs: 4/10 

sonications w/ 
possible oedema 

 
300µs: 3/10 

sonications w/ 
possible oedema 

 
 

Correlative with MRI 
findings 

 
T=2 hour 

- - 

20 
µL/kg 

 
Infusi

on  

1.18 0.54 0.50 0.003 
 

Phasic 
pulses 

in a 
10ms 
burst 

166,66
7 

50 300 8  
 

NOLs 

300 1 - + Bolus: 28/32 
sonications w/ 

possible oedema 
 

Infusion: 5/32 
sonications w/ 

possible oedema 

Histological findings not 
clearly reported   

- - 

20 
µL/kg 

 
Infusi

on 

1.18 0.54 0.50 0.003 
 

Phasic 
pulses 

in a 
10ms 
burst 

at 
varyin

g 
BRFs 
(0.2-2 
Hz) 

166,66
7 
 

Burst 
repetiti

on 
frequen

cy 

50 300 8  
 

NOLs 

300 1 - + No significant adverse 
events reported 

 

Histological findings not 
clearly reported   

- - 

Park et 
al. 

 
2017 

 
[64] 

Rat 
 

(Health
y and 

9L 
gliosarc

oma 
model) 

Single-element, 
focused 

transducer  
 

In-house 
 

Cerebral 
locations 
or tumour 

Site  

Intact Definity® 
MBs 

 
Healthy 

Rats 

10 
µL/kg 

0.69 0.72 0.87 10 1 1 60 6 
 

OLs 

120+  1 - ++ No significant adverse 
events reported 

 
 

No significant adverse 
events reported 

 
T=4 hours 

- - 

Definity® 
MBs 

 
9L Rats 

10 
µL/kg 

0.69 0.72 0.87 10 1 1 60 5 
 

OLs 

120+ 2 
 

(Bilate
ral 

sonnic
ations) 

- 

Park et 
al. 

 
2012 

 
[65] 

Rat Single-element, 
focused 

transducer  
 

In-house 
 

Striatum 
and 

hippocampu
s 

Intact Definity® 
MBs 

 

10 
µL/kg 

0.69 0.6-
0.72 

 
 

10 1 1 60 2  
 

NOLs 

120s + 1  - + Transient, 
hypointense T2 

(microhemorrhage) 
lesion detected in one 

animal 
 

T=serially imaged for 
7.5 hours 

DS=0-1 
 

T=4 hours 

- - 



10 
µL/kg 

0.69 0.68 
and 
0.72 

0.72  
 
 

10 1 1 60 2  
 

NOLs  

120s + 2  
 
 
 

10  
or 

120 mins 

+  No significant adverse 
events reported 

 
 

10-min intersession 
duration: DS=0-1 

 
120-min intersession 

duration: DS=0-1 

- - 

Shin et 
al. 

 
2018 

 
[66] 

Rat Single-element, 
focused 

transducer 
 

Sonic 
Concepts™ Inc. 

 

Cerebrum Intact Definity® 
MBs 

 
 
 
 

20  
or  

100 
µL/kg 

0.52 0.3  10 1 1 60 1 - 1 - ++ - 100 µL/kg: DS=1 
 
 

T=4 hours  

- - 

SonoVue® 
MBs 

30 
µL/kg 

0.52 0.3 0.42 10 1 1 60 1 - 1 - + - DS=1 - - 

 
 
 
 

Definity® 
MBs 

 

20 
µL/kg 

0.52 0.2-1.5 0.28- 
2.08 

10 1 1 60 1 - 1 - +-+++ - 0.6 MPa: DS=2 
1.5 MPa: DS=3 

(significant parenchymal 
damage)  

- - 

20 
µL/kg 

1.6 0.3  
or  
0.6 

0.24  
or 

0.47 

10 1 1 60 1 - 1 - + - DS=1 - - 

20 
µL/kg 

0.52 0.3 0.42 1-100 1 0.1-10 60 1 - 1 - +-++ - 100ms: DS=3 
(parenchymal damage)  

- - 

20 
µL/kg 

0.52 0.3 0.42 10 1-5 1-5 60 1 - 1 - +-++ - No significant adverse 
events reported 

 

- - 

20 
µL/kg 

0.52 0.3 0.42 10 1 1 30-
300 

1 - 1 - +-++ - 120s: DS=1 
300s: DS=2 

- - 

Song et 
al. 

 
2017 

 
[67] 

Rat Therapeutic 
Imaging Probe 
System (TIPS), 
multi-element 
phase array, 

focused 
transducer 

 
Philips™  

Striatum  Intact (skin 
incision made 
over sagittal 

suture)  

Size 
isolated, 

2µm 
diameter 

MBs  

4x108 - 
4x109 
MBs/k

g 

1 0.5 0.5 1 100 10 300 2 
 

NOLs 

Unkno
wn 

1 - + No significant adverse 
events reported 

 
T=immediately after 

- - - 

Size 
isolated, 

6µm 
diameter 

MBs 

4x107-
4x108 
MBs/k

g 

1 0.5 0.5 1 100 10 300 2 
 

NOLs 

Unkno
wn 

1 - ++ 2 x 108 MBs/kg: 
micro-haemorrhages 

visible 
macroscopically 

 
4 x 108 MBs/kg: large 

haemorrhagic areas 
visible 

macroscopically 

- - - 

Treat et 
al. 

 
2007 

 
[68] 

 

Rat Single-element, 
focused 

transducer  
 

In-house 

Striatum + 
thalamus/hi
ppocampus 
(2 locations 

per 
hemisphere)  

Intact Optison® 
MBs 

 

100 
µL/kg 

1.5  
or 
1.7 

0.5-1.6 0.38- 
1.31 

10 1 1 30 1 - 1 - + No significant adverse 
events reported 

 
T=4 hours 

1.1MPa: DS=1 
(hyperchromatic neurons) 

 
T=4 hours  

- - 

100 - 
500 

µL/kg 

1.5  
or  
1.7 

1.1 0.84 or 
0.90 

10 1 1 120 5 
 

OL 

240-
300 

1 - + 200 and 500µL/kg: 
macroscopic lesion 

(tissue damage) 
observed  

100µL/kg: DS=1-2 
200µL/kg: DS=2-3 
500µL/kg: DS=3 

 

- - 

Tsai et 
al. 

 
2018 

 

Rat Single-element, 
focused 

transducer  
 

Imasonic™ 

Basal 
ganglia 

Intact SonoVue® 
MBs 

 
 

150 
µL/kg 

 

0.4 0.30-
0.89 

0.47- 
1.40 

10 1 1 120 1 - 2 
 

or  
 
3 

48hrs 
 

++ - 0.51MPa: DS=1-2 (mild 
parenchymal damage + 

macrophage infiltration); 
astrogliosis  

 

0.89 MPa: elevation in 
plasma fibrinogen 

 
T=8 days   

0.89 MPa: transient 
hypoactivity, ataxia 

and tremor observed in 
2/10 rats 

 



[69]  0.89MPa: DS=3 (tissue 
necrosis + macrophage 
infiltration); astrogliosis 

 
T= 5 days  

No other reported 
adverse behaviour 

events  

400 
µL/kg 

 

0.4 0.21 
or 

0.51 

0.33  
or  

0.80  

10 
 
 

1 1 120 1 - 1-3  0 or 48 
hrs 

++ - 0.21MPa: DS=0; apoptotic 
cells; astrogliosis 

 
0.51MPa: DS=3; apoptotic 

cells; astrogliosis 
 

Number of apoptotic cells 
increased with US 

sessions 
 

T=2 hours  

- - 

Wei et 
al. 

 
2013 

 
[70] 

Rat 
 

(Health
y and 

9L 
glioma 
models) 

Single-element, 
focused 

transducer  
 

Imasonic™ 
 

Striatum Intact SonoVue® 
MBs 

 

100 
µL/kg 

0.5 0.6 0.85 10 1 1 60 1 - 1 
 

or 
 
2 

1 day ++ - - - - 

Wu et al. 
 

2017 
 

[71] 

Rat Single-element, 
focused 

transducer  
 

Imasonic™ 
 

Diagnostic US 
used to observe 

MB 
pharmacodynami

cs  

Various 
targets 

Intact SonoVue® 
MBs 

 

4x107 
MBs/k

g 
 

0.4 
 

0.39-
0.87 

 
 

0.62- 
1.38 

 

10 
 

1 
 

1 
 

120 
 

1 
 

- 
 

1 
 

- 
 

++ SonoVue® 
+1.38MPa: 

Hypointense SWI 
(microhaemorrhage) 

lesions detected 

0.54MPa: DS=1 
1.38MPa: DS=2 

 
T=4 hours  

- - 

Definity® 
MBs 

 

Definity® 
+1.38MPa: 

Hypointense SWI 
(microhaemorrhage) 

lesions detected 

0.54MPa: DS=1 
1.38MPa: DS=2 

- - 

USphere® 
MBs 

USphere® 
+1.38MPa:  

Hypointense SWI 
(microhaemorrhage) 

lesions detected 

0.54MPa: DS=1 
1.38MPa: DS=2 

- - 

Yang et 
al. 

 
2013 

 
[72] 

 

Rat Single-element, 
focused 

transducer  
 

Sonic 
Concepts™ 

Cerebrum Intact SonoVue® 
MBs 

 
 

150 or 
300 

µL/kg 
 

1 158 
W/cm2 

 50 1 5 60 1 - 1 - ++ - 150µL/kg: DS=1 
300µL/kg: DS=1-2 

 
T=4 or 24 hours 

- - 

150 
µL/kg 

1 158 
W/cm2 

 50 1 5 60 2  
 

OL  

1200 1 - +++ - DS=2  
 
 

- - 

Yang et 
al. 

 
2014 

 
[73] 

Rat 
 

(F98 
Glioma 
model) 

Single-element, 
focused 

transducer  
 

Sonic 
Concepts™ 

Tumour site Intact SonoVue® 
MBs 

 

150 
µL/kg 

 

1.04 0.9   50 1 5 60 1 - 1 - ++ - DS=1  
 

T=7 or 31 hours  

- - 

Yang et 
al. 

 
2012 

Rat Single-element, 
focused 

transducer  
 

Cerebrum Intact SonoVue® 
MBs 

  

150-
450 

µL/kg 

1 2.86 W 
 

 50 1 5 60 1 - 1 - ++ - 300µL/kg: DS=1-2; 
apoptotic cells (0.25% of 

regions)  
 

- - 



 
[74] 

Panametrics™ 450µL/kg: DS=2; 
apoptotic cells (1.15% of 

regions)  
 

T=24 hours  
Yang et 

al. 
 

2011 
 

[75] 
 
 

Rat Single-element, 
focused 

transducer  
 

Panametrics™ 
 

Non-implanted 

Cerebrum Intact SonoVue® 
MBs 

 

150 
µL/kg 

 

1 0.9 0.9 50  1 5 60 1  
 

or 
  

2 

1200s 
or 

2400s 

1 - ++ - 1 Sonication: DS=2 
(inflammatory cell 

aggregation) 
 

2 Sonications (1200s or 
2400s ISI): DS=2 
(inflammatory cell 
aggregation + mild 

vacuolation) 
 

T=immediately after 

- - 

Yang et 
al. 

 
2012 

 
[76] 

Rat 
  

(F98 
Glioma 
Model) 

Single-element, 
focused 

transducer 
 

Panametrics™ 
 

Tumour site Intact SonoVue® 
MBs 

 

300 
µL/kg 

 

1 5.72W  50 1 5 60 1 
 

Sonications 
administere
d 6, 8 and 
12 days 

after 
tumour 

implantatio
n 

- 1 - ++ - DS=1-2  
 

T=30 minutes 
 
 

- - 

Zhang, 
Y. et al. 

 
2016 

 
[77] 

Rat 
 
 

8-element array, 
focused 

transducer 
 

Imasonic™ 

Temporal 
lobe 

Intact In-house 
MBs 

 

300 
µL/kg 

 

1.5 0.69 0.56  20 1 2 120 1 - 1 - + No significant adverse 
events reported 

 
T=immediately, 1 and 

7 days 

No significant adverse 
events reported 

- - 

Beccaria 
et al. 

 
2013 

 
[78] 

Rabbit SonoCloud® 
single-element, 

unfocused 
transducer 

 
CarThera™ 

Cerebrum Craniotomy SonoVue® 
MBs 

 

30 
µL/rab

bit 

1.05 0.3 
and 
0.5 

0.29 
and 
0.49 

35 1 3.5 120 1 - 1 - ++ 
(0.5 MPa) 

 

- 0.3 MPa: DS=2 
0.5 MPa: DS=2 

- - 

30 
µL/rab

bit 

1.05 0.5 0.49 35 1 3.5 120
or 
60  

1 - 1 - ++ - 60s SD: DS=2 
120s SD: DS=2  

- - 

30 
µL/rab

bit  

1.05 0.3-0.8 0.29- 
0.78 

25 1 2.5 120 1 - 1 - +++ 0.6 MPa: oedema 
observed via FLAIR 

MRI  

0.3 MPa: DS=1 
0.5 MPa: DS=2 
0.8 MPa: DS=3 

- - 

30 
µL/rab

bit 

1.05 0.5  
and  
0.8 

0.49  
and 
0.78 

15 1 1.5 120 1 - 1 - Not reported - 0.5 MPa: DS=2 
0.8 MPa: DS=2 

- - 

30 
µL/rab

bit 

1.05 0.8 0.78 10 1 1 120 1 - 1 - ++ - DS=2 - - 

Chopra 
et al. 

 
2010 

 
[39] 

Rabbit Single-element, 
focused 

transducer  
 

In-house 
 

Subcortical 
regions 

Intact Definity® 
MBs 

 

10  
µL/kg 

 

1.08 0.38 0.37 10 1 1 30- 
120

0 

4 
NOLs  

 1 - ++ SD 300s ≤: T2 MRI 
lesions observed 

SD 30s: DS=1 
SD 180 s: DS=2-3 
SD 300s: DS=1-3 
SD 600s: DS=2-3 
SD 1200s: SD=2-3 

- - 



Hynyen 
et al. 

 
2005 

 
[1] 

Rabbit Single-element, 
focused 

transducer  
 

In-house 
 

Cortical 
locations  

Craniotomy Optison® 
MBs 

 

50 
µL/kg 

 
 

0.69 0.4-3.1 0.49- 
3.73 

10 1 1 20 1-6 
 

NOLs 

300-
600 

1 - + 
(0.4 -1.4 MPa) 

 
 
 

- 0.4-0.5 MPa: DS=1 
0.5-1.4 MPa: DS=2 (mild 

neutrophil infiltration + 
light vacuolation); few 

apoptotic and ischaemic 
cells 

2.3 MPa: DS=2-3 (mild to 
moderate parenchymal 

damage); many apoptotic 
and ischaemic cells 

3.1 MPa: DS=3 (necrosis); 
many apoptotic and 

ischaemic cells 

- - 

Hynyen 
et al. 

 
2006 

 
[79] 

Rabbit Single-element, 
focused 

transducer  
 

In-house 
 

Subcortical, 
cerebral 
locations  

Craniotomy 
or intact  

Optison® 
MBs 

 

50 
µL/kg 

 
 

0.26 0.3-0.9 0.58- 
1.77 

10 1 1 20 1-4 
 

NOLs 

300 1 - +-++ 
(0.3 and 0.4 

MPa) 

- 0.4 MPa: DS=1-2 (mild 
neutrophil infiltration + 

vacuolization); few 
apoptotic cells. 

Histological findings were 
acute (4-24hrs post 

sonication) and 
disappeared days after 

sonication. 
 

No histological findings 
reported for PNPs 

>0.4MPa  

  

McDann
old et al. 

 
2006 

 
[80] 

Rabbit Single-element, 
focused 

transducer  
 

In-house 

Thalamus  Craniotomy Optison® 
MBs 

 

50 
µL/kg 

 
 

0.26 0.29-
0.57 

0.57-
1.12 

10 1 1 20 4 
 

NOLs 

300+ 1 - +-++ - 0.40 MPa: DS=1 
0.57 MPa: DS=2 

- - 

McDann
old et al. 

 
2007 

 
[81] 

Rabbit   Single-element, 
focused 

transducer  
 

In-house 
 

Thalamus  Craniotomy Optison® 
MBs 

50 
µL/kg 

 
 

0.69 0.5 0.60 10 1 1 20 4  
 

NOLs 

300+ 1 - + - DS=1-2 - - 

Definity® 
MBs 

10 
µL/kg 

 
 

0.69 0.5 0.60 10 1 1 20 4  
 

NOLs 

300+ 1 - - DS=0-1 - - 

Definity® 
MBs 

 

10 
µL/kg 

0.69 0.4-1.5 0.48- 
1.81 

10 1 1 20 4  
 

NOLs 

300+ 1 - +-+++ 1.1 and 1.5 MPa: T2 
hyperintense spots 

(mild oedema) 
detected near 

microhemorrhages 

0.4 MPa: DS=0-1 
0.8 MPa: DS=1-2 
1.1 MPa: DS=1-2 
1.5 MPa: DS=2  

 

- - 

McDann
old et al. 

 
2008 

 
[82] 

Rabbit Single-element, 
focused 

transducer  
 

In-house 

Thalamus   Craniotomy Optison® 
MBs 

50 
µL/kg 

 
 

2.04 0.69-
2.3 

0.48- 
1.61 

10 1 1 20 4  
 

NOLs 

300+ 1 - + - DS=1 - - 

McDann
old et al. 

 
2008 

Rabbit Single-element, 
focused 

transducer  
 

Thalamus  Craniotomy Optison® 
MBs 

50-250 
µL/kg 

0.69 0.5 0.60 10 1 1 20 4 
NOLs 

300+ 1 - + - DS=1-2 (minor 
parenchymal damage)  

 

- - 

50 
µL/kg 

0.69 0.8-1.5 0.96- 
1.81 

0.1 1 0.01 20 4 
NOLs 

300+ 1 - + 



 
[83] 

In-house 50 
µL/kg 

0.69 0.5-1.1 0.60- 
1.32 

1 1 0.1 20 4 
NOLs 

300+ 1 - + No clear difference in 
histological findings 
between locations 

sonicated with varying 
parameters   

50 
µL/kg 

0.69 0.5 0.60 0.1-10 1 0.01-1 20 4 
NOLs 

300+ 1 - + 

50 
µL/kg 

0.69 0.5 0.60 10 0.5-5 0.5-5 20 4 
NOLs 

300+ 1 - 0 

Mei et al.
 

2009 
 

[84] 

Rabbit Single-element, 
focused 

transducer  
 

In-house 

Various 
cortical and 
subcortical 
locations   

Craniotomy SonoVue® 
MBs 

30 
µL/kg 

1.1 6W/0.
07cm2 

 Continuous delivery 6-
10s 

2-4 
 

NOLs 

300-
600 

1 - ++ - 6s: DS=1 
8s: DS=2 (sight 

vacuolation, and mild 
ischaemic changes)  

10s: DS=3 (extensive 
vacuolation, tissue 
necrosis, neutrophil 

infiltration)  

- - 

Wang et 
al. 

 
2009 

 
[85] 

Rabbit Single-element, 
focused 

transducer  
 

In-house 

Various 
cortical and 
subcortical 
locations   

Craniotomy SonoVue® 
MBs 

30 
µL/kg 

1.1 6W/0.
07cm2 

 Continuous delivery  6 2-3  
 

NOLs 

300+ 1 - ++ - - - - 

O’Reilly 
et al. 

 
2017 

 
[86] 

Dog 
 

(Aged 
dogs 
with 

signific
ant 

comorb
idities) 

Single-element, 
focused 

transducer 
 

In-house 

Various 
cortical and 
subcortical 
locations 

Intact Definity® 
MBs 

 

20 
µL/kg 

0.28 0.81-1 
 
 
 
 

1.53-
1.89 

10 0.33 0.33 180 6 
 

NOLs  

300+ 1 - + Thermal damage 
observed on 

overlying muscle 
attributed to technical 

error  

- - No changes in 
neurological testing and 

mental status  

20 
µL/kg 

0.28 0.6-1.2 1.13- 
2.27 

10  1 1 120 9-13 
 

NOLs 

300+ 1 - +-++ -  
 

 

DS=1 - No changes in 
neurological testing and 

mental status 
20 

µL/kg 
0.28 0.6-1.2 1.13- 

2.27 
10  1 1 120 7-12 

 
NOLs 

300+ 4 Weekly +-++ T2 and T2*W MRI 
results not reported 

DS=1 - Vomiting and bloody 
urine observed after 

second session in 1/5 
dogs 

Liu et al. 
 

2011 
 

[87] 

Pig Single-element, 
unfocused 
transducer 

   
K-Sonic™ Inc. 

Frontal 
Cortex 

Craniotomy SonoVue® 
MBs 

 
 

50 
µL/kg 

0.028 0.8 4.78 30  
or  

100 

1  3 
or 
10 

300 1 - 1 - +-++ 30ms: T2 
hyperintense 

(oedema) lesions 
detected 

100ms: T2 
hyperintense 

(oedema) + T2* 
hypointense (micro-

haemorrhagic) 
lesions detected 

30ms: DS=1; mild iron 
deposition (hemosiderin) 

  
100ms: DS=3 

(parenchymal damage); 
extensive iron deposition 
(hemosiderin); apoptotic 

cells  

- - 

Intact 
 

50 
µL/kg 

0.028 0.8 4.78 100 1 1 300 1 - 1 - + - - - - 

Pelekano
s et al. 

 
2018 

 
[88] 

Sheep Single-element, 
focused 

ultrasound 
transducer 

 
Sonic 

Concepts™ Inc. 

Cortical and 
hippocampa
l locations  

Intact 
  

Definity® 
MBs 

 

10 
µL/kg 

 

0.286 0.42 0.79 1  
or  
10 

2 0.2  
or  
2 

120 5 or 6 
 

NOLs 

600+ 1 - + 
  

∆� =≤ �. ��°� 
compared to 

unsonicated skull 

- - - 
 

0.286 0.42-
0.72 

0.79- 
1.35 

1 2 0.2 120 5 or 11 
 

NOLs 

600+ 1 - + Average number of 
petechiae per slice 
macroscopically 

detected  
 

0.42 MPa: 0.63 
0.63 MPa: 5.87 

0.63 MPa≤: DS=1-2; few 
ischaemic cells detected 

- - 



0.72 MPa: 8.74 
 

∆� =≤ �. ��°� 
compared to 

unsonicated skull 
Yoon et 

al. 
 

2019 
 

[89] 

Sheep Single-element, 
focused 

ultrasound 
transducer  

 
Ultran Group™ 

Subcortical 
locations 

Intact Definity® 
MBs 

 

10 
µL/kg 

0.25 0.48  
or 

 0.58 

0.96  
or 

1.16 

10 1 1 120 1 - 1 - + 0.58 MPa: SWI 
hypointense 

(haemorrhagic) 
lesions detected  

0.58 MPa: DS=2 - - 

Arvantis 
et al. 

 
2012 

 
[90] 

NHP ExAblate 4000® 
1024-element 
phase array, 

focused 
transducer  

 
InSightec™ Ltd. 

Lateral 
geniculate 
nucleus, 

amygdala, 
cingulate 

gyrus 

Intact Definity® 
MBs  

 
   

20 
µL/kg 

 
Infusio

n 
 

0.22 0.13-
0.28 

0.28- 
0.60 

10 0.55 0.55 50 3 
 

NOLs 

25 10 2 mins + T2* hypointense 
(micro-

haemorrhagic) 
lesions detected 

 
T=minutes after 

DS=0-2 
 

T=2 hours  

- - 

0.22 0.1-0.3 0.21- 
0.64 

10 0.55 0.55 50 3 
 

NOLs 

25 16-40 Over 5-7 
weeks 

+ T2* hypointense 
(micro-

haemorrhagic) 
lesions detected 

- - - 

Downs et 
al. 

 
2015 

 
[91, 92] 

 

NHP 
 

Single-element, 
focused 

transducer 
 

Sonic 
Concepts™ 

 

Caudate, 
putamen, 
thalamus 

 

Intact 
 
 
 

In-house 
MBs 

 
 

2.5 x 
108 

MBs/k
g 

0.5 
 

Non-
anaest
hetised 

 

0.3 0.42 10 2 2 120 1 - 9  
NHP A 

or  
10 

NHP B 
 

Not 
specified 

+-++ NHP 1: Transient T2 
hyperintense 

(oedema) lesions 
detected after one 

session 

- - No changes to motor 
function 

 
No EMG changes at 
temporalis muscle 

Intact 2.5 x 
108 

MBs/k
g 

0.5 
 

Anaest
hetised 

0.3 0.42 10 2 2 120 1 - 5 
NHP A 

or  
13 

NHP B 
 

Over 10 
months 

+ NHP 1: Transient T2 
hyperintense 

(oedema) spots 
detected after the last 

3 sessions  

- - Both NHPs: Transient 
decrease in reaction 

times  

2.5 x 
108 

MBs/k
g 

0.5 
 
 

0.2-0.4 0.28- 
0.57 

 

10 2 2 120 1 - 27 Over 12 
months 

+ 0.4 MPa: Transient 
T2 hyperintense 
(oedema) spots 

detected after the last 
session  

- - Both NHPs:  Transient 
decrease in reaction 

times 

2.5 x 
108 

MBs/k
g 

0.5 
 
 

0.2-
0.275 

0.28- 
0.39 

10 2 2 120 1 - 18 Over 20 
months 

++ - - - Transient increase in 
reaction times  

2.5 x 
108 

MBs/k
g 

0.5 
 
 

0.4 0.57 10 2 2 120 1 - 4 Over 4 
months 

+-++ - - - Transient increase in 
reaction times 

Goldwirt 
et al. 

 
2016 

 
[93] 

NHP Single-element, 
unfocused 
transducer 

 
In-house 

 

Motor 
cortex 

Craniotomy SonoVue® 
MBs  

 

100 
µL/kg  

1.05 0.9 0.88 23.2 1 2.32 134 1 - 1 - - - - - - 



Horodyc
kid et al. 

 
2017 

 
[94] 

NHP SonoCloud® 
single-element, 

unfocused 
transducer 

 
CarThera™ 

Motor 
cortex 

Craniotomy SonoVue® 
MBs  

 

100 
µL/kg  

1.05 0.6-0.8 0.59- 
0.78 

23.2 1 2.32 131 1 - 7 15 days ++ FLAIR hyperintense 
spots detected in 

subarachnoid space 
  

(further T2* imaging 
ruled out 

subarachnoid 
haemorrhage) 

Mild hemosiderin 
deposition observed in 

cortical region of one NHP 

- Transient tachypnoea 
observed in 20% of 
sonications, normal 

clinical and behavioural 
testing scores. 

 
No EEG or SSEP 

alterations attributable 
post-sonication 

Marquet 
et al. 

 
2014 

 
[95] 

 

NHP Single-element, 
focused 

transducer 
 

Sonic 
Concepts™ 

Striatum Intact In-house 
MBs 

 

500 
µL/NH

P 

0.5 0.2-0.3 0.28- 
0.42 

10 2 2 120 1 
 

- 10 
session

s 

2 weeks N/A - - - - 

500 
µL/NH

P 

0.5 0.2-0.3 0.28- 
0.42 

10 2 2 120 1 - 7 
session

s  

2 weeks  N/A - - - Grossly normal 
cognitive and motor 

behaviour 

Marquet 
et al. 

 
2011 

 
[96] 

NHP Single-element, 
focused 

transducer 
 

Riverside 
Research 

Institute™ 

Visual 
cortex, 

caudate, 
hippocampu

s 

Intact In-house 
MBs 

(1st session 
in NHP 1) 

500 
µL/NH

P  

0.5 0.3 or 
0.45 

0.42 or 
0.64 

10 2 2 120 2 
NOLs at 
visual 
cortex 

Imme
diately 
after 

2 
session

s 
 

Not 
specified 

+ - - - Grossly normal 
cognitive and motor 

behaviour 

Definity® 
MBs  

(2rd session 
in NHP 1) 

500 
µL/NH

P 

0.5 0.6 0.85 10 2 2 120 1 
Hippocamp

us 

- 

In-house 
MBs 

(NHP 2) 
 

500 
µL/NH

P 

0.5 0.6 0.85 10 2 2 120 1 
Caudate 

- 1 
session 

- + T2 hyperintense 
(oedematous) lesions  

- - Reversible contralateral 
arm weakness, resolving 

after four days. 
 

Grossly normal 
cognitive behaviour 

McDann
old et al. 

 
2012 

 
[97] 

NHP ExAblate 4000® 
1024-element 
phase array, 

focused 
transducer  

 
InSightec™ Ltd 

Thalamus, 
putmen, 
cingulate 
cortex, 
visual 
cortex, 

hippocampu
s 

Intact Definity® 
MBs  

 

10 
µL/kg 

 
Bolus 

0.22 0.19-
0.66 

0.41- 
1.41 

10 1 1 70 1 Not 
specifi

ed 

1-13 1 or 2 
weeks 

++ 0.36 MPa <: T2* 
hypointense 

(haemorrhagic) 
lesions detected in 
50%+ of sonicated 

sites 
 

T = immediately after 

 
0.7 MPa: DS=2 

 
T = 2-48 hours and 2 

weeks  

 No adverse behavioural 
outcomes, including in 

motor testing, visual task 
performance or visual 

acuity  
 

T= days after  

20 
µL/kg 

 
Infusi

on 

0.22 0.19-
0.7 

0.41- 
1.49 

10 1 1 50 9 
 

NOLs 

25 5 Months  

Pouliopo
ulos et 

al. 
 

2019 
 

[98] 

NHP Single-element 
focused 

transducer 
 

Sonic 
Concepts™  

Thalamus 
and 

dorsolateral 
prefrontal 

cortex 

Intact Definity® 
MBs  

 

10 
µL/kg 

0.25 0.2 0.4 10 2 2 120 1 - 1 - - No MRI evidence of 
haemorrhagic or 

oedematous change 
 
 

T= 1 hour    

- - - 

Wu et al. 
 

2016 
 

[99] 

NHP Single-element 
focused 

transducer 
 

Sonic 
Concepts™ 

Striatum Intact In-house 
MBs 

2.5 x 
108 

MBs/k
g 

0.5 0.2-0.6 0.28- 
0.85 

10 2 2 120 1 or 2 1200 4-24 Weekly ++ No MRI evidence of 
haemorrhagic or 

oedematous change  
 

T= 1 hour 

- - - 

Abrahao 
et al. 

 

Human 
 

ExAblate 4000® 
1024-element 
phase array, 

Primary 
motor 
cortex  

Intact Definity® 
MBs  

 

4 
µL/kg 

 

0.22 6-10W 
 

 2.6 30.3 7.88 90 3 Not 
specifi

ed 

1 -  Transient, 
asymptomatic FLAIR 

hyperintense 

- - Moderate adverse events 
related to the procedure 
(headache/scalp pain 



2019 
 

[100] 

(ALS 
patients

) 

focused 
transducer  

 
InSightec™ Ltd. 

 
(correspond
ing to arm 

or leg 
region) 

 Patient 
1   

(oedematous) lesion 
detected in patient 4  

due to stereotactic frame 
placement, 

musculoskeletal pain) 
were reported  

 
No EEG changes 

reported.rea  

4 
µL/kg 

 
Patient 

2   

0.22 4 and 
8W 

 2.6 30.3 7.88 90 2 
 
 

Not 
specifi

ed 

1 - 

4 
µL/kg 

 
Patient 

3   

0.22 8-10W  2.6 30.3 7.88 90 4 Not 
specifi

ed 

1 - 

4 
µL/kg 

 
Patient 

4   

0.22 4-7W  2.6 30.3 7.88 90 3 Not 
specifi

ed 

1 - 

Anastasi
adis et 

al. 
 

2021 
 

[101] 

Human 
(Infilitr
ating 

glioma 
patients

) 

ExAblate Neuro 
2® 1024-element 

phase array, 
focused 

transducer 
 

InSightec™ Ltd 

 
Tumour site 

Intact Definity® 
MBs 

 

4-5  
µL/kg 

 
Up to 

20  
µL/kg 

0.23 3.38-
21.55 

W 

   8 90 Not 
specified 

Not 
specifi

ed 

1 -  Transient, T2* 
hypointense lesions 
detected in 50% of 

sonication sites 
 

 

DS=0   

Chen et 
al. 

 
2021 

 
[102] 

 

Human 
(Gliobl
astoma 
multifor

me 
patients

) 

NaviFUS® 
multi-element 
phase array, 

focused 
transfucer   

 
NaviFUS™ 

Corp. 

Peritumoral 
site 

 
3x3 grid 

Intact SonoVue® 
MBs  

 
 

100 
µL/kg 

 
(max 

dose 4.8 
mL) 

 

 

0.5 0.48-
0.68  

0.48- 
0.68 

10 9 9 120 1-3 
 
  

Not 
specifi

ed  

1 - +-++ No MRI evidence of 
haemorrhagic or 

oedematous change  

Lack of lymphocytic 
(CD4+, CD8+ and 

FOXP3+) and macrophagic 
(CD68+) response   

- 2 serious adverse events: 
hypernatremia in n=1 

 
36, other adverse events 

in n=5 

Gasca-
Salas et 

al. 
 

2021 
 

[103] 

Human 
(Parkin
son’s 

disease 
dement

ed 
patients

) 

ExAblate Neuro 
2® 1024-element 

phase array, 
focused 

transducer 
 

InSightec™ Ltd 

Parieto-
occipito-
temporal 
junction 

Intact Luminity® 
MBs 

4  
µL/kg 

0.22 5-60 
W 

     2-8 Not 
specifi

ed 

2 2-3 
weeks 

 SWAN 
hypoointensities 

detected upon 1 week 
in n=2 

 
No alterations in FDG 
or Flutemetamol PET  

uptake  

- - No impairments in any 
neuropsychological 

domains tested 
 

No alterations in 
physical impairment   

Idbaidh 
et al.  

 
2019 

 
[104] 

 
 
 
 

 

Human 
 

(Gliobl
astoma 
multifor

m 
patients

) 

SonoCloud® 
single-element, 

unfocused 
transducer 

 
CarThera™ 

Tumour and 
peritumoral 
parenchyma 

Craniotomy SonoVue® 
MBs  

 
 

100 
µL/kg 

 

 

1.05 0.78-
1.15 

0.76- 
1.12 

 

23.8 0.5 or 
1 

1.19 or 
2.38 

150
-

270 

1 - 1-10 Monthly + Peritumoral oedema 
detected on MRI after 
2 sessions (0.78 MPa; 

1.03 MPa) 
 

-- - Transient facial palsy 
occurred in 1 patient 

(0.90 MPa); resolving 
within 2 hours. 

 
One death outside of 

glioblastoma 
progression occurred 

during the trial 

Lipsman 
et al. 

 
2018 

Human 
 

(Alzhei
mer’s 

ExAblate 4000® 
1024-element 
phase array, 

Dorsolateral 
prefrontal 

cortex  
 

Intact Definity® 
MBs  

 

4 
µL/kg 

 
 

0.22 7.5W  
 

3-
3.5W 

 2 
 

30 6 50 1 (1st 
session) 

 

Not 
specifi

ed 

2 
 
 

1 month  Transient T2* 
hypointense (potential 

microhemorrhage) 
spots detected  

- - Transient increase in 
Neuropsychiatric 

Inventory Questionnaire 



 
  

 
[105] 

 
 

patients
) 
 

focused 
transducer  

 
InSightec™ Ltd. 

(white 
matter)  

 
 

 2 (2nd 
session) 

 
NOLs 

(NPI-Q) score 1 month 
after second US session. 

4 
µL/kg 

 
 

0.22 5-6W 
 

4-7W  
 

 2 30 6 50 1 (1st) 
 

2 (2nd) 
 

NOLs 

Not 
specifi

ed 

2 1 month - - - No adverse physical or 
behavioural outcomes  

4 
µL/kg 

 
 

0.22 3W 
 

2.5-3.5 
W  
 

 2 30 6 50 1 (1st 
session) 

 
2 (2nd 

session) 
 

NOLs 

Not 
specifi

ed 

2 1 month - - - No adverse physical or 
behavioural outcomes 

4 
µL/kg 
 

0.22 3.5W 
 

3.5-
5W 

 2 30 6 50 1 (1st 
session) 

 
2 (2nd 

session) 
 

NOLs 

Not 
specifi

ed 

2 1 month Transient T2* 
hypointense (potential 

microhemorrhage) 
spots detected 

- - No adverse physical or 
behavioural outcomes 

Mainpri
ze et al. 

 
2019 

 
[106] 

Human 
 

(Malign
ant 

glioma 
patients

) 

ExAblate 4000® 
1024-element 
phase array, 

focused 
transducer  

 
InSightec™ Ltd. 

Tumour and 
peritumoral 
parenchyma 

 
 

Intact Definity® 
MBs  

 
 

4 
µL/kg 

0.22 5-9 W  2.6 30.3 7.88 50 2 Not 
specifi

ed 

1 - - - 
 

- - Minor pain due to 
stereotactic frame 

placement reported in 2 
patients 4 

µL/kg 
0.22 8-10W  2.6 30.3 7.88 50 5 Not 

specifi
ed 

1 - 

4 
µL/kg 

0.22 6-
7.5W 

 2.6 30.3 7.88 50 2 Not 
specifi

ed 

1 - 

4 
µL/kg 

0.22 4-15W  2.6 30.3 7.88 50 5 Not 
specifi

ed 

1 - 

Park et 
al, 

 
2020 

 
[107] 

 
 

Human 
(Gliobl
astoma 
multifor

me 
patients

) 

ExAblate 4000® 
1024-element 
phase array, 

focused 
transducer  

 
InSightec™ Ltd 

Peritumoral 
site 

 
3x3 grid 

Intact Definity® 
MBs  

 

4  
µL/kg 

 
(Max 
dose 
20 

µL/kg) 

0.22   2.6 30.4 7.90 80 
(ave
rage

)  

3.66 
(average) 
3x3 grid  

174 3 
(n=1)  

 
or  

 
6 

(n=5) 

4 weeks - No MRI evidence of 
haemorrhagic or 

oedematous change  

- - No cognitive or 
neurological deficits 

related to BBBD 
 

1 adverse event related 
to temozolomide therapy 
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