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Introduction 
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• The BBB plays a major role in maintaining ionic balance of the

central nervous system.

• FUS and microbubbles induced blood-brain barrier (BBB) opening

has shown increasing interest.

• Consequences on the vasculature could affect brain homeostasis

and/or drug distribution.

Electron microscopy image from 
Weiss et al. (BBA, 2009)

MR angiogram in a Fischer 
344 rat strain (r = 125µm 

isotropic) from Pastor et al. 
(J Neurosci Methods, 2017)

Introduction Materials and methods Results Conclusion

• Our study aims to measure cerebral blood flow (CBF), Blood

Volume fraction (BVf), and water diffusion (ADC) modifications

after BBB opening
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Materials and methods 
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Animal groups
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• Wistar male rats (6 to 8 weeks, 280-350g)

• 1.5% isoflurane anesthesia

Introduction Materials and methods Results Conclusion
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• FUS in the cortex

from Johnson et al. (NeuroImage, 2012)
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Animal groups
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• Wistar male rats (6 to 8 weeks, 280-350g)

• 1.5% isoflurane anesthesia
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from Johnson et al. (NeuroImage, 2012)

cortex
• Group 1 (n = 18)

• FUS in the cortex

• Group 2 (n = 12)

• FUS in the cortex

• FUS in the striatum



Animal groups

Wednesday, April 19 – Brain session - ISTU 6

• Wistar male rats (6 to 8 weeks, 280-350g)

• 1.5% isoflurane anesthesia
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• Group 1 (n = 18)

• FUS in the cortex

• Group 2 (n = 12)

• FUS in the cortex

• FUS in the striatum

• Group 3 (n = 6)

• FUS in the cortex

• FUS in the striatum

striatum

from Johnson et al. 
(NeuroImage, 2012)

cortex



Microbubbles and Focused Ultrasound (FUS)
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• 3x108 of homemade DSPC:DSPE-PEG2000 lipidic microbubbles

50 ms

950 ms

60 times
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Diameter of microbubbles [µm]

Ø ∈ [1 −  5 µ𝑚]

• 7 concentric elements transducer allowing steering (Imasonic, France)

• focal spot = 1,1 mm x 6 mm

• f = 1.5 MHz

• FUS sequence:

• 60 pulses of 50 ms with 950 ms delay

• Mechanical Index (MI) between 0.31 and 0.45

Introduction Materials and methods Results Conclusion



Magnetic Resonance Imaging guided FUS
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transducer

Z

MR coil

Method Slice orientation TE [ms] TR [ms] Tacq

T1 weighted FLASH coronal/sagittal 2 200 51 s

T2 weighted TurboRARE coronal 33 2500 5 mn

Introduction Materials and methods Results Conclusion

cortex

• MRI was performed at 4.7T (Avance III, Bruker, Germany) at IRMaGe MRI facility (Grenoble, France)

• Command of FUS with Thermoguide® software (IGT, France) and communication with Paravision (Bruker, France)

striatum

focal spot = 



Magnetic Resonance Imaging sequence
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Method TE [ms] TR [ms]
Pixel size 

[µm3]
Tacq

T1-w FLASH 3.5 300
117 x 117 x 

1000
1mn43s

T2-w TurboRARE 33 2500
117 x 117 x 

1000
2mn40s

CBF pCASL EPI1 21 4000
234 x 234 x 

1000
4mn

BVf MGE

3.5, 5 

echos, 

ΔTE = 5 
ms

920
234 x 234 x 

1000
5mn53s

ADC DTI EPI 21 2300
117 x 117 x 

1000
10mn44s

1Hirschler L. et al. Interpulse phase corrections for unbalanced 
pseudo-continuous arterial spin labeling at high magnetic field. 
MRM, 2018, 79:1314-1324

Introduction Materials and methods Results Conclusion

CGd-DOTA = 200 µmol of Gd-DOTA / kg
CP904 = 200 µmol of Fe / kg
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Wilcoxon test (*p < 0.05)

ipsilateral

contralateral

Introduction Materials and methods Results Conclusion

Evaluation of MRI at 30 minutes 

cortex striatum

> 50 % reduction of CBF either in 

the cortex and striatum
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Wilcoxon test (*p < 0.05)

ipsilateral

contralateral

Introduction Materials and methods Results Conclusion

Evaluation of MRI at 30 minutes 

cortex striatum

47 % 

reduction of 

BVf in the 

cortex

https://pixabay.com/vectors/arrow-growth-marketing-analysis-5784111/


Wednesday, April 19 – Brain session - ISTU 13

Wilcoxon test (*p < 0.05)

ipsilateral

contralateral

Introduction Materials and methods Results Conclusion

Evaluation of MRI at 30 minutes 

cortex striatum

• Reduction in CBF is due to a
vasoconstriction of the area
sonicated that covers the cortex

• No difference in ADC maps

15 % 

reduction of 

BVf in the 

striatum

https://pixabay.com/vectors/arrow-growth-marketing-analysis-5784111/
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Introduction Materials and methods Results Conclusion

literature data comes from 6 studies:
• Ewing et al. (2003)
• T. Kim et al. (2005)
• Tanaka et al. (2011)
• Esparza-Coss et al. (2010)
• Wegener et al. (2007)
• Debacker et al. (2014) (n = 3)

Wilcoxon test (*p < 0.05,
**p < 0.01, ***p < 0.001,
ns = non significant)

ipsilateral

contralateral

literature

• Over time, CBF returns to values comparable to healthy brains

30 minutes 60 minutes 90 minutes 24 hours literature

Kinetics of CBF after BBB opening



Evaluation of neuroinflammation 
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contralateral ipsilateral

• Immunostaining on brains recovered 24 hours after FUS

• Mild astrocyte activation

• Mild microglial activation

• No Olig-2 activation

• No microhemorrhages

Introduction Materials and methods Results Conclusion

Q. Arifi internship

GFAP / DAPI / Bleu Evans GFAP GFAP

scale bar = 500µm

Iba1Iba1Iba1 / DAPI / Bleu Evans

HE of ipsilateral area

Images acquired with Zeiss Axioscan Z1 on 
the photonic imaging facility PIC-GIN
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Conclusion 
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• Opened the BBB with MRgFUS to target the cortex and the striatum without any evident lesion.

• Measured CBF, BVf and ADC maps with MRI and performed histology.

Introduction Materials and methods Results Conclusion

• The drop of perfusion associated with a vasoconstriction is also associated with
mild inflammation at 24 hours.

• The area opened differs from the area where the drop is observed in the cortex.

• Cortical spread depression could explain this phenomenon.

• This mild and transient hypoxia could result in small pathophysiology effects
that advanced behaviour analysis could provide answers.

• To maximize drug delivery through the BBB, a compromise between perfusion
recovery and BBB closure must be found.
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Appendices

• n = 12
• p<0,001
• Δmean = +20%

Article Anesthesia
MRI 

scanner
MR method Rat strain

CBF 
[mL/100g/min]

Ewing et al. (2003) halothane 7T CASL Wistar 130

T. Kim et al. (2005) isoflurane 9,4T CASL SD 194

Tanaka et al. (2011) Isoflurane 7T CASL SD 84

Esparza-Coss et al. 
(2010)

Isoflurane 7T FAIR SD 152

Wegener et al. (2007) Isoflurane 3T FAIR Wistar 103

Debacker et al. (2014)
(n = 3)

isoflurane
4.7T, 

7T, 9.4T
CASL Wistar 121, 126, 101



Appendix 2: MR sequences and image processing
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Appendices

• Segmentation of the brain on T2 weighted scans with PCNN3D

• CBF:

• Inversion efficiency maps

• EPI for T1 map

• pCASL

• Compute of CBF with MP3 software (available on https://github.com/nifm-gin/MP3 )

• BVf:

• MGE pre and post injection of USPIO (200mg Fer/kg, Guerbet, France)

• T2* maps

• 𝐵𝑉𝑓𝑀𝑅𝐼 =
3

4𝜋

3∆𝑅2
∗

𝛾∆χ𝐵0
(Valable et al., NMR Biomed., 2008)

https://github.com/nifm-gin/MP3
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