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Solution: personalized simulations to optimize and ensure the safety of ultrasound brain therapies.

Problems:

• The skull is a very complex medium.

• The inter/intra skull variability. Without skull With skull CT scan individual n°1 CT scan individual n°2

How to model the skull ?

• The skull geometry can be segmented from CT scans. What about the acoustic properties ?

• Fast simulation tools require homogeneous skull models. How to model the skull as a homogeneous medium ?

Auteur Auteur 5  The acoustic property maps are extracted from the CT scan.

 The property maps are segmented into three homogeneous isotropic layers (cortical bone -trabecular bone -cortical bone).

 Homogenization method to find an homogeneous medium equivalent to the three-layer one.

• The equivalent speed of sound should minimize the time of flight error.

• The equivalent density should minimize the transmission coefficient error.

Method

 The method was developed for flat parallel interfaces.

 It is then tested on various geometries using the Civa Healthcare platform.

State of the art: skull acoustic property modeling and homogeneous models

Homogeneous skull models

 Averaging the acoustic property maps → no impact on the focus shift, but overestimation of the pressure field amplitude (Jones 2015 2 ). This overestimation is due to:

• The underestimation of the impedance difference between water and bone.

• Not taking into account the loss of amplitude inside the skull.

References 1 J.-F. Aubry, M. Tanter, M. Pernot, J.-L. Thomas, and M. Fink, "Experimental demonstration of noninvasive transskull adaptive focusing based on prior computed tomography scans," J. Acoust. Soc. Am., vol. 113, no. 1, pp. 84-93, 2003, doi: 10.1121  Jiang 2020 3

• Use the average properties to compute times of flight.

• Use the maximal properties to compute transmission coefficients.

→ The loss of amplitude inside the skull is not taken into account .

→ Not compatible with all simulation tools.

 At normal incidence, the sound speed giving a time of flight error of 0 is:

𝑐 𝑒𝑞 = 𝑐 𝑐𝑜𝑟𝑡 1 -ℎ 𝑡𝑟𝑎𝑏 + 𝑐 𝑡𝑟𝑎𝑏 ℎ 𝑡𝑟𝑎𝑏 with ℎ 𝑡𝑟𝑎𝑏 = 𝑑 𝑡𝑟𝑎𝑏 𝑑
the proportion of trabecular bone, 𝑐 𝑡𝑟𝑎𝑏 and 𝑐 𝑐𝑜𝑟𝑡 the sound speeds of trabecular and cortical bones.

 At non-normal incidence:

• Error < 5% for angles < 20°.

• Error ≈ 3% for realistic angle distributions on a skull. Comparison of the pressure fields simulated by Civa through a three layer medium (blue), the averaged medium (red) and the equivalent medium (green).

Conclusion

• A new method for skull acoustic property homogenization was developed.

• It has proven to be very efficient on the tested configurations.

Perspectives

• Test the method on many other configurations (generated randomly or by segmenting human skulls) and compute metrics.

• Test the method on experimental results on phantoms.

•

  Local effect (at the ultrasound focal spot) 𝑤𝑎𝑡𝑒𝑟 + 1 -𝜙 𝜌 𝑏𝑜𝑛𝑒 𝑐 = 𝜙𝑐 𝑤𝑎𝑡𝑒𝑟 + 1 -𝜙 𝑐 𝑏𝑜𝑛𝑒 with 𝜙 = 1 -𝐻 1000the porosity and H the voxel intensity.



  Dataset of various three layer medium configurations ( ~45000 ), with different 𝜌 𝑐𝑜𝑟𝑡 , 𝜌 𝑡𝑟𝑎𝑏 , ℎ 𝑡𝑟𝑎𝑏 , 𝜃 𝑖 . → 𝑋  The optimal equivalent density is exhaustively found for each configuration. → 𝑌  A linear regression is performed between X and Y, giving: 𝜌 𝑒𝑞 = 𝛽 0 + 𝛽 1 𝜌 𝑐𝑜𝑟𝑡 + 𝛽 2 𝜌 𝑡𝑟𝑎𝑏 + 𝛽 3 ℎ 𝑡𝑟𝑎𝑏 + 𝛽 4 𝜌 𝑐𝑜𝑟𝑡 (1 -ℎ 𝑡𝑟𝑎𝑏 ) + 𝛽 5 𝜌 𝑡𝑟𝑎𝑏 ℎ 𝑡𝑟𝑎𝑏 Second step: from a three-layer medium to a single-layer one Equivalent density for transmission coefficient error minimization Goal: find 𝜌 𝑒𝑞 minimizing 𝑇 3𝑙𝑎𝑦𝑒𝑟 -𝑇 1𝑙𝑎𝑦𝑒𝑟

  

  

  

  

  Comparison of the pressure fields simulated by Civa through a three layer medium (blue), the averaged medium (red) and the equivalent medium (green).
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