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Spinal cord injury (SCI) impacts 282,000 people a year
in the United States [1].
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Focused ultrasound (FUS) can promote healing in a
controlled manner [2, 3]. The effectiveness of
therapeutic ultrasound is determined by probe
location. We want to minimize exposure of the
focused beam on healthy tissue  while
simultaneously targeting the injury site.
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MUSIC: The implantable
ultrasound device with both
. imaging (green) and focused
{5 ultrasound (blue) to monitor
\ and treat patients with spinal
cord injury.
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CONSIDERATIONS
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Defocusing of the beam due to distortion as it
propagates through the tissue can lead to ineffective
therapy or additional tissue damage and paralysis.

To accurately predict where the FUS beams will focus
within patient-specific spinal cords, we must use
computer simulations which numerically solve the
governing equations of ultrasound wave propagation in
heterogeneous media.
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Preprocessing steps: £

spinal cord

- Automatic hematoma localization
and semantic segmentation of
spinal cord for injury monitoring.
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PRELIMINARY SIMULATIONS

k-Wave: computationally equivalent to a generalized Westervelt equation, this simulation
toolbox approximates acoustic wave fields on a specified computational grid using these PDEs,
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where u is the particle velocity, p is the acoustic pressure, p is the acoustic density, c is speed of
sound, p, is the equilibrium density and S;, S, are the force and mass source terms [4].
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Traditional numerical methods come with a bottleneck: for each new input (i.e., transducer
location, patient anatomy), the model needs to recompute the solution (pressure distribution), a
computational luxury that cannot be afforded in a time-sensitive environment like the operating
room [5].

PROPOSED APPROACH R

Physics-informed DeepONet for real-time automatic
generation of pressure distribution fields in patient-
specific spinal cords [6, 7]

- Learn the mappings between the changing
parameters (transducer location, patient-specific
anatomy) and the governing PDE solution
(pressure distribution)

- Trained on the high-fidelity simulated pressure
maps

Optimizing FUS placement: with real-time pressure map
solutions, clinicians can identify optimal transducer
placements in a matter of seconds— a stark contrast to
the 30-minute simulation run-time per location (up to
150 minutes for 5 locations on a given patient image).

PDEs (Eq (1)-(3))
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Expected outcomes: We anticipate that our network will
compute high-accuracy pressure fields up to 1000 times
faster than traditional simulations, demonstrating the
practical applicability of operator learning in surgical
medicine, particularly for optimizing the use of neural
implants.

Future directions: Expand to human pipeline [8].

REFERENCES

1. Bennett, Joe, and P. D. Emmady. “Spinal Cord Injuries.” StatPearls Publishing, Treasure Island (FL); 2022. PMID: 32809556.
2. Hwang, Brian ., et al. "Ultrasound in traumatic spinal cord injury: a wide-open field." Neurosurgery 89.3 (2021): 372-382.

3. Best, Thomas M., et al. "Low intensity ultrasound for promoting soft tissue healing: a systematic review of the literature and medical
technology." Internal medicine review 2.11 (2016).

4. Treeby, Bradley E., et al. "Rapid calculation of acoustic fields from arbitrary continuous-wave sources." The Journal of the Acoustical
Society of America 143.1 (2018): 529-537.

5. Kumar, Avisha., et al. "A Patient-specific Preplanning Treatment Algorithm for Focused Ultrasound Therapy of Spinal Cord
Injury," 2023 11th International IEEE/EMBS Conference on Neural Engineering (NER), Baltimore, MD, USA, 2023, pp. 1-4, doi:
10.1109/NER52421.2023.10123718.

6. Wang, Sifan, Hanwen Wang, and Paris Perdikaris. "Learning the solution operator of parametric partial differential equations with
physics-informed DeepONets." Science advances 7.40 (2021): eabi8605.

7. Lu, Lu, et al. "Learning nonlinear operators via DeepONet based on the universal approximation theorem of operators." Nature
machine intelligence (2021): 218-229.

8. Toossi, Amirali, et al. "Comparative neuroanatomy of the lumbosacral spinal cord of the rat, cat, pig, monkey, and human." Scientific

Reports 11.1 (2021): 1955




