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Abstract

Pulsed low intensity focused ultrasound (PLIFUS) has shown promise inducing neuromodulation
in several animal and human studies. Therefore, it is of clinical interest to develop experimental
platforms to test repetitive PLIFUS as a therapeutic modality in humans with neurological
disorders. Here, we aimed to develop a laboratory-built experimental device platform intended to
deliver repetitive-PLIFUS to the hippocampus in Seizure-Onset-Zones (SOZ) of patients with
drug-resistant temporal lobe epilepsy (TLE). The system uses neuronavigation targeting over
multiple therapeutic sessions. PLIFUS (548 kHz) was emitted across multiple hippocampal targets
in a human subject with TLE using a mechanically-steered piezoelectric transducer. Stimulation
was delivered up to 2.25-W/cm? spatial peak temporal average intensity (free-field equivalent),
with 36-50% duty-cycle, 500-ms sonications, and 7-second interstimulation-intervals lasting 140-
seconds per target and repeated for multiple sessions. A first-inhuman PLIFUS course of treatment
was successfully delivered using the device platform resulting in no adverse events.
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INTRODUCTION

Laboratory-built devices have been used to study brain responses in several healthy human
subjects during pulsed low intensity focused ultrasound (PLIFUS) neuromodulation. Targets
have included the somatosensory, motor, and visual cortices, as well as thalamus (Biase et al.
2019; Fomenko et al. 2018). Investigations demonstrated the ability of PLIFUS to suppress
evoked potentials in the brain recorded by electroencephalography (EEG) or subjects
reporting PLIFUS-induced tactile sensations (Lee et al. 2016a; Lee et al. 2016b; Legon et al.
2014; Legon et al. 2018). In a recent study, PLIFUS of healthy rat brain yielded evoked
potential suppression for 35 minutes post-stimulation (Yoo et al. 2018) and low intensity
ultrasound also suppressed visual evoked potentials in cats for up to 30 minutes (Fry et al.
1958), suggesting that PLIFUS induces prolonged neuroplasticity--setting the stage for a
promising therapeutic modality. Although the mechanisms of PLIFUS neuromodulation are
still under investigation, multiple preclinical epilepsy rodent model studies have shown
suppression of epileptic activity via PLIFUS in the temporal lobe and hippocampus (Chen et
al. 2019; Hakimova et al. 2015; Min et al. 2011). However, exposing human in-vivo
epileptogenic tissue to repetitive PLIFUS experimentally over multiple sessions to study the
effects of therapeutic neuromodulation to our knowledge has not been reported. Here we
present a laboratory-built device platform designed to investigate PLIFUS neuromodulation
of the human hippocampus in adults with drug-resistant temporal lobe epilepsy (TLE)
(NCT03868293). We present our techniques and methods.

MATERIALS AND METHODS

Human use and regulatory status:

A protocol for device usage on human subjects was approved by the Brigham and Women’s
Hospital Institutional Review Board and granted Investigational Device Exemption by the
USA Food and Drug Administration. A subject (Subject 1, female, age 26) provided written
informed consent to participate in the ongoing epilepsy device study.

Ultrasound emitting device

The custom device was designed and constructed in the Focused Ultrasound Laboratory at
Brigham and Women’s Hospital, Boston, MA (STB). PLIFUS was emitted using a
spherically-focused air-backed piezoceramic transducer (Piezo Kinetics, Bellfonte,
Pennsylvania, PZT-4, 548 kHz, 5 cm diameter, focal length ~ 6.7 cm) mounted by silicone
adhesive in an acrylic housing that maintains air backing under water. Hydrophone mapping
and an acoustic radiation balance were used to spatially characterize the transducer pressure
field and calibrate acoustic power, respectively, within a 50-ohm matching circuit.
Measurements were taken in a degassed-deionized water tank with no skull or membrane
obstructions. Two function generators (33220A, Agilent Technologies, Santa Clara, CA) and
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an RF-amplifier (240L, Electronics & Innovation Ltd, Rochester, NY) powered the
transducer while operating in degassed-deionized water within a windowed vessel that is
coupled to the human temporal acoustic window through a 0.01-mm thick polyethylene
membrane and ultrasound gel (Fig. 1). Transducer steering is achieved via a cantilever and
manual 3D-positioning system fixed to the windowed vessel housing to keep the PLIFUS
beam orientation perpendicular to the temporal acoustic window. The windowed vessel is
comprised of several acrylic ring spacers and aluminum mounting plates sealed together
with threaded rods and silicone sealer. A passive acoustic detector is mounted in the
windowed vessel for verifying the device is powered on during operation.

Failsafe system

A custom failsafe system is integrated into the transducer power system to limit the
maximum PLIFUS intensity to Spatial Peak Temporal Average (/spta) = 3.0 W/cm? (free-
field equivalent) during device operation. The RF-amplifier power is triggered off by a
voltage limiter circuit installed between the function generators and RF-amplifier input
when voltages associated with greater than /pta = 3.0 W/cm? are detected. An emergency
stop button is also incorporated into the failsafe system for immediate device shutdown and
all electronic equipment is routed through an isolation transformer. failsafe system circuit
drawings are included in Supplementary Figure 1.

Navigating the hippocampus

RESULTS

Targeting the hippocampus was achieved using landmarked T2-weighted MRI images with
an open-source neuronavigation package using 3D-slicer we previously designed for custom
PLIFUS systems (Preiswerk et al. 2019). Optically reflective spheres mounted to the
transducer cantilever and affixed to the volunteer’s head are tracked by a stereoscopic
camera. A virtual crosshair is assigned to the focal center via a reference stylus during beam
characterization and projected over T2-weighted images for viewing on the device operator
screen (detailed instructions included in (Preiswerk et al. 2019)). Hippocampal target
markers are assigned to the MRI images before treatment begins by the epileptologist and
ultrasound physicists together (EJB, PJW). The operator then positions the crosshair over a
target marker prior to ultrasound stimulation and then repeats for each hippocampus target
while the subject is seated.

A schematic and photos of the final platform design are shown in Fig. 1. Stimulation pulse
trains lasting for 140 seconds (Fig. 1B) were successfully delivered to multiple hippocampal
targets and repeated in biweekly therapy sessions for 3 weeks to Subject 1 with TLE.
Ultrasound sonication was set to 548 kHz sign wave, pulse repetition frequency = 500 Hz,
sonication duration = 0.5 sec, inter-stimulus interval = 7 sec, and duty cycle = 36-50%. The
intensity level did not exceed /spa = 2.25 W/cm? (peak negative pressure = 0.36 MPa free-
field equivalent). The transducer pressure field (Fig. 1.G & H) resulting from hydrophone
mapping was used to assign virtual PLIFUS crosshairs at the beam spatial peak pressure.
Fig. 2 depicts the estimated stimulation regions of four assigned hippocampus targets for
Subject 1.
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DISCUSSION

Device development

The technique presented offers a means to investigate therapeutic neuromodulation with
repetitive PLIFUS treatment Stimulation Parameters (SPs), multiple targets, multiple
sessions, and a new strategy to deliver the energy across large volumes of brain tissue with
one coupling location using laboratory-built equipment. We chose this design and SPs based
on successful design characteristics of past transcranial ultrasound systems and human
studies using SPs which resulted in no adverse effects. The primary goal was to investigate
PLIFUS therapeutic neuromodulation in subjects with hippocampal SOZs. Producing a
compact device prototype for manufacturing production was not a design goal of this
prototype. Recent FDA-cleared hemispherical phased-array systems used for brain-ablation
require real-time MRI and a stereotactic head frame (Elias et al. 2016), which may not be
ideal for multi-session therapeutic neuromodulation. Considering the recent success and
design simplicity of neuronavigation-guided single-element piezoelectric transducers and
their SPs (Lee et al. 2016a; Lee et al. 2016b; Legon et al. 2014; Legon et al. 2018), we chose
a similar design. Other PLIFUS investigations incorporated a large and static coupling water
bag or housing to the temporal acoustic window while mechanically steering a transducer
internally (Gavrilov 1984; Monti 2015). One advantage of our design is not having to
recouple the device to the temporal acoustic window for every target as is the case with
transducer cone-shaped gel or water bag coupling connected to a positioning arm (Lin et al.
2016; Wu et al. 2018). The windowed vessel was sized to allow transducer translational
steering to all regions of the hippocampus using one coupling location. However, it may be
more beneficial to use small non-stereotactic phased-arrays in future studies to decrease
session time using electronic beam steering and also the ability to correct skull aberration
(Liu et al. 2014; Pernot et al. 2003; Rosnitskiy et al. 2019; Smiley et al. 2019). There is work
being done to use robotic-assisted positioning of transducers (Kim and Lee 2016), and with
the semi-real-time computational skull-aberration correction (Yoon et al. 2018), this may
also decrease session time and increase transducer targeting accuracy.

Irradiated tissue regions

The overlaid beam projections shown in Fig. 2 illustrate where the ultrasound beam spatial
peak was estimated to reach the left hippocampus of Subject 1. It also shows that the
longitudinal Full-Width-Half-Maximum (FWHM) extends approximately 19 mm lateral
and/or medial to the hippocampus. Past studies have determined the spatial error with
neuronavigation-guided single-element piezoelectric transducers without skull-aberration
correction using bench top testing in animals, yielding as much as 5 mm error in all
directions (Brinker et al. 2019; Kim et al. 2012; Yoon et al. 2018). The longitudinal-FWHM
might be advantageous because it will most likely cover the extents of the hippocampus even
during the maximum predicted skull-induced beam distortions. Here, the intention is to
introduce the majority of mechanical disruption energy to the SOZ (hippocampus). The
PLIFUS target locations for Subject 1 were chosen so that the treatment area would be
similar to what tissue regions would conventionally be resected in hippocampectomy for
TLE (the anterior two-thirds of the hippocampus). Four targets were required for the radial
cross-section of the ultrasound beam to span the length of the anterior hippocampus as
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depicted in Fig. 2E. These target locations were also limited from the beam having to enter
through the acoustic temporal window. Future subjects may require more or fewer targets
based on their head size and SOZ.

The intensity levels used for this device are calibrated only to yield functionally modulatory
effects in the beam focus previously shown to be safe in human brain (Lee et al. 2016a;
Legon et al. 2018). Effects induced beyond the beam focus are assumed to be vanishingly
small or negligible.

Stimulation strategy

Extensive research has been conducted to correlate SPs and acoustic intensity levels with
brain tissue heating, cavitation, blood-brain-barrier disruption, and ultrasound beam
transmission through the scalp-skull-meninges media to ensure safe preservation of tissue
integrity during PLIFUS neuromodulation. The SPs for therapeutic neuromodulation used
for this platform were developed by adapting safe human PLIFUS SPs used in brain
mapping studies into a therapeutic train of repetitive stimulation for multiple targets over
multiple sessions. No more than 140 seconds of continuous PLIFUS was emitted to one
brain target per session reported in most previous single-element piezoelectric transducer
PLIFUS human studies (Izadifar et al. 2017; Krishna et al. 2017; Monti et al. 2016; Yoo
2018) and acoustic intensity was estimated to reach Igpa = 4.4 W/cm? at the highest
reported level in the cortex after crossing the skull (Lee et al. 2016a). Hippocampal targets
stimulated using our platform were limited to 140 sec each and Igpta = 3 W/cm? was set as
the maximum allowable beam intensity before it entered the skull to satisfy the International
Electrotechnical Commission (60601 part 2) standard limit for therapeutic ultrasound (Duck
2007).

CONCLUSION

The presented technique and methods offer a means to investigate PLIFUS therapeutic
neuromodulation across the human hippocampus and lays the groundwork for how future
hardware in platforms can be designed to study PLIFUS neuromodulation for neurological
disorders. Future directions may incorporate EEG and acoustic emission acquisition
methods (Brinker et al. 2018; Wu et al. 2018) for providing real-time feedback
measurements during PLIFUS therapeutic neuromodulation to quantify and verify the
therapeutic dosage during treatment. The use of this platform is still ongoing in a study to
investigate the effects of PLIFUS therapeutic neuromodulation in the SOZ of patients with
TLE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1:

Fogcused ultrasound platform. (A) System schematic for control system, failsafe interface,
neuronavigation, F-gen: function generator, M-box: matching circuit, and device. The
trackers attached to the transducer and strapped to the subject’s head must be in view of the
camera so the PLIFUS beam focus can be displayed in the subjects MRI on the
neuronavigation computer display. (B) Stimulation parameters of 140-s sonications are
emitted to each hippocampal target with: fundamental frequency (fg) = 548 kHz, Pulse
Repetition Frequency (PRF) = 500 Hz, duty cycle = 36-50%, sonication duration = 500 ms,
inter-stimulus interval = 7 sec, stimulation pulse train = 140 sec, lgpta = 0.5-2.25 W/cm?
(peak negative pressure = 0.14-0.36 MPa, free-field equivalent). (C, D, E, & F) Photos of
the device and water membrane for coupling the device to the subject’s head at the temple
acoustic window. Photographs include, 1: positioner platform, 2: transducer tracker, 3-5:
transducer cantilever, 6-11: water tank assembly, 12-17: membrane assembly, 18: device
stand, and 19: red dot representing the location of the mounted passive acoustic detector
oriented in the direction of the membrane. (G) Membrane cover removed to show the
emitting face of the steerable piezoelectric transducer. (G & H) Ultrasound intensity map
from hydrophone scanning of the piezoelectric transducer in the axial and longitudinal
planes.
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Transducer

Fig. 2:

Prgedicted FUS beam intensity maps projected onto the left hippocampus of Subject 1 in the
(A) coronal, (B) sagittal, and (C) axial planes, respectively, for one target used during a
PLIFUS session. (D, E, & F) Zoomed in views of the TLE volunteers’ masked hippocampus
(yellow) with four PLIFUS target locations and associated predicted ultrasound beam
pressures emitted across the hippocampus during the full course of treatment.
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