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transcranial ultrasonic stimulation studies

Dear Editor,

We are writing about what we believe are important considerations
for ensuring high standards and replicability of experiments using
transcranial ultrasonic stimulation (TUS). TUS is a technique in its in-
fancy, yet its potential is widely recognized. For the first time in humans,
neural activity can be modulated non-invasively and with millimetre
precision in deep brain regions. This opens up possibilities for thera-
peutic interventions in psychiatric and neurological brain disorders
where current treatments include invasive deep brain stimulation or
ablation. However, despite an estimated several hundred TUS users
world-wide [1,2], there are still hurdles, for individual researchers, for
controlled, effective and reproducible applications in humans.

Here, we discuss three considerations which can help ensure con-
sistency and replicability across studies: first, understanding and accu-
rately characterising the acoustic field produced by a TUS device;
second, using this information to correctly define the field in an acoustic
simulation; and third, ensuring consistency of the acoustic output of the
device over time.

These points are important because (a) standards, protocols, hard-
ware and software for TUS are constantly under development and
changing rapidly [3,4]; (b) most devices on the market come without
regulatory approval (CE marking in EEA, FDA-required labelling within
the HHS) and associated guarantee of compliance with safety and
measurement standards; (c) typically, TUS users in clinical/research
settings are not trained in ultrasound engineering, but recognize the
need for acoustic simulations to estimate in situ exposure and plan
sonications.

Similar considerations are perhaps less critical for some other neu-
rostimulation techniques, such as transcranial magnetic stimulation
(TMS). The effectiveness and intensity of TMS device output can be
established in each individual based on their motor evoked potential
(MEP [5]). Recorded MEPs provide a direct check of the device output
and major device issues would become immediately apparent.
Currently, for TUS, such a direct check of the intensity or focal position
in situ does not exist. TUS has not been shown to directly evoke motor or
sensory readouts (like MEPs) in humans. Thus, its efficacy cannot be
established in a given individual prior to the start of an experiment -
although indirect ways of showing target engagement post-sonication do
exist (e.g., using magnetic resonance imaging [6-8]). We believe the
three considerations related to acoustic output and device operation
outlined here (Fig. 1) could reduce variability in this rapidly expanding
field, as well as reducing the possibility of null or non-replicable results,
or inadvertent exceeding of biophysical safety recommendations [3].

First, to quantify the acoustic field produced by a given device, the
field should be measured in water. This serves as a reference for the
device output and behaviour before any estimation of the in-situ field is
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performed. For the device settings used in studies, the pressure ampli-
tude at the focus, the spatial size or profile of the focal region and its
location relative to the transducer should be measured. The spatial-peak
pulse-average intensity (Ispps) can also be calculated from the pressure.
These quantities can then be compared across studies by users of the
same or alternative devices.

Obtaining accurate free-field pressure measurements can be complex
[9,10], requiring equipment typically available only in specialist labs: a
suitable calibrated hydrophone, a water tank large enough to avoid re-
flections, a stable mount to hold the ultrasound transducer, automated
scanning and alignment of the hydrophone or transducer in three di-
mensions, and an oscilloscope to acquire and digitise waveforms from
the hydrophone. Precise alignment during measurements, and careful
postprocessing of the data is required to avoid errors. Consequently,
typical TUS users may not have the know-how, equipment, time, or
expertise to obtain acoustic field measurements themselves without
further training. However, information can be obtained from another
source, such as the manufacturer, another calibration/characterisation
provider, or measurement expert. Because not all devices come with
regulatory approvals (e.g., CE marking) currently, manufacturers do not
have to show compliance with standards. Thus, individual researchers
may decide to obtain additional measurements for verification. We
recommend that characterisations are performed during the course of
use of a device, for example prior to starting a new study, and that the
users familiarise themselves with the generated fields, the associated
uncertainties and expected variability on the pressure values [9], and
with how these fields can change with the range of operating
parameters.

Second, characterisation of the device in free-field should be used to
inform the definition of the source in any subsequent simulations per-
formed for in situ field estimation during planning. The behaviour of
most real ultrasound transducers differs from that of an ideal source, due
to e.g. cross-talk, physical construction and edge effects. For example,
simulating the source using the nominal shape and size of the trans-
ducer, with any phase settings used for steering taken directly from the
device, may result in a different field shape and focal position to that
generated by the real transducer (Fig. 1a and b). However, these pa-
rameters can be optimised through small adjustments to find an
‘equivalent’ source which more closely recreates the measured field
[11]. In some cases, manufacturers are working with researchers and
developers of simulation software to provide matched source models. In
any case, before simulating acoustic fields in any complex medium (e.g.,
the human head), researchers should verify that the measured field can
be accurately simulated in water (Fig. 1b).

Finally, as studies are carried out, it is important to check that the
transducer/device is reliable over time to ensure consistency between
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Fig. 1. A, (top) schematic diagram of the setup for free-field measurements with superimposed 2D profile showing the axial-lateral pressure distribution. The source
used in simulations should generate a field in water that matches the measurement as closely as possible, minimising differences between measured and simulated
free field axial beam profiles (bottom). B, Differences are observed between the measured beam profile (dashed blue line), and that generated using the nominal
dimensions of the source (orange line), which can be minimised by adjusting the source geometry (aperture diameter, radius of curvature), or relative phases in
simulation (solid blue line) C, The corresponding simulated axial-lateral profile matching the measurement shown in (a, b). D, Routine equipment checks are critical
in ensuring the consistency and stability of device output across studies, for example, by tracking electrical power and impedance over time. E, Example of con-
sistency checks of transducer electrical power and impedance for one case where the transducer was functioning consistently over time (left) and for another case
where one channel developed a fault (right). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

sessions and participants. This also helps detect any changes or damage
to the device at the earliest opportunity. A simple way to perform such
monitoring or consistency checking is to regularly (e.g., weekly or
before study sessions) measure and log electrical parameters such as the
electrical power or transducer impedance (Fig. 1d), rather than acoustic
quantities which can be more complex to obtain. Large changes in these
electrical quantities, that exceed the normal variability established at
baseline, may indicate some change in the acoustic output of the
transducer and therefore potential damage, which could lead to dis-
rupted or shifted ultrasound foci and thus unintended exposure. This
should be reported to the manufacturer (Fig. 1e).

We believe free-field measurements, correct measurement-based
definition of the source in subsequent simulations, and output
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consistency checks performed over time are three vital components for
ensuring the replicability of TUS experiments. We hope taking these
steps will increase consistency across sites, devices, protocols, experi-
ments, and ultimately medical applications. TUS has incredible poten-
tial, and its use in human research and clinical applications is increasing.
We hope awareness of the three considerations outlined here will help
an exciting field of research produce more reliable and robust outputs
and thus ultimately increase TUS’ therapeutic potential.
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