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Transcrianial focused ultrasound (TUS) has great potential for
use as a non-invasive focal brain stimulation technique. It has
been proposed that TUS directly modulates neuronal function and
firing [1,2], though the exact mechanism is currently not well un-
derstood. Recently, the presence of an auditory confound has
been noted when applying TUS in both animal models and humans
[3,4]. This prevents participant blinding and causes activation of
auditory cortices, confounding the interpretation of electrophysio-
logical or behavioural changes seen with TUS [5e7].

Previous work has attempted to mitigate this auditory artifact.
Typical TUS protocols involve delivering the high-frequency ultra-
sound wave (0.2e0.5MHz) either continuously, or in a lower fre-
quency (0.1e1kHz) pulsing pattern, the rate of which is known as
the pulse repetition frequency (PRF). Ramping the stimulation
onset and offset over several milliseconds, to remove sudden
changes in TUS intensity, has been reported to eliminate auditory
activation in mice [3]. Likewise, a concurrent audio mask, applied
at the PRF, can reduce the auditory perception of TUS in some hu-
man participants [4]. However, it remains unclear whether auditory
perception can be fully eliminated in humans and, if so, what are
the best methods for achieving this.

Here, we assessed auditory perception of several TUS protocols,
and investigated whether detection could be reduced through
different combinations of ramping and masking. 16 healthy partic-
ipants (5 female, mean age 32, range 25e46) with normal hearing,
took part in one or more experiments across multiple days. The
project was approved by the UCL research ethics committee (Proj-
ect ID 14071/001).

TUS was delivered using a 2-element spherically focused
annular array transducer (H115-2AA, Sonic Concepts) with a nom-
inal outer aperture diameter and radius of curvature of 64mm. The
transducer was driven at 270kHz by a 2-channel TPO (Sonic Con-
cepts) with the output power and element phase adjusted to give
a focal pressure in water of 700kPa (pulse average intensity of 16
W/cm2) and a focal distance of 43mm. The measured -3dB focal
size inwater was 5mm (lateral) by 30mm (axial). The average inser-
tion loss of these driving parameters due to the skull was experi-
mentally measured to be �9.8dB [8], giving an approximate focal
r Inc. This is an open access article
and pulse average intensity in the brain of 230kPa and
2.

The participant was positioned in a chin rest and the transducer,
connected to an articulated arm, was manually positioned over the
inion and held in place using rubber straps. Acoustic coupling was
achieved using a gel coupling pad and ultrasound gel. Real and
sham stimulation was delivered randomised and double-blind,
and participants were asked to report audition of the ultrasound
stimulation on every trial using amouse click. Results are presented
in Fig. 1.

In experiment I, participants (n¼ 7) experienced active stimula-
tion conditions with a 300 ms stimulus, at 50% duty cycle, with
either 500Hz (as per [9]) or 250Hz PRF. With the lower frequency
PRF, a ramp of 0, 0.5 or 1 ms was applied to the beginning and
end of each pulse. The pulse on-time for the ramped conditions
was adjusted so that all TUS stimulus conditions had the same
time-averaged intensity. Without ramping, all stimulation was
clearly detected by all participants. The sound was reported as be-
ing tonal in nature, scaling in frequency with the PRF. Adding a
ramp of 1 ms prevented perception for some participants, though
a few developed the ability to detect this condition through the
course of the experiment. Statistical comparison of the 250Hz con-
ditions with 0 ms (Expt I, A2) or 1 ms ramp (Expt I, A4) using paired
samples t-test found a difference approaching statistical signifi-
cance (t (6) ¼ 2.22, p ¼ 0.069). In one participant audition of the
500Hz PRF condition (A1) at lower stimulation intensities was
tested: the limit of perception was between 10 and 20% of initial
output power.

Experiment II (n ¼ 7) also manipulated ramping, this time using
a 125Hz PRF and thereby allowing for longer ramp times. Again
ramping of 1 ms prevented auditory perception in some partici-
pants but no further benefit was gained by increasing the ramp
time (paired samples t-test of 1 ms ramp (Expt II, A2) and 2 ms
ramp (Expt II, A4): t (6) ¼ 0.281, p ¼ 0.788). If the TUS was still
audible with ramping it was reported as substantially quieter, in
some cases towards the limit of perception. Some participants re-
ported using non-audible cues (such as perceived vibrations) to
identify active conditions.

In mice, long ramps prevent auditory activation [3]. In experi-
ment III (n ¼ 6) we thus applied a continuous 150 ms stimulation
either with or without a 20 ms ramp. Ramping with continuous
stimulation did not impact perception (paired samples t-test of
Expt III, A1 and Expt III, A2: t (5)-0.542, p ¼ 0.611). This continuous
stimulation, regardless of ramping, produced similar levels of audi-
bility as pulsed simulation with ramps (mixed-effects model com-
parison of Expt I, A2 and Expt III, A2: t (5) ¼ -1.07, p ¼ 0.309).
Continuous stimulation, if heard, was perceived as high-pitched
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Fig. 1. Percentage of trials reported as being heard by participants across all experiments. Points colour coded by participant identity. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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pops or clicks. One participant reported this as very unpleasant. In
another participant the limit of perception of the 20 ms ramped
condition (A2) was between 5 and 10% of initial output power.

In the final experiment IV (n ¼ 6), both active and sham pulses
weremasked using an intermittent 1 second squarewavematching
the PRF, synchronised to start approximately 100 ms before the
onset of the TUS stimulation. The mask was played over head-
phones at a fixed level, near the upper limit of tolerability. Masking
alone did impact TUS audibility (mixed-effects model comparison
of Expt I, A2 and Expt IV, A1: t (5) ¼ -3.36, p ¼ 0.006), but did
not reduce perception over-and-above ramping (paired-samples
t-test Expt IV, A2 and Expt IV, A3: t (5) ¼ -0.197, p ¼ 0.848).
Many participants reported that the ‘sound’ of the TUS could be
distinguished from the headphone mask due to differences in
localisation.

These results show that, without mitigation measures, non-
ramped pulse configurations that are commonly used for human
TUS experiments (e.g [9]) are likely audible for almost all partici-
pants. Here we found that ramping and masking TUS stimulation
prevented perception in some participants, but these effects were
not additive. Appropriate ramping reduced the unpleasantness
and intrusiveness of the TUS ‘sound’, “turning it from a jackhammer
to birdsong” in the words of one participant. Reducing intensity is
1354
likely an alternative method for preventing perception, but so far
limited studies have found neuronal effects in this power range
[10]. While this is by no means an exhaustive study of all TUS pa-
rameters, these results should motivate researchers to assess audi-
bility of their own protocols, take measures to improve blinding
and control experimentally for auditory confounds, guaranteeing
that any measured brain or behavioural effects are due to direct
neural modulation by TUS.
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