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In this study we investigate the effects of short-term exposure to high-intensity airborne ultrasound on
cognitive function. Test participants (n ¼ 40) were asked to perform a go/no-go task (GNG) and contin-
uous performance test (CPT) under baseline (no noise) conditions. The tests were also presented under
exposure to high-intensity ultrasonic noise from a custom built ultrasonic array (40 kHz tone, 120 dB
SPL re 20 lPa). GNG and CPT test results were analysed using a Bayesian ANOVA statistical model. The
results provided clear positive evidence for no effect of ultrasound exposure on performance in each task,
whether measured in terms of participants’ ability to select the correct response or their reaction times
when responding correctly. Participants were also not better than chance at stating when the ultrasound
had been presented. These findings indicate that ultrasound exposure of this intensity and frequency has
no detectable effect on cognitive task performance.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

1.1. Motivation

Off-the-shelf ultrasonic transducers are often associated with
positioning sensor applications, most notably vehicle reversing/au-
tomated parking systems in addition to robotics and drone control
[1,2]. By assembling an array of transducers, it is possible to gener-
ate acoustic fields powerful enough to levitate small particles [3,4]
and produce haptic touch-feedback in mid air [5]. Some of these
devices have even been promoted for use as school science pro-
jects[6]; yet they have the potential to expose their users to rela-
tively high levels of ultrasound [7].

International guidelines regarding ultrasonic airborne emis-
sions have been summarised on several occasions [8–14] 1 These
have lead to the recommendations of maximum permissible levels
(MPLs) for airborne ultrasonic emissions at frequencies in the range
of 20–100 kHz. The current MPLs are influenced by the fact that no
deleterious effects on humans have been observed at sound pressure
levels (SPLs) below 110 dB. Conversely, levels above 145 dB SPL are
associated with temporary thresh old shifts (TTSs); a loss in hearing
sensitivity that, if recurrent, could lead to long-term permanent
damage to auditory function. Between these two SPL limits, various
subjective effects have been documented [10]. Subjective effects
include headache, nausea, stress etc. They are ‘subjective’ because
the severity varies greatly from one individual to another and
depend on the circumstances under which they are exposed.

The international guidelines are motivated by occupational
health and safety; they consider the well-being of predominantly
factory workers with an assumed exposure of 8 h/day. This leaves
a gap with regards to implications for consumer devices. Consumer
products are targeted to (and operated by) potentially all demo-
graphics and are generally intended for casual use. Nonetheless,
if a device is shown to generate personal exposure levels between
110–145 dB, it can be expected that some individual users may
experience subjective effects.
1.2. Previous work

In previous work by [15] it was hypothesized that nuisance
effects from ultrasonic noise may reduce one’s ability to concen-
trate on a task. A noise source (20 kHz tone at 15 dB below hearing
threshold) was presented to subjects while carrying out a sus-
tained attention to response task (SART) in which they had to
respond to a set of sequential stimuli while withholding a response
to one particular stimulus. Investigations into the presence of the
nocebo effect (when negative expectations of the participant exac-
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erbate negative outcomes) were also carried out. Additionally, sub-
jects were asked to complete a noise survey/ questionnaire, follow-
ing guidelines defined by ICBEN [16]. Ultrasound was not found to
provoke any symptoms, however, there was evidence of small no-
cebo effects. [15] warns against making generalized conclusions
from the results due to these confounding factors.

Recent work by [17] exposed test subjects to a 40 kHz,
110� 120dBSPL tone forupto30min.Measurementof auditory func-
tiondidnotfindevidenceof threshold shifts or changesofbehavioural
or electrophysiological subclinical measures. A two-alternative
forced-choice (2AFC)was implemented to detect if participants could
perceive when the ultrasound was present. Though they scored no
better than chance, the results were confounded by audible noise
coming from the ultrasonic array (which required a masking noise
to be used). Results were limited by a relatively small sample size
(n ¼ 18), but suggest any effects (if present) would be small.
1.3. Measuring distraction/cognitive function

The SART procedure employed by [15] is designed to test partic-
ipants’ sustained attention: the ability to maintain focus on a task
for a prolonged period [18]. A SART is a specific example of the
broader class of go/no-go tasks in which participants are presented
with a randomly ordered sequence of stimuli and have to make a
response (‘go’ trials) to one or more ‘target’ stimuli and withhold
a response (‘no-go’ trials) to other less frequent ‘non-target’ stimuli
[19]. For example, in a typical SART participants might be pre-
sented with a sequence that samples from the digits 1–9 and be
told to respond with a single response (e.g., pressing the space
bar) to all of the digits with the exception of the number ‘3’. The
task therefore involves responding on the majority of trials (e.g.,
8 in 9 trials or 89% of the time) thereby building a pre-potent ten-
dency to respond that needs to be inhibited on the infrequent occa-
sions when a non-target appears. SART or go/no-go tasks therefore
require inhibition of this pre-potent response in addition to tap-
ping participants’ sustained attention [20]. Consequently, they pro-
vide a laboratory analogue of real-world behaviours that require an
infrequent adaptation of a routine behaviour, for example stopping
oneself from making a habitual manoeuvre when driving in
response to a sudden change in the environment.

Go/no-go tasks (GNG) can be contrastedwith continuous perfor-
mance tests (CPTs); CPTs similarly involve responding to some stim-
uli but not others, however they includemanymorenon-target than
target trials to ensure that the participant only makes a response
infrequently [21]. They therefore do not build up a pre-potent ten-
dency to respond but rather test the participant’s ability to stay on
task and remain alert to the possibility of a target appearing. As a
result, CPTs are arguably more direct measures of sustained atten-
tion than go/no-go tasks. They provide a good parallel to real-
world situationswhere sustainedvigilance is requiredduringpoten-
tiallymonotonousand routine tasks, suchasmonitoringairport bag-
gage scans for the rare caseswhere an inappropriate item is present.
The current study took advantage of the parallels and differences
between these two classes of tasks and presented both a GNG task
and a CPT to participants, with each task being presented both with
and without ultrasound exposure. This allowed us to make a com-
prehensive test of any effect of exposure on performance on two
acceptedmeasures of attentional control, onewith a clear inhibitory
component and one with a vigilance aspect [22], thereby substan-
tially extending any previous work in this area.
1.4. Summary

In this experiment, we make use of a 120 dB SPL 40 kHz tone to
examine the potential for inducing subjective effects in humans.
2

This noise source was chosen because it is consistent with expo-
sure levels of certain ultrasonic based consumers devices [23]. Fur-
ther, it is not associated with any harmful effects to hearing (as
mentioned above) but is sufficiently over the 110 dB SPL mark to
begin exploring the possibility of inducing some form of subjective
response. It is of particular interest to see if this response is suffi-
cient to impair cognitive performance.

The following sections of this paper describe the experimental
protocol (Section 2.1) and parameters used for the GNG/CPT tests
(Section 2.2). Section 2.3 provides a description of the hardware
design for a custom built ultrasonic noise source. Acoustic simula-
tions and calibration measurements of the noise source are
described in Section 2.5. Statistical analysis methods are intro-
duced and presentation of the results are described in Section 2.6
and Section 3 respectively.
2. Methods

2.1. Protocol overview

Ethical approval for this study was provided by the University
of Bristol School of Psychological Science Human Research Ethics
Committee (approval code 260421116004). Prior to testing a full
risk assessment was carried out that included a careful analysis
of any required Covid-19-related mitigations. All testing was con-
ducted in line with this risk assessment and with government
and institutional health and safety policies in operation at the time.
Test subjects were required to complete a series of computer based
cognitive tasks under both experimental (exposed to ultrasound)
and control conditions. The experiment was implemented using a
double-blinded design in which the control/exposed state was ran-
domly allocated in custom software. The testing session was
approximately 45 min long and involved two phases. First, as part
of a screening process, participants’ hearing was checked using a
standardised audiometry assessment. Participants then proceeded
to the central phase of the session involving the cognitive tasks.
After each cognitive task, participants were asked if they could per-
ceive when the array was actually switched on.

2.1.1. Participants
Data from a final sample of 40 participants are reported. Forty-

three individuals took part in the study, but one participant was
excluded for failing the initial hearing check (see Section 2.1.2
and a further two were excluded following data collection and
prior to data analysis because they were older than the specified
ages for inclusion (18 to 26 years of age). The remaining 40 partic-
ipants (31 female, 9 male) had a mean age of 20 years (SD = 2;
range 18–26).

Participants were recruited and tested individually in a small
(3.5 m x 3 m) room at the University of Bristol. Full, informed con-
sent was acquired from every participant prior to the study com-
mencing. Participants took part either for course credits or were
reimbursed €10 for their time.

2.1.2. Audiometry screening process
Participants were advised upon recruitment to avoid loud

noises and activities (e.g. music concerts) 24 h prior to their sched-
uled testing session. Compliance with this instruction was checked
at the start of the session and no participant reported having failed
to meet this requirement. As part of the screening process, each
participant completed a Pure Tone Audiometry (PTA) test using a
clinically validated iPad based app (Shoebox Audiometry) with cal-
ibrated DD450 (Radioear) headphones to confirm they had no sig-
nificant pre-existing hearing impairment [24,25]. This was
established by testing across frequencies 250, 500,1 k,2 k,4 k,8 k
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Hz. PTA scores were generated by averaging hearing loss (dB HL)
values over the 200 Hz - 8 kHz range, for each ear. A threshold of
> 20 dB HL was used to define hearing impairment and formed
the exclusion criteria. This occurred in one instance and that indi-
vidual was advised to seek further testing and information from a
medical practitioner. In addition to the standard PTA frequencies,
the extended frequency of 16 kHz was also presented to partici-
pants during the hearing test [26]. It has been hypothesised that
younger individuals could be at greater risk to ultrasonic noise
due to their inherent greater sensitivity to higher frequencies
[10]. Given the relatively young age group of test subjects, it was
expected that a reasonable sensitivity to this higher frequency
would be apparent; this was also confirmed by the test results
(mean 18 dB HL @ 16 kHz, SD = 12, for both left and right ears).
2 (https://abyz.me.uk/rpi/pigpio/)
2.2. Experimental tasks

The experimental component of the study involved two related
cognitive tasks, GNG and a CPT. Each task consisted of two blocks
of 270 trials, with the ultrasound exposure presented randomly in
one of the two blocks (Fig. 1).

The order in which the two tasks were experienced by the par-
ticipants was also randomly determined by the experimental soft-
ware. Participants in Group A (n = 20) performed the two blocks of
the GNG first, and the two blocks of the CPT second; participants in
Group B (n = 20) completed the tasks in the reverse order. Each
task involved the successive presentation of stimuli on a computer
monitor that was placed approximately 50–60 cm away from the
participant with stimuli appearing in the centre of their field of
vision. The ultrasound device was situated just above the top of
the monitor and in line with the participant’s eye level (as depicted
in Fig. 3). Each block of each task began with 18 practice trials in
which the instructions for that particular block were explained.
Additionally, participants were given a 30 second pause after every
90 trials (i.e. 2 breaks within each 270 trial block).

The GNG required the participant to press the spacebar on a
computer keyboard whenever a stimulus appeared, with the
exception of a rare target stimulus. In the first block of 270 trials
the stimuli were the numbers 1 to 9, and the participant was
required to withhold a response to the number ‘3’. Stimuli
appeared equally often meaning that the target letter appeared
on 30 of 270 trials (11.1% of trials). The second block of the GNG
had a comparable structure but employed nine letters ‘a’ to ‘i’. Par-
ticipants were instructed to withhold their response whenever the
letter ‘c’ appeared (again, 11.1% of trials).

The CPT was similar in structure but required the opposite
response frequency (i.e., responding infrequently rather than fre-
quently). The first block of the test involved nine shapes (e.g., dia-
mond, triangle, cross, heart) all presented in grey. Participants
were required to press the spacebar whenever a single target shape
(the star) appeared. All stimuli occurred equally often meaning
that in this task participants made a response on 11.1% of trials.
The second block of the continuous performance test presented
nine equally sized and shaped colour patches (e.g., purple, brown,
pink, orange). Participants had to make a response only when the
blue colour patch appeared (again, 11.1% of trials).

Stimuli in each task were shown for a duration of 250 ms. On
any trial of each task a non-response was recorded, and the task
moved on if participants failed to respond within 1 second of the
stimulus onset (i.e., both a correct non-response to a stimulus that
should not have been responded to and an incorrect non-response
to a stimulus that should have been responded to was recorded
after this time period). Accuracy of each response or non-
response was recorded, as was the reaction time (RT) of any (cor-
rect or incorrect) response. In addition, at the end of each task par-
3

ticipants were asked to state which of the two blocks of that task
they thought the ultrasound exposure had occurred in.

2.3. Hardware

The design requirements for the ultrasonic noise source were as
follows:

� deliver approximate 120 dB SPL at a distance of approximately
50–60 cm (the distance from the computer screen to the partic-
ipant’s head).

� produce an acoustic field to be as uniform as possible over as
wide an area as possible (to account for variability in participant
head movement, height, etc.).

� be software controllable in order to integrate into the GNG/CPT
test protocol.

� no cues (audible or visible) from the array should alert the par-
ticipant of its state (on/off).

The array was constructed from 9 Murata MA40S4S transduc-
ers. These were arranged into a subset of a sunflower (Fermat spi-
ral) pattern (see A) and embedded into a Perspex frame (the array
footprint was approximately a 7 cm � 7 cm region). A raspberry Pi
3B + coupled with a L298N amplifier circuit was used to drive the
array with a DC power source (12 V) (B, Fig. 7). The open-source
pigpio library 2 allows for control of the Pi’s hardware generated
pulse-width modulation (PWM) signal. Initial testing found that a
sudden switch (on or off) of the array caused a subtle but discernible
‘click’ sound. Consequently, a ramp function was introduced to run
the PWM duty cycle from 0–50% over a (default) 1 s upon start-up
and shut-down of the ultrasonic noise source. This step effectively
allowed for ‘quiet’ operation by reducing the unwanted transient
response of the transducers.

2.3.1. Array function checks
An ammeter was connected in series with the array power

source and the LED screen would display the current draw from
the device when it was switched on. The LED display was hidden
from view from participants (and the researcher) during testing
so as not to provide a visual cue that the array was operating. How-
ever, pre-test checks could be carried out and the ammeter reading
could be monitored to ensure the array still drew power consis-
tently. Additionally, a final check of free-field acoustic measure-
ments carried out prior to and at the end of all experiments
showed no significant deviation in the output SPL.

2.4. Software

The cognitive tasks were implemented in Javascript and ran in a
web browser on the Pi’s desktop interface. PWM control of the Pi
was accessed via a local webserver (implemented in C). All RTs
and test scores were recorded and stored initially as JSON files
and exported to an appropriate csv format for subsequent analysis.

2.5. Ultrasound array testing and calibration

2.5.1. Simulation
To simulate the acoustic pressure, we used a simple Huygen’s

model implemented in Matlab (we have included the acoustic
model in the Supplementary Materials). The model is a linear, fre-
quency domain representation of an acoustic field generated by
discreet point like acoustic sources (the elements of our array).
As each of the acoustic elements has an angular dependant
amplitude we use a weighting function (also known as a directivity

https://abyz.me.uk/rpi/pigpio/


Fig. 1. Experimental Tasks Participants were randomly assigned to two groups: Group A (n = 20) and Group B (n = 20). Group A began with the GNG tasks before proceeding
to the CPT; Group B did the opposite. In each task, the ultrasonic noise source was randomly assigned to either the first or second block. Each 270 trial block was split into
three sub-blocks of 90 trials, with a 30 s pause/break for participants from the task. When a group had completed each of their GNG/CPT tasks, they were asked if the could
determine in which block the ultrasound was present.

A. Di Battista, A. Price, R. Malkin et al. Applied Acoustics 200 (2022) 109051
function). The experimental directivity of the transducers used are
found to be very accurately represented by the weighting function.
The complex pressure, pjðaÞ, at a given point in space, a, produced

by the jth emitter located at bj is given by Eq. 1.

pjðaÞ ¼
Aj

dða; bjÞ
2J1ðka sin hÞ
ðka sin hÞ e�ið/jþkdða;bjÞÞ ð1Þ

Where Aj is the amplitude of the jth element at the transducer sur-
face, dða; bjÞ is the Euclidean distance between points a and bj; J1 is
the Bessel function of the first kind (accounting for directivity), k is
the wave-number ð2p=kÞ; k is the wavelength, a is the transducer
radius, h is the polar angle between points a and bj; i is the root of

negative 1 and /j is the phase delay applied to the jth element.
The value of Aj was determined by matching the experimentally
measured acoustic pressure from a single transducer driven at the
same voltage as used in the physical array. The axial symmetry of
the transducers directivity along its acoustic axis makes for an effi-
cient simulation. It should be noted that as this model is linear it is
incapable of capturing very high amplitude acoustic phenomena
(e.g. wave-steepening, harmonic generation, heating). However
from experimental experience these non-linear effects only occur
for well focussed acoustic fields where the acoustic pressure
exceeds 145 dB SPL.

The complex total pressure, PT , at point a generated by N trans-
ducers is given by Eq. 2.

PT ¼
XN

j¼1

pjðaÞ ð2Þ

When displaying the instantaneous acoustic pressure we either
take the real part of the complex sum or when displaying the
time-averaged acoustic pressure we take the absolute value of the
sum.
4

2.5.2. Measurement
The array was characterised in an anechoic chamber, that was

ISO 3745 compliant up to 40 kHz. Scans of the acoustic field were
taken at 40, 50 and 60 cm away from the centre of the array, whilst
all ultrasonic transducers were driven in phase with a 50% duty.
The scans covered an area of 0.09 m2 dimensions 0.3 m x 0.3 m,
with the plane of the scan parallel to the array’s surface.

A Brüel & Kjaer (B&K) Microphone Unit Type 4138-L-006 was
attached to a robot arm with the data acquired with a NI PXIe-
4310 analog input module at 390Ksamples/s. A comparison of sim-
ulated and measurement results are depicted in Fig. 2.

Uncertainties in measurement data are represented in Fig. 2 as
error bars. These were calculated from systematic and random
errors, the largest source of systematic error being microphone cal-
ibration and microphone-source separation error. Measurements
of 0.01 s were taken 10,000 times at each location quantifying
repeatability.

2.5.3. HATS in situ measurement
In-situ measurements were carried out using a B&K HATS

(Human & Torso Simulator) with a Type 4191 microphone
(Fig. 3). A data acquisition system consisting of a digital oscillo-
scope (DrDAQ,Pico Technology) collected real-time SPL data fil-
tered through a digital 1/3-octave band-pass filter centred at
40 kHz. A digital equalization filter was also implemented to con-
vert the free-field response of the microphone to the pressure-field
response.

It was not practicable to carry out all possibe permutations of
HATS orientations. The goal was to examine and verify the � 120
dB SPL output of the array. HATS free-field calibration measure-
ments for 40 kHz ultrasound (see C (Table 4) indicate that exposure
at the ear can vary greatly due to the shadowing effects of the
human pinna (outer ear). Table 1 lists HATS measurements from
two orientations (x2 for each ear). They are consistent with the cal-
ibration carried out on the HATS (namely an approximate 7 �10 dB



Fig. 3. Experimental setup & HATS measurements The experiment involved a computer based cognitive task(s). (left) A custom built ultrasound array was placed at the top
of the screen, similar to a (classic) webcam. The extra hardware/ equipment (not shown) was hidden from the participants’ view behind the screen. (right) HATS setup for
in situ measurements of ultrasound exposure at the ear. Measurements we carried out in both left and right ears at 0� (i.e. head-on) and 90� incidence (depicted). The HATS,
was positioned so that its face aligned to the height of the array (through an adjustable chair). Real/ human participants were also asked to position themselves in a similar
fashion; the reflective Perspex of the array frame helpfully serving as a mirror to facilitate this task.

Fig. 2. Simulation andMeasurement 2D scan at 60 cm from array (resolution 4 mm). The array was driven at 12 V. A transection (dotted line in images) is plotted separately
(right-most image).

A. Di Battista, A. Price, R. Malkin et al. Applied Acoustics 200 (2022) 109051
drop from 90 to 0 degree incidence). Moreover, the near parity
between left and right ear measurements were expected from
(and required of) the array design.
2.6. Statistical analysis – Bayesian ANOVA

Consider that the outcome measures of this experiment i.e. test
scores and reaction times, may be affected by several factors. The
most obvious and important consideration in this work is the effect
of ultrasound exposure (denoted as C - for the condition under
which participants were tested). However, cognitive test perfor-
mance can also be affected by the test order and/or duration which
can lead to effects associated with participant fatigue or boredom.
Thus, we also examine the effects of group allocation (G), whether
ultrasound exposure occurred in the first or second block of the
task (Eb) and whether there was any difference between the block
types within a task i.e. letters vs numbers and shape vs colors (Bt).
A statistical model of the results may consist of some or all of these
Table 1
Acoustic HATS measurement in situ. Units are in dB SPL averaged (Mean ± SD) over a
40 s acquisition.

Left(0�) Left(90�) Right(0�) Right(90�)

115.2 ± 0.6 124.1 ± 0.5 116.7 ± 0.2 123.2 ± 0.5

5

factors (including interaction between them). The aim of a tradi-
tional ANOVA study is to determine which model(s) (and associ-
ated factors) ‘best’ fit the data.

All of the experimental results were analysed using Bayesian
Analysis of Variance (BANOVA) ([27]) with the open-source soft-
ware JASP 0.16.3 ([28]). This produced as an output several Bayes
Factors. The Bayes Factor BF10 is defined as the ratio of probability
of the observed data, D, under two models, e.g. M0 and M1 (Eq. 3).
Bayes Factors above 3 can be taken as providing substantial evi-
dence for preferring M1 over M0 [29]. Thus, if M0 denotes the
null-hypothesis, a BF10 > 3 would be cause to reject it.

BF10 ¼ PðDjM1Þ
PðDjM0Þ ð3Þ

Exhaustive pairwise comparisons of models, can be used to deter-
mine the ‘best’ fitting one. However, this best fitting model will gen-
erally contain several factors; how do we determine which one(s)
are the most important? By combining (i.e. summing the probabil-
ities of) all models that depend on a particular factor and compare
that to all those that do not, 3 it is possible to separate out the con-
tribution from a particular effect. This results in another Bayes Fac-
tor, (BFincl) which can be used as a grounds to include or exclude
3 With respects to interaction effects, only models that follow the principle of
marginality are considered



Table 2
Analysis of Effects – Section 3.3 and 3.4.

Effect GNG d’ CPT d’ GNG RT CPT RT

BFincl BFexcl BFincl BFexcl BFincl BFexcl BFincl BFexcl

Bt – 2.25 – 3.56 – 3.34 78.92 –
G – 1.66 – 2.95 – 2.08 1.39 –
Eb – 2.15 – 2.93 – 1.80 – 1.93
Bt � G – 1.49 – 2.94 – 3.00 – 1.05
Bt � Eb – 3.05 – 1.58 – 2.94 – 3.46
G � Eb – 1.83 – 2.36 – 1.27 – 1.29
Bt � G � Eb 1.69 – – 2.12 – 2.27 1.12 –

Bt - block type, G - group, Eb - exposure block. Note: either BFinc or BFexcl is listed depending on which was > 1

Table 3
Analysis of Effects – Section 3.6 and 3.7.

Effect GNG d’ CPT d’ GNG RT CPT RT

BFincl BFexcl BFincl BFexcl BFincl BFexcl BFincl BFexcl

C – 4.08 – 4.02 – 3.62 – 4.62
G – 1.07 – 1.71 – 2.09 2.77 –
Eb – 2.44 – 1.99 – 1.77 – 1.54
C � G 1.19 – – 1.43 – 2.85 2.61 –
C � Eb – 3.17 – 2.04 – 2.58 4.79 –
G � Eb – 1.86 – 1.50 – 1.30 – 1.25
C � G � Eb 2.26 – – 2.56 – 2.19 – 1.04

C – condition(ultrasound exposure), G – group, Eb – exposure block. Note: either BFinc or BFexcl is listed depending on which was > 1
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(BFexcl ¼ ðBFinclÞ�1) that factor from consideration. For example, a
BFincl ¼ 4 for the factor C implies that models that included C are 4
times better odds of explaining the data than those models that omit
C. Conversely, a BFincl ¼ 0:2 would not be strong evidence to consider
C and one could use BFexcl ¼ 1=0:2 ¼ 5 to say that models that
excluded C had 5 times better odds.

The combination of BF10 and BFincl allow inference on the best
models and most relevant factors. Bayes Factors for the inclusion
or exclusion of any effects and interactions were calculated using
the ‘across matched models’ option in JASP [30].
2.7. Test scores parametrization – d-prime

Test accuracy scores were parametrized using signal-detection
parameter d-prime (d0) which is calculated as zðhitsÞ
�zðfalsealarmsÞ, where zðÞ is the inverse cumulative normal distri-
bution function [31]. In cases where either hit rate or false alarm
rate was 1 or 0 respectively these values were subject to a loglinear
correction [32].4
3. Results

3.1. Subjective detection of the ultrasound exposure

Of the 80 opportunities that participants had to say which block
of each task the ultrasound exposure occurred in, participants sta-
ted that they were unable to determine this or were unwilling to
guess on 34 occasions. Of the remaining 46 choices, 18 were cor-
rect (39% vs. chance level accuracy of 50%). Neither the Score nor
Wald test indicate this as a significant result, (single-tail p-value
of 0.07 and 0.065 respectively). These p-values both increase to
0.13 if the 34 omissions are included and weighted at 50% chance.
4 Specifically, values of 0 or 1 were adjusted by adding either 0.11 or 0.89 to the
number of hits or false alarms (0.11 for conditions where the type of trial occurred
11% of the time and 0.89 for conditions where the type of trial occurred 89% of the
time) and then dividing by n + 1 where n is the number of trials of that type.
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3.2. Summary of test scores and reaction times

Participants were highly accurate on each block of the two
tasks. Accuracy levels (averaged across cases when the ultrasound
exposure occurred or not) were 96.2% and 95.9% for the number
and letter blocks respectively of the GNG task. They were 99.6%
and 99.7% for the shape and colour blocks respectively of the con-
tinuous performance test. Given these high levels of accuracy, sub-
sequent analyses focussed on a more sensitive signal-detection
based measure of accuracy (d0).

Box-plots of experimental results in terms of d0 and RTs are
depicted in Fig. 4. Data can be compared in terms of exposure
and control condition both within and between factors such as
group A & B and test block.

3.3. Block differences in accuracy

Fig. 4(a), (b) present average d0 values for each of the blocks of
the two tasks by group (Group A vs. B) and ‘exposure block’, which
is the block in which the ultrasound exposure took place (i.e., 1
= first block, which would be the number block of the GNG task
or the shape block of the continuous performance test).

These data were analysed by a pair of Bayesian ANOVAs using
JASP (Table 2). One compared the number and letter blocks of
the GNG task, the other compared the shape and colour blocks of
the continuous performance test. Each had the within-participant
factor of block type (number or letter/ shape or colour), group (A
or B), and exposure block (1 or 2). The best fitting model in each
case was the null model. There was anecdotal evidence to support
the exclusion of the main effect of block type in the analysis of the
GNG task, BFexcl ¼ 2:25, and substantial evidence against the need
to include it in the continuous performance test analysis,
BFexcl ¼ 3:56

3.4. Block differences in reaction times

Fig. 4(c), (d) present reaction time data (for correct responses
only) for each block of the two tasks, again broken down by group



Table 4
40 kHz calibration corrective gain for HATS model, compared to free-field measure-
ment at different HATS orientations.

Azimuth (deg.) Gain (dB)

0 �10
90 �3
75 +8
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and exposure block. These data were subjected to two Bayesian
ANOVAs, one for each task, with the factors of block type, group,
and exposure block (Table 2).

The null model was the preferred model for the analysis of the
GNG task reaction time data, with substantial evidence against the
need to include the main effect of block type, BFexcl ¼ 3:34. In the
analysis of the CPT the best fitting model included the main effect
of block type and group, and was preferred over the null model by
a Bayes factor (BF10) of 155.85. However, analysis of effects showed
only meaningful (very strong) evidence of the inclusion of the main
effect of block type, BFincl ¼ 78:92, with the evidence for the inclu-
sion of the main effect of group being only anecdotal, BFincl ¼ 1:39.
Fig. 4. Results - d0 test scores and reaction times by task, block type, group and expos
control and exposure conditions for multiple groupings: Total refers to the cumulative da
each group respectively, across all block types. Number, Letter, Shape and Color are the cum
is arranged vertically with GNG data in plots (a) and (c), and CPT data in (b) and (d).
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The main effect of block type was due to faster responses in the
shape block than in the colour block.

3.5. Interim summary of block differences

The above analyses provide positive evidence to indicate that
the two blocks of the GNG task were well matched for difficulty.
In contrast, the shape block of the CPT was somewhat easier than
the colour block, as evidenced by the faster responses on the for-
mer. However, although these preceding analyses did account for
which block the ultrasound exposure occurred in, with interactions
with this factor never appearing in a preferred model, they do not
provide a direct test of the effect of ultrasound exposure. This was
tested in the following analyses that contrasted the ‘control’ vs. ‘ul-
trasound exposed’ conditions of each task regardless of the specific
block in which that condition occurred.

3.6. Exposure differences in accuracy

Fig. 4(a), (b) summarise d0 values for condition (control vs. utra-
sound exposed) by group and exposure block. These data were
ure block. For each task type, both d0 scores and reaction times are arranged under
ta points across all groups and test block types. A and B are the cumulative data for
ulative data for each block type, across all groups. Data pertaining to each task type
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again subjected to two Bayesian ANOVAs, one for each task, which
in this case had the within-participants repeated measures factor
of condition and the between-participants factors of group and
exposure block (Table 3). The null model emerged as the preferred
model in each analysis, with substantial positive evidence against
the need to include the main effect of condition in both the GNG
task, BFexcl ¼ 4:08, and the continuous performance test,
BFexcl ¼ 4:02.
3.7. Exposure differences in reaction time

Fig. 4(c), (d) provide details of correct RTs for the control and
exposed conditions of each task, split by group and exposure block.
Two Bayesian ANOVAs were conducted on these data, one for each
task, including each of these factors (Table 3).

The preferred model of the GNG task reaction time data was the
null model. The evidence against the need to include the main
effect of condition was substantial, BFexcl ¼ 3:62. The best fitting
model of the continuous performance test data included all three
main effects and their two-way interactions (but not the three-
way interaction) and was preferred over the null model by a Bayes
factor (BF10) of 5.45. However, the only model term for which there
was substantial rather than anecdotal evidence to support its
inclusion was the interaction between condition and exposure
block, BFincl ¼ 4:79. There was substantial positive evidence against
the need to include the main effect of condition, BFexcl ¼ 4:62. The
interaction between condition and exposure block is plotted in
Fig. 5.

Post-hoc analysis of the interaction reflected in Fig. 5 first
examined the effect of exposure block at the two levels of condi-
tion separately. Each of these Bayesian ANOVAs included the fac-
tors of exposure block and group. The analysis of the control
condition data indicated that the null model was the best model
of the data, with substantial evidence against the need to include
the main effect of exposure block, BFexcl ¼ 3:21. The best model
from the analysis of the exposed condition data included just the
main effect of group and was preferred over the null model by a
Bayes Factor of 8.23. There was substantial evidence for the need
to include the main effect of group, BFincl ¼ 9:12, but no evidence
to support the inclusion of the main effect of exposure block,
BFincl ¼ 0:72.

A further pair of post hoc Bayesian ANOVAs decomposed the
interaction shown in Fig. 5 by examining the effect of condition
separately for each exposure block; these analyses therefore
included the factors of condition and group. The null model pro-
vided the best fit to the data for participants who received the
exposure in the first block, with no evidence to support the need
to include the main effect of condition, BFincl ¼ 0:73. The corre-
Fig. 5. Interaction The interaction between condition and exposure block (1st block
vs. 2nd block) on correct reaction times in the continuous performance test (95%
confidence intervals shown).
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sponding analysis of the data from participants who received the
exposure in the second block produced a best fitting model that
included both main effects of condition and group (preferred over
the null model by a Bayes Factor of 5.73). However, the evidence
for the need to include each specific effect was anecdotal,
BFincl ¼ 2:20 for condition, BFincl ¼ 2:53 for group.
4. Discussion

The aim of the current study was to examine whether 40 kHz
ultrasound exposure at � 120 dB SPL had any meaningful effect
on cognitive task performance. In line with previous work, this
question was assessed using a GNG task that required participants
to inhibit a pre-potent response action on a minority of trials. How-
ever, in an extension of previous studies this was complemented
by a CPT that required sustained attention in order to make a
motor response to an infrequent target stimulus. Although these
two tasks therefore have parallels to one another, and share a com-
mon task structure, they tap separable and complementary cogni-
tive components of everyday functioning.

Participants exhibited high levels of accuracy on both tasks.
While this might raise concerns about ceiling levels of performance
that could mask any experimental effect, this concern was miti-
gated by the use of a d0 measure of performance that combines
hit rates and false alarms. Although Fig. 4(a), (b) show that d0 val-
ues were also high, they are nevertheless associated with a reason-
able degree of variation. Indeed, although a direct comparison
between the GNG and continuous performance test was not a focus
of our analyses, a comparison of Fig. 4a) and Fig. 4(b) clearly indi-
cates that the GNG task was less easy for participants than the con-
tinuous performance test. Another consequence of generally high
levels of task accuracy is that the vast majority of RTs recorded
during each task were associated with correct responses. This
makes reaction time data readily interpretable, and RTs are not
subject to floor or ceiling effects in the way that accuracy data
can be. In the current task participants did have a fixed time win-
dow of 1 s in which to respond, but, as Fig. 4(c), (d) show, average
RTs fell well below that upper limit. In addition, any failure to
respond within 1 s on a trial when a response was required would
have been coded as an error and, as already noted, error rates were
very low.

A further strength of the current study is that, broadly speaking,
the two component blocks of each task were of equal difficulty. The
comparison of the number and letter blocks of the GNG tasks pro-
duced positive, though anecdotal, evidence for the null hypothesis
of comparable block d0 scores (see Fig. 4)) and substantial positive
evidence for the comparability of correct RTs (see Fig. 4(c)). In the
case of the CPT the strength of evidence for the null hypothesis of
equivalent d0 scores across the shape and colour blocks was sub-
stantial. However, the shape block was clearly associated with fas-
ter correct responses than the colour block. Presumably this
reflects the fact that the various different shapes were more dis-
criminable from one other than was the case for the colours used
in the colour block, perhaps particularly so for the one target stim-
ulus (the star) that the participants had to respond to in the shape
block. Although this difference in difficulty is worth noting, and
confirms that RTs are able to capture reliable cross-condition
effects, it raises no concerns for our interpretation of the key exper-
imental effects because the presence or absence of ultrasound
exposure was randomly varied, by participant, across the two
blocks of each task.

Across all our analyses there was clear evidence that ultrasound
exposure had no meaningful effect on task performance. The anal-
yses of the data shown in Fig. 4 provide indirect evidence to sup-
port this statement. The factor of exposure block employed in
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these analyses reflects whether the exposure took place on the first
or the second block of a given task. As the order of the two compo-
nent blocks of each task was fixed (the number block preceding the
letter block and the shape block preceding the colour block in the
GNG task and continuous performance test respectively), any effect
of ultrasound exposure would manifest itself as a exposure block
by block type interaction. This interaction term never appeared
in a preferred model in these analyses.

More direct support for the claim of no effect of ultrasound
exposure comes from the corresponding analyses of the data which
directly contrasted the control and exposed blocks of each task,
regardless of which particular block that was, though with the fac-
tor of exposure block again included (see the ‘Total’ column in
Fig. 4 for a representation of the main effect of exposure block).
The data from the GNG task provided clear and unequivocal evi-
dence that ultrasound exposure had no effect on either dependent
measure derived from the task. On the continuous performance
test there was similarly clear evidence that exposure had no over-
all effect on either d0 scores or correct RTs. However, there was evi-
dence for an interaction between condition (control condition vs.
exposed condition) and exposure block for correct RTs on this task.
As Fig. 5 shows, there is a suggestion in the data that participants
who received the ultrasound exposure in the second block of the
continuous performance test were slower on that second block
than they were in the first, unexposed block. While this might
appear to imply a detrimental effect of ultrasound on cognitive
task performance, there are a number of reasons to reject that
interpretation.

First, our other analyses have shown that the colour block,
which was the second block of the CPT, was generally associated
with slower RTs than the shape block which could explain this pat-
tern. Second, while the overall interaction between condition and
exposure block was associated with a Bayes Factor of greater than
3, further post hoc analysis showed that the evidence for a condi-
tion effect was only anecdotal (BFincl ¼ 2:20). Similarly, there was
no good evidence that the RTs under ultrasound exposure of partic-
ipants who received that exposure in the second block of the CPT
were slower than RTs under exposure among those who received
exposure in the first block (BFincl ¼ 0:72). Finally, and as already
noted, there was substantial evidence for there being no overall
effect of ultrasound exposure in the main analysis of CPT RTs
(BFexcl ¼ 4:62).

The proper functioning of the ultrasonic array was checked
prior, during and after experimentation. Exposure levels were con-
sistent with a free-field output of � 120 dB SPL at distance of 50–
60 cm. These measurements ultimately characterise the array and
are reproducible (provided an anechoic chamber is available). In
this study, effects of ultrasound exposure were correlated to this
free-field measurement for consistency. In reality, HATS in situ
measurements verified that head position has considerable influ-
ence over exposure at the ear. This raises some considerations for
any attempt to standardize airborne ultrasound devices; SPL out-
put alone does not describe the total exposure risk, how users
interact with a device (and move within its acoustic field) plays
an important role as well.

Given the findings reported above, the current study provides
clear evidence that the ultrasound exposure (40 kHz tone, 120 dB
SPL re 20 lPa) had no effect on task performance. Importantly this
has been demonstrated using a series of Bayesian analyses. A Baye-
sian approach has the advantage of allowing one to examine the
evidence in favour of both the experimental and the null hypothe-
ses. Our results therefore go substantially further than those pro-
vided by any preceding study that simply demonstrated an
absence of evidence for an effect of ultrasound exposure on perfor-
mance. Instead, in this work we have provided meaningful positive
9

evidence for there being no effect of ultrasound exposure on cogni-
tive function. Another important finding of this work concerns par-
ticipants’ ability to detect when the ultrasound exposure was
taking place. Although some previous work has suggested that
there might be detectable effects of exposure on individuals sub-
jective experience, this was not the case in this study. Participants
were generally reluctant to even guess which block exposure had
occurred in, reflecting their lack of confidence in this decision.
When they did make a choice they did not exceed 50% accuracy,
indicating that they were unable to reliably detect the presence
of ultrasound.

It should also be noted that human auditory sensitivity to high-
frequency noise diminishes rapidly with age. Thus, participants in
this study (mean age: 20 years), represent some of the youngest
(and potentially most sensitive) adults available to ethically exper-
iment with. So far, the proliferation of ultrasonic devices such as
DIY acoustic levitators has not resulted in a public wave of com-
plaints from vulnerable groups (representing children or other-
wise). The apparent benign nature of these devices may, in part,
be inferred by the results from this study. If further investigations
are to be carried out on (or to identify) vulnerable groups, the evi-
dence from this trial will serve to inform a safe and ethical
protocol.
Supplementary material

Source code for the cognitive task/array driver is available
open-source at:https://github.com/andydiba/sart_cpt.
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Appendix A. Array design

When using arrays of transducers a possibility exists to create
unwanted grating effects (energy directed in more than 1 direc-
tion). Grating lobes are caused where the distance between neigh-
bouring elements (known as the pitch, Del) in a rectilinear array is
greater than the critical pitch, Dcrit � k=2. The transducers in our
study have a physical outer diameter of �10 mm and a wavelength
of 8.6 mm, thus cannot meet the critical pitch needed to avoid grat-
ing lobes. In order to avoid unwanted grating lobes which would
complicate the acoustic environment needlessly we use a non-
regular array layout, specifically a Fibonacci spiral derived layout
(Fig. 6).

Fig. 6

https://github.com/andydiba/sart_cpt


Fig. 6. Sunflower Array The 9 element array was selected from the subset of a ‘sunflower’ (Fermat spiral) design. Each transducer (n = 1,2. . .,9,. . .N) has polar coordinates
r ¼ c

ffiffiffi
n

p
; h ¼ n� 137:508� where 137:508� is the golden angle. c is a constant scale factor that was heuristically adjusted to account for the transducer 10 mm diameters.
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Appendix B. Array hardware

Fig. 7
Fig. 7. Ultrasonic Array – Hardware overview A raspberry Pi 3B + provides the programming logic and PWM signal source (40 kHz) to both drive the ultrasonic array and
run the cognitive test software. The L298N DC motor drive circuit serves as an PWM amplifier. The array itself consists of 9 Murata MA40S4S transducers arranges in a pseudo
sunflower (Fermat spiral) pattern. The Pi can be connected to a computer monitor and keyboard or accessed remotely via a LAN. The Pi can also produce its own access point
(AP) for remote access in the absence of any other network infrastructure.
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Appendix C. HATS free-field calibration measurements

Fig. 8
Fig. 8. HATS Free-Field Calibration HATS free-field-equivalent calibration. (left) Free-Field reference measurement with TYPE 4939 microphone. (right) HATS setup on ration
stage to measure SPL at various azimuthal angles (currently showing 75�). Note: Azimuths are defined relative to the HATS i.e. 0� corresponds to head-on incidence.
A comparison of free-field and HATS measurements were com-
pared to explore the transfer function from air-to-ear. The shadow-
ing effects from the head and pinna (i.e. outer-ear) are readily
apparent.
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