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ABSTRACT:
Audible very-high frequency sound (VHFS) and ultrasound (US) have been rated more unpleasant than lower fre-

quency sounds when presented to listeners at similar sensation levels (SLs). In this study, 17 participants rated the

sensory unpleasantness of 14-, 16-, and 18-kHz tones and a 1-kHz reference tone. Tones were presented at equal sub-

jective loudness levels for each individual, corresponding to levels of 10, 20, and 30 dB SL measured at 1 kHz.

Participants were categorized as either “symptomatic” or “asymptomatic” based on self-reported previous symptoms

that they attributed to exposure to VHFS/US. In both groups, subjective loudness increased more rapidly with sound

pressure level for VHFS/US than for the 1-kHz reference tone, which is consistent with a reduced dynamic range at

the higher frequencies. For loudness-matched tones, participants rated VHFS/US as more unpleasant than that for

the 1-kHz reference. These results suggest that increased sensory unpleasantness and reduced dynamic range at high

frequencies should be considered when designing or deploying equipment which emits VHFS/US that could be audi-

ble to exposed people. VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1121/10.0028380
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I. INTRODUCTION

In previous studies, various adverse effects have been

attributed to exposure to very-high frequency sounds

(VHFS; 11.2–17.8 kHz) and ultrasound (US; >17.8 kHz),

including fatigue, headache, fullness of the ears, and ear

pain (reviewed in Lawton 2001; Leighton 2016, 2017). The

frequency dividing VHFS from US is increasingly being

taken to be 17.8 kHz (Paxton et al., 2018; Fletcher et al.,
2018; van Wieringen and Glorieux, 2018; Scholkmann,

2019; Lubner et al., 2020; Weichenberger et al., 2022)

because it is the lower limit of the third octave band (TOB)

centered on 20 kHz, and for decades, the guidelines have

been defined in terms of TOBs (Leighton, 2018).

The need to understand the relationship between expo-

sure conditions and adverse effects increased with the report

of airborne US in public places in the United Kingdom

(UK) as a result of public address voice alarm (PAVA) sys-

tems and other technology and publication of citizen science

techniques to detect the use of smartphones (Leighton,

2016). The occurrence of such exposure in public places has

since been confirmed in North America, Germany, France,

Italy, Australia, Japan, and Switzerland (Fletcher et al.,
2018; Paxton et al., 2018; Mapp, 2018; Leighton et al.,
2019; Scholkmann, 2019; Alvares-Sanches et al., 2019;

Leighton et al., 2020). Ueda et al. (2014) had previously

reported pest deterrents which insonified specific public pla-

ces, causing annoyance. The 21st century has subsequently

witnessed new and emerging technologies, exposing mem-

bers of the public [see examples in Figs. 1(a)–1(c)].

Exposures may be accidental, such as malfunctioning class-

room equipment (Leighton, 2020), or an unintended by-

product of their operation, such as supersonic hairdryers

(Dolder et al., 2018; Huang and Zheng, 2022) and PAVA

systems (Mapp, 2018). In other cases, exposure is a key

component to the operation of the technology, such as in

acoustic spotlights (Dolder et al., 2019) and haptic systems,

or when exposure is deliberately designed to elicit an

adverse human response as in commercial “pain generators”

and “teen deterrents” (Leighton, 2017).

Although exposure to high sound pressure levels (SPLs)

can cause temporary or permanent hearing threshold shifts,

prolonged exposure to lower levels in public spaces may be

of concern for different reasons, e.g., sustained annoyance

or inability to perform tasks. Public exposures produce par-

ticular problems as in public places, we cannot know or con-

trol the ages, gender, aural diversity, or medical

predispositions of those exposed, or the duration and ampli-

tude of exposure, or offer hearing protection (IRPA, 1984).

There is an imperative to establish which SPLs can cause

adverse effects, such as annoyance and distraction from

work, given that exposure of the public might occur not justa)Email: bl1@soton.ac.uk
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through their occupancy of public spaces but also as a result

of the purchase of personal devices that emit US, such as

entertainment, communication, and haptic technology

[Fig. 1(b)].

Exposure to ultrasonic pest deterrents have been found

to give rise to adverse effects such as annoyance or discom-

fort. Ueda et al. (2014) exposed individuals to a pest deter-

rent in a restaurant, which generated sound at 20 kHz at

SPLs of 90–130 dB. Individuals who could hear the sounds

gave high ratings for discomfort and irritation, amongst

other attributes. Similarly, Glorieux and van Wieringen

(2014) found that when participants could hear sounds from

a pest deterrent (frequencies of 12.5–35 kHz and SPLs from

44 to 71 dB), they often described the sounds as “annoying”

or “distressing.” Unlike newer technologies (such as ultra-

sonic beacons and haptics), pest deterrents have been

deployed around humans for decades and accrued anecdotal

reports of adverse effects and observations of the wide vari-

ety in sensitivity to them: Herman and Powell (1981)

reported significant person-to-person variations in reactions

to a dog repeller that varied from “no perception or no

symptoms at all, to expressions of severe discomfort 40 feet

from the source, in another room.”

Using the concept of “sensory unpleasantness” (see

below), Kurakata et al. (2013) provided evidence that the

usable dynamic range (the dB difference between the hear-

ing threshold in an individual at a specific frequency and the

lowest SPL at that frequency, which induces adverse effects

in that individual) decreases with increasing frequency in

the VHF/US range. This implies that considerable annoy-

ance caused by VHFS/US may arise from exposure at low

SLs. While attempting to study brain activity due to US

exposure, K€uhler et al. (2019) stated that “at ultrasound fre-

quencies, the range of comfortable hearing is extremely nar-

row; if an ultrasound tone is heard, it is immediately

perceived as unpleasant” (see also Leighton, 2017, who

came to a similar conclusion). They also observed that

“almost all of the test subjects described the hearing sensa-

tion as displeasing.”

In a laboratory-controlled study using pure tones,

Fletcher et al. (2018) categorized 42 participants according to

whether or not they reported previously having experienced

adverse symptoms that they attributed to exposure to VHFS/

US: Those who did were categorized as “symptomatic”;

those who did not were categorized as “asymptomatic.”

Audible tones were presented over headphones. Participants

were exposed to a reference tone at 1 kHz or tonal VHFS/US

between 13.5 and 20 kHz at a SL of 25 dB (i.e., 25 dB above

their hearing threshold) to ensure that the sounds were clearly

audible. The corresponding SPLs for high frequency tones

measured in an ear simulator were between 82 and 92 dB.

Both groups of participants reported greater discomfort

for trials with the tonal VHFS/US compared to those with the

1-kHz reference tone. The symptomatic group also rated

annoyance higher for the VHFS/US compared to that for the

reference tone. The maximum frequency varied for each par-

ticipant because it was set to be as high as possible for each

individual participant while still being audible at the maxi-

mum intensity that the ethics protocols allowed use of.

Consequently, all symptomatic participants were exposed to

frequencies below 17.8 kHz (the maximum was 17.7 kHz).

Only 20% of the asymptomatic participants were exposed to

ultrasound frequencies (above 17.8 kHz).

The current study, similar to that of Fletcher et al.
(2018), exposed subjects to audible US and conducted an

analysis that subdivides the symptomatic (prior to exposure

in this test, those who believe they have suffered adverse

effects from airborne US) from the asymptomatic (those with

no such belief). This is important because Ashihara et al.
(2006) measured hearing thresholds up to 28 kHz, and

FIG. 1. (Color online) Example sources from a wide frequency range. (a) A bird deterrent, which can emit a wide range of frequencies (e.g., 16-40 kHz)

depending on the setting, and (b) the output of ceiling-mounted PAVA speakers being measured is shown. These generally emit in the 18–25 kHz range. (c)

An ultrasonic device is used to levitate microparticles, which operates around 20 kHz.
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Ueda et al. (2016) measured hearing thresholds up to 26 kHz.

This means that if the signal levels were sufficiently high, the

18–24 kHz direct beams from the PAVA and pest deterrent

systems, subharmonics of a 40-kHz haptic system (Liebler

et al., 2019; Liebler et al., 2020; Huang et al., 2012), or an

acoustic spotlight operating at 40 kHz (Yoneyama et al.,
1983; Kondo and Osanai, 2019) or 50 kHz (Wygant et al.,
2009) could fall within the potentially audible range of some

of those who could be exposed.

The current study addresses the question of how subjec-

tive assessment of the annoyance and loudness of tonal

VHFS/US is related to the frequency and SPL of the tone.

The relationship between physical properties of a tone and

the perception of annoyance is particularly difficult to quan-

tify because the feelings of annoyance are affected by acous-

tic factors, such as SPL and frequency, and non-acoustic

factors, such as the context in which the tone is presented and

the attributes of the exposed individual, such as their person-

ality and health condition (Pedersen, 2007). In laboratory

studies in which participants are asked to rate the annoyance

of a sound, it is difficult to reproduce the context in which the

sound might be heard in real life (such as trying to sleep or

concentrate on a task). For this reason, Pedersen (2007)

describes ratings of sound delivered in the laboratory as rat-

ings of “annoyance potential,” whereas Fastl and Zwicker

(2007) use the term “sensory pleasantness” in an attempt to

isolate the sensory aspects of annoyance. Fastl and Zwicker

(2007) report an increase in sensory unpleasantness with

increases in the subjective loudness of the sound and the

“sharpness” of the sound, which, in turn, increases with

boosts in stimulus frequency (ISO 532-1:2017, 2017; DIN

45692:2009, 2009). These objective metrics have been incor-

porated into a predictive model of “perceived annoyance”

that increases with metrics for subjective loudness and sharp-

ness (Fastl, 2005). However, there is a paucity of data on per-

ceptions of loudness, sharpness, or annoyance at frequencies

above 12.5 kHz. Other properties of the sound related to fre-

quency modulation (e.g., “roughness” and “fluctuation

strength”) have also been found to affect perceived annoy-

ance (Fastl, 2005). However, to date, these properties have

largely been ignored in studies of annoyance of VHFS/US,

partly, because the slope of the threshold-frequency relation-

ship leads to a strong coupling between frequency modula-

tion and loudness modulation (or detectability) of the signal,

a coupling which is highly variable between participants. The

current study was restricted to pure tones of 1-s duration,

which is long enough for the sound to establish the quality of

a pure tone but short enough to prevent the institutional expo-

sure limits from being exceeded.

As discussed above, researchers have speculated that

the useable dynamic range may be greatly reduced in the

ultrasonic range. This is supported partly by measurements

of equal loudness contours, which plot, as a function of fre-

quency, the SPL of tones that are judged to be equally loud.

The lowest contour is close to the threshold of hearing,

which is the highest measurable contour close to the uncom-

fortable loudness level, and the difference between the two

gives one indication of the dynamic range. Normative data

on equal loudness contours of pure tones presented in ISO

226:2023 (2023) show only a slight reduction in dynamic

range at 12.5 kHz (the highest frequency reported) compared

to that at 1 kHz. However, equal loudness contours up to

16 kHz have been measured in the freefield (Poulsen and

Thøgersen, 1994; Takeshima et al., 2001), which suggests

that at 16 kHz, the dynamic range reduces still further above

12.5 kHz.

To extend the data on sensory unpleasantness to higher

frequencies, Kurakata et al. (2013) presented participants

with pure tones or narrowband noise between 1 and 18 kHz

in a freefield at a number of SPLs between 0 and 80 dB and

asked the participants to rate the sensory unpleasantness.

They found that sensory unpleasantness at 18 kHz increased

more rapidly with SPL than it did at 12.5 kHz and below,

implying a reduction in dynamic range. Hence, loudness and

unpleasantness appeared to show reduced dynamic ranges in

the VHS/US frequency range.

The aim of the current study was to assess the ratings of

sensory unpleasantness of audible US (tones at 18 kHz) and

two VHF tones (at 14 and 16 kHz) while controlling for per-

ceptions of loudness. Two different groups, symptomatic

and asymptomatic, were assessed using the same criterion

as employed Fletcher et al. (2018). The primary research

question was whether and by how much unpleasantness rat-

ings of VHFS/US were greater than those of a 1-kHz refer-

ence tone when stimulus levels were adjusted to achieve

equal subjective loudness for all tones. A second aim was to

assess the slope of subjective loudness rating vs SPL for

VHFS/US tones.

II. METHODS

A. Participants

Participants were all acquaintances of the researchers.

They were categorized as either symptomatic or asymptom-

atic based on their self-reported sensitivity to VHFS/US

sound or US (Sec. II B 1). The aim was to recruit approxi-

mately equal numbers of symptomatic and asymptomatic

participants. Initially 18 participants were recruited, but the

results of 1 participant were excluded due to an inconsis-

tency between their response to the screening questionnaire

and the subsequent hearing assessment questionnaire. A

total of 17 participants were tested (13 females and 4 males)

aged 18–33 years old (mean 24.5 years old). The sample

comprised nine asymptomatic participants (five females and

four males, aged 18–33 years old; mean age 25.6 years old),

and eight symptomatic participants (all female, aged

20–30 years old, mean age 23.3 years old). Participants were

bilaterally normal on otoscopy and pure-tone audiometry

between 0.125 and 8 kHz, free from tinnitus and hyperacu-

sis, and had at least one ear with a measurable hearing

threshold at either 16 or 18 kHz (Sec. II B 1). Testing was

conducted on one ear only: the ear with the better hearing

threshold at 16 or 18 kHz (Sec. II B 1). None of the
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participants were previously trained in the listening tasks

performed in this study.

A pre-test sample-size calculation gave a required sam-

ple size of eight to detect an increased unpleasantness rating

in the VHFS/US tone condition compared to the 1-kHz ref-

erence tone condition with a power of 80%. This assumed a

mean increase of three-points and a standard deviation of

three-points in the difference in ratings, estimated from the

findings of Fletcher et al. (2018). and using a one-tailed

paired t-test with a type-I error rate of 5%. The sample size

was achieved in the symptomatic and asymptomatic groups

for tones at 14 and 16 kHz, respectively, but not in all condi-

tions at 18 kHz as some participants’ could not be tested as a

result of the institution’s exposure limits (Sec. III).

The experiment complied with the declaration of

Helsinki and was approved by University of Southampton

Ethics Committee (No. 30365.A1).

B. Procedure

The experiment comprised four stages, screening,

threshold measurement, loudness matching, and unpleasant-

ness rating, and was conducted in that order.

1. Screening, ear selection, and the assignment of
symptomatic status

Participants completed a questionnaire to ensure that

they were free from tinnitus, hyperacusis, and other health-

related exclusion criteria. Participants were categorized as

either symptomatic or asymptomatic based on their self-

reported sensitivity to VHFS/US sounds or US according to

the participant’s answer to the question “Have you ever

experienced unpleasant symptoms that you believe were

caused by exposure to very high frequency sound or ultra-

sound?” Hearing thresholds at 1, 14, 16, and 18 kHz were

measured in both ears using the modified method of limits

(BSA, 2017). The ear with the better hearing threshold at

18 kHz was selected as the test ear for further testing. If no

threshold was obtainable at 18 kHz in either ear, then the

threshold at 16 kHz was used to select the test ear. If no

threshold at 16 kHz could be obtained in either ear, then the

prospective participant was excluded from the study. A

maximum stimulus level of 105 dB SPL was allowed for

establishing hearing threshold levels to satisfy noise expo-

sure limits set by the institution of an 8-h equivalent contin-

uous A-weighted SPL of 76 dB with a maximum A-weighted

SPL of 120 dB (ISVR, 1996).

In addition to the screening questionnaire, participants

were also asked to complete a second questionnaire to assess

other aspects of sensitivity to sound as part of a separate

study with different goals (Ascone et al., 2019). The ques-

tionnaire was unsuitable as a screening tool for the current

study and, hence, the results are not used here.

2. Hearing threshold measurement

Once the test ear was established, more accurate pure-

tone hearing threshold levels were measured at 1, 14, 16,

and 18 kHz using a three-interval, three-alternative forced

choice trial format with a stimulus duration of 1.5 s. For the

four test frequencies, thresholds were obtained using an

adaptive staircase with starting stimulus SPLs of 40, 80, 85,

and 90 dB. The step size was 10 dB up to the first reversal,

5 dB up to the second reversal, and 2.5 dB for the remaining

ten reversals. The first two reversals at this smallest step

size were discarded, and the threshold was estimated from

the mean of the final eight reversals. If the participant failed

to correctly detect the signal three times in a row at the max-

imum allowable level of 105 dB SPL, the staircase was ter-

minated, and the threshold was coded as >105 dB SPL. Of

the 17 participants, 3 (all asymptomatic) had hearing thresh-

olds >105 dB SPL at 18 kHz.

3. Subjective loudness matching of 14, 16, and 18-kHz
tones to the 1-kHz reference tone

The 1-kHz tone was designated as the reference tone

and three SLs of this tone were tested: 10, 20, and 30 dB SL.

At each of these reference SLs, points on the equal loudness

curve were obtained at the three VHFS/US test frequencies

of 14, 16, and 18 kHz using a loudness-matching paradigm.

This was achieved by fixing the level of the 1-kHz reference

stimulus and asking the participant to adjust the level of the

comparison tone until they judged that the subjective loud-

ness of the comparison and reference stimuli to be equal.

The participant could listen to the reference and comparison

tones as many times as they wanted to achieve equality of

subjective loudness. The level of the comparison tone could

be adjusted up or down in either large (5 dB) or small

(2.5 dB) steps, although the step sizes were not visible to the

participant. For the three loudness levels, this resulted in

nine loudness-matched stimulus levels in total for each par-

ticipant. For each participant and each reference SL and

comparison-tone frequency, the matching task was per-

formed twice, once starting at a high comparison-tone level

and once at a low comparison-tone level with a randomized

offset in the starting level of the comparison tone each time.

The two replicate loudness-matched stimulus levels were

then averaged. The order of presentation of the 18 compari-

son trials (3 frequencies � 3 loudness levels � 2 repeats)

was randomized for each participant.

The maximum stimulus level was 105 dB SPL (due to

institutional safety limits on noise exposure); if the

comparison-tone stimulus loudness reached 105 dB SPL

without equal subjective loudness being achieved, the

loudness-matched stimulus level was coded as missing. Out

of the total of 153 cases (9 stimulus conditions � 17 partici-

pants), missing loudness-matched stimulus levels resulted

for 28 cases (1 at 16 kHz and 27 at 18 kHz); details are given

in Sec. III.

4. Subjective rating of sensory unpleasantness at
three loudness levels

For each of the four test frequencies (1, 14, 16, and

18 kHz) and three loudness levels (SLs of the reference 1-
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kHz tone of 10, 20, and 30 dB SL), participants were pre-

sented with a pure tone of 1-s duration and asked to rate the

unpleasantness of the tone. The 1-s duration exceeds the

temporal integration time of the auditory system (Stephens,

1973) while being short enough to avoid the institution’s

exposure limits from being exceeded (ISVR, 1996). For

each presentation, the participant rated the unpleasantness

on two different scales: an 11-point numerical rating scale

from 0 to 10 (0¼ not unpleasant at all and 10¼ extremely

unpleasant), and a 5-category verbal rating scale (categories,

“not at all,” “slightly,” “moderately,” “very,” and

“extremely”). The purpose of using the two scales was to

reduce effects of bias in participants’ interpretation of the

scales and align with the recommendations of ISO/TS

15666:2021 (2021). In each condition, tones were presented

4 times, giving 48 presentations in total for each participant

(4 frequencies � 3 loudness levels � 4 replicates). The

order of presentation of the 48 test tones was randomized

for each participant. Unpleasantness ratings were coded as

“missing” for the same cases for which no loudness match

was obtained (Sec. II B 3).

C. Equipment and stimuli

The experiment was conducted with the participant

located in a sound-attenuated booth with background noise

levels meeting the requirements of BSA (2017). Tones were

presented via Sennheiser HDA-200 circumaural headphones

(Sennheiser, Wedemark, Germany). The headphones were

driven by an RME Babyface Pro soundcard (Haimhausen,

Germany) connected to a laptop located in an observation

room isolated from the test booth. Acoustic stimuli were

generated with a sample rate of 96 kHz and 24-bit resolution

using in-house software.

The stimuli were calibrated using a Bruel and Kjaer

artificial ear (type 4152; Naerum, Denmark), conforming to

IEC 60318-2 1998), with a flat-plate adaptor (DB0843).

During calibration, the two earphones were separated by

approximately 145 mm, giving a headband tension conform-

ing to ISO 389-5:2006 (2006). No subharmonics were

recorded, indicating that if there were any, they were below

the noise floor of the calibration equipment. The participants

registered their responses to the listening tasks via a mouse

and computer monitor in the test booth, driven from the lap-

top in the observation room.

III. RESULTS

A. Hearing threshold levels

The median hearing threshold levels (Fig. 2) are

broadly in agreement with the normative data tabulated in

ISO 389-5 (2006) and ISO 389-8 (2004) for test frequencies

of 1, 14, and 16 kHz and with data reported by Rodr�ıguez

Valiente et al. (2014) at 18 kHz. The increased intersubject

variability observed in the hearing threshold levels for

VHFS/US compared to that at the 1-kHz frequency is also

analogous to previously reported normative data on

variability (Han and Poulsen, 1998; Rodr�ıguez Valiente

et al., 2014).

B. SLs for equal subjective loudness

The SL that gave equal loudness was calculated by sub-

tracting the hearing threshold levels from the loudness levels

in dB SPL obtained in Sec. II B 3. The pattern of missing

data resulting from the limit placed on the SPL is indicated

in Fig. 3. The results (Fig. 3) suggest that lower SLs are

required at the VHF/US frequencies to achieve the same

subjective loudness as the reference 1-kHz tone, as predicted

by the hypothesis that the dynamic range (based on subjec-

tive loudness) reduces in the VHF/US range. To test this for

the combined sample of asymptomatic and symptomatic

participants, an average over the three SLs was calculated at

each of the four test frequencies. For the 1-, 14-, and 16-kHz

conditions, a Friedman test showed a significant effect of

stimulus frequency on the average loudness-matched SL

[n¼ 16, Q¼ 9.88, degrees of freedom (df)¼ 2, p< 0.01; the

18-kHz condition was excluded due to a substantial number

of participants being excluded as described in Sec. II B 3].

Three Wilcoxon signed-rank tests comparing the 14, 16, and

18-kHz conditions to the 1-kHz reference condition were

conducted, which showed that the average loudness-

matched SL in three VHFS/US conditions was statistically

significantly lower than that at the 1-kHz reference condi-

tion after a Bonferroni correction for three tests (respec-

tively, n¼ 17, 16, 9; Wilcoxon’s Z¼–2.9, –3.1, –2.4;

p¼ 0.004, 0.002, 0.015; critical p¼ 0.016, with the caveat

FIG. 2. Boxplots of hearing threshold levels expressed in dB SPL at four

test frequencies for asymptomatic subjects (n¼ 9) and symptomatic partici-

pants (n¼ 8). At 18 kHz, three asymptomatic participants had unobtainable

thresholds at SPLs� 105 dB SPL, which were coded as 105 dB SPL for the

purposes of the boxplot. The box indicates the interquartile range, the hori-

zontal bar indicates the median, and the whiskers indicates the maximum

and minimum values excluding outliers. Where present, outliers marked

with an open circle indicate values that are 1.5 times the interquartile range

larger than the third quartile or 1.5 times the interquartile range smaller

than the first quartile. Extreme outliers, if present, are marked with an aster-

isk and indicate values that are three times the interquartile range larger

than the third quartile or three times the interquartile range smaller than the

first quartile.
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that the Bonferroni assumption of independence of the three

Z-values is invalidated by the repeated-measures design).

The results indicate that subjective loudness grew more rap-

idly with SL at the three VHF/US frequencies than at the 1-

kHz reference frequency as discussed further in Sec. IV.

C. Ratings of sensory unpleasantness

The verbal unpleasantness ratings on the five-point

Likert scale were converted first to a five-integer scale, 0–4,

and then scaled by a factor of 2.5 to obtain a scale ranging

from zero to ten (corresponding to “not at all” to

“extremely”). For each participant and each of the 12 stimu-

lus conditions, the unpleasantness ratings were averaged

over the 4 replicates separately for the verbal and numerical

ratings. As expected, a scatterplot of the two rating scales

showed that the participants’ ratings on the numerical scale

were highly correlated with those on the verbal scale for

both symptomatic-status groups (Fig. 4), suggesting a high

degree of participant engagement in the task. To reduce

measurement error, the average of the values on the two rat-

ing scales was calculated; this average is termed the

“unpleasantness rating” in the following analyses.

Boxplots of the unpleasantness ratings within the sam-

ple (Fig. 5) suggest increasing median unpleasantness with

stimulus frequency and subjective loudness. Intersubject

variability also appears to increase with stimulus frequency.

To illustrate these statistics more clearly, the median and

interquartile interval are plotted in Fig. 6. As the data were

not normally distributed, nonparametric tests of the statisti-

cal significance of the effects on the central tendencies of

the unpleasantness ratings were conducted.

For the 1-, 14-, and 16-kHz conditions, a Friedman test

showed a significant effect of stimulus frequency on the aver-

age unpleasantness (n¼ 16, Q¼ 16.1, df¼ 2, p< 0.001; the

18-kHz condition was excluded as in Sec. III B). Three subse-

quent Wilcoxon signed-rank tests comparing the 14-, 16-,

and 18-kHz conditions to the 1-kHz reference condition

showed significantly higher average unpleasantness ratings at

the three VHFS/US conditions compared to the 1-kHz refer-

ence condition after a three-test Bonferroni correction;

respectively, n¼ 17, n¼ 16, and n¼ 9; Wilcoxon’s Z¼�3.6,

�3.1, and �2.4; p< 0.001, p¼ 0.002, and p¼ 0.015; critical

p¼ 0.016.

The analysis of average unpleasantness ratings was

repeated for the two subgroups. Comparing the 1-, 14-, and

16-kHz conditions, the Friedman test showed a statistically

significant effect of stimulus frequency for the asymptom-

atic group (n¼ 8, Q¼ 9.25, df¼ 2, p< 0.01) and

FIG. 3. Boxplots of SLs at 14, 16, and 18 kHz achieving equal subjective

loudness to a 1-kHz reference tone at SLs of 10, 20, and 30 dB SL, showing

(A) all participants (n¼ 17), (B) asymptomatic participants (n¼ 9), and (C)

symptomatic participants (n¼ 8). Where there is missing data, the number

of participants represented in the box plot is shown in square brackets

beneath the box plot. The bar marked “Ref” indicates the SL of the 1-kHz

reference tone. The key to the boxplot display is given in the caption for

Fig. 2.

FIG. 4. (Color online) Scatterplot of unpleasantness rating on the numerical

scale against unpleasantness ratings on the verbal scale. Each data point

represents the rating for 1 subject in 1 of the 12 conditions (4 frequencies

� 3 loudness levels) after averaging over the 4 replicate presentations of

the tone. Filled circles indicate asymptomatic participants, and crosses indi-

cate symptomatic participants.
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symptomatic group (n¼ 8, Q¼ 7.75, df¼ 2, p< 0.05). For

the asymptomatic group, two Wilcoxon signed-rank tests

comparing the 14- and 16-kHz to the 1-kHz reference condi-

tion only showed statistically significant higher average

unpleasantness ratings for the 14-kHz condition (respectively,

n¼ 9 and n¼ 8; Wilcoxon’s Z¼ –2.7 and –1.7; p< 0.01 and

p> 0.05; critical p¼ 0.025). A test at 18-kHz was inappro-

priate given that n¼ 3. For the symptomatic group, the three

Wilcoxon signed-rank tests showed a statistically significant

higher average unpleasantness ratings at the 5% level of

significance for 14-, 16-, and 18-kHz conditions compared

to the 1-kHz condition but significance did not survive

Bonferroni correction (respectively, n¼ 8, n¼ 8, and n¼ 6;

Wilcoxon’s Z¼ –2.4, –2.4, and –2.0; p¼ 0.017, p¼ 0.017,

and p¼ 0.05; critical p¼ 0.016). These results are summa-

rized in Fig. 6.

A further objective of the study was to assess how prob-

lematic the measured degree of annoyance might be. A met-

ric that has been widely used to assess the likelihood of

FIG. 5. Boxplots of unpleasantness ratings of the loudness-matched tones at

four frequencies and three loudness levels corresponding to SLs of 10, 20,

and 30 dB SL of the reference 1-kHz tone. The ratings are the average of

the numerical and transformed verbal ratings after also averaging over four

replicate presentations, showing (A) all participants (n¼ 17), (B) asymp-

tomatic participants (n¼ 9), and (C) symptomatic participants (n¼ 8).

Where there is missing data, the number of participants represented in the

box plot is shown in square brackets beneath the box plot.

FIG. 6. (Color online) Median values of unpleasantness ratings as a func-

tion of stimulus frequency and equal loudness levels. The ratings are the

average of the numerical and transformed verbal ratings after also averaging

over four replicate presentations. Error bars indicate the upper and lower

quartiles around the median except at 18 kHz in the middle panel, where

there was insufficient data (i.e., n¼ 3) to calculate quartiles meaningfully.

The frequency values are plotted with slight jitter to increase clarity. The

loudness levels are quantified by the SL at the 1-kHz reference frequency,

which are 10, 20, and 30 dB SL as indicated by downward triangles, circles,

and upward triangles, respectively. The upper, middle, and lower panels,

respectively, present the data for all participants (n¼ 17), asymptomatic

subjects alone (n¼ 9), and symptomatic subjects alone (n¼ 8). Where there

is missing data, the number of participants included in the statistics is indi-

cated in square brackets next to the corresponding median. Asterisks at 14,

16, and 18 kHz indicate the significance of the Wilcoxon signed-rank test of

unpleasantness at that frequency compared to the unpleasantness at the 1-

kHz reference frequencies without Bonferroni correction: ***, < 0.001; **,

<0.01; *, <0.05.
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complaints is the percentage of people who are highly

annoyed by a sound source (Schultz, 1978). In this study,

this was assessed by counting the number of participants

whose rating of the unpleasantness (after averaging across

the three loudness levels) were in or exceeded the “very

unpleasant” category (unpleasantness rating> 6). The num-

ber of participants meeting this criterion in the 1-, 14-, 16-,

and 18-kHz conditions was 0/17, 6/17, 5/16, and 4/9, respec-

tively, corresponding to 0%, 35%, 31%, and 44% after

accounting for missing data at 16 and 18 kHz. To test the

statistical significance of the differences in these numbers

between the VHFS/US conditions and 1-kHz reference con-

dition, three McNemar tests were conducted to compare the

numbers in the 1-kHz condition with those in the 14-, 16-,

and 18-kHz conditions giving p¼ 0.03, p¼ 0.06, and

p¼ 0.13, respectively. Thus, only the result in the 14-kHz

condition was significant at the 0.05 level, although this did

not survive Bonferroni correction for three tests. The com-

parison at 18 kHz was underpowered due to the small num-

ber of participants for whom the tone was audible.

To test whether the average unpleasantness ratings were

higher for the symptomatic group than the asymptomatic

group, one-tailed Mann-Whitney U tests were conducted at

all four test frequencies. Only the unpleasantness ratings at

16 kHz were significantly higher in the symptomatic group

than the asymptomatic group, but this result does not sur-

vive Bonferroni correction for four tests. For the 1-, 14-, 16-,

and 18-kHz conditions, the results of the four tests were,

respectively, U¼ 33, 27, 11, and 3; p¼ 0.41, p¼ 0.21,

p¼ 0.014, and p¼ 0.06. Because the interpretation of the

Mann-Whitney U test in terms of median differences is only

valid when the two distributions are identical, the signifi-

cance of the result at 16 kHz was further assessed using a

bootstrap test for median differences between groups which

showed a statistically significant difference in medians

(Chernick, 2008). It should be noted that at 18 kHz, where

there are only three asymptomatic participants, statistical

power was severely limited.

IV. SUMMARY AND DISCUSSION

The results of the loudness-matching task indicate that

for a given SL of a tone (SPL relative to hearing threshold),

the listeners judged VHFS/US sounds to be louder than the

1-kHz reference tone at the same SL. This is consistent with

a compression in dynamic range in the VHF/US frequency

range, which manifests as subjective loudness increasing

more rapidly with SPL than is observed at lower frequen-

cies. Normative equal loudness contours in ISO 226:2023

(2023) are only tabulated up to 12.5 kHz; at 12.5 kHz, the

equal loudness contours show slight compression but not to

the extent found in the current study at 14, 16, and 18 kHz.

However, equal loudness contours up to 16 kHz have been

measured in two of the studies contributing to ISO 226:2023

(2023), where considerably greater compression was

reported (Poulsen and Thøgersen, 1994; Takeshima et al.,
2001). A similar degree of compression based on loudness

perception was observed in the current study whereby a

change in SPL of 20 dB at 1 kHz resulted in the same

median change in subjective loudness as that which resulted

from a change in SPL of only around 10 dB at 16 kHz.

The unpleasantness of the tones was assessed using sub-

jective ratings after adjusting the stimulus levels of the tones

to achieve three specified loudness levels. The loudness-

matched VHFS/US sounds were rated as significantly more

unpleasant than the 1-kHz reference tone. This trend agrees

with the findings of Kurakata et al. (2013), who assessed

sensory unpleasantness at frequencies up to 18 kHz using

tones presented in the freefield. The increase in unpleasant-

ness with frequency for loudness-matched tones is qualita-

tively predicted by sound-quality models that relate

perceived unpleasantness to the loudness and sharpness of a

sound, which increases for the frequency of a tone, although

these models were not developed using such high frequency

stimuli (Fastl, 2005; Fastl and Zwicker, 2007). Similar

trends of increasing adverse effects with stimulus frequency

were also reported by Fletcher et al. (2018), although, in

this case, the SLs were held constant rather than the subjec-

tive loudness, and ratings were for “discomfort” and

“annoyance” rather than “unpleasantness.”

In the current study, despite their relatively low SLs

(median SLs were <20 dB), a considerable proportion of

participants rated the unpleasantness of the VHFS/US tones

as either very unpleasant or “extremely unpleasant,”

whereas no participants did so for the 1-kHz tone at the sim-

ilar or higher SLs.

The results of the study have implications for guidelines

on permissible SPLs (e.g., those in IRPA, 1984, which sug-

gests exposure limits for the TOB, which is centered on

20 kHz and spans the range 17.8–22.4 kHz), that the public

could be exposed to by devices emitting VHF/US. Because

the equivalent freefield correction factors for the Sennheiser

HDA 200 headphones is not known at 18 kHz, the SPL mea-

surements in the current study made using the ear simulator

cannot be directly converted to the equivalent freefield lev-

els that are relevant to the guidelines in IRPA (1984).

However, at 18 kHz, normative values for the median adult

hearing threshold levels in the freefield are approximately

70 dB SPL (ISO 389-7, 2019), which is equal to the IRPA

guidance for the maximum permissible levels for public

exposure. Given the finding in the current study that SL of

only 10–20 dB can cause very high ratings of unpleasantness

and there is a wide intersubject variation in hearing thresh-

olds at 18 kHz, it seems likely that a significant proportion

of adults may find tones presented in the freefield at 18 kHz

at 70 dB SPL to be very unpleasant. The consequence for a

future noise reduction or safety strategy could be to base the

absolute upper limit of exposure at US frequencies on a

point on the hearing threshold distribution to avoid a hearing

sensation altogether in the majority of the population. The

results of the study also have implications for understanding

the perception of VHF/US. Further studies are required to

extend the normal equal loudness contours in ISO 226:2023

(2023) to higher frequencies and develop models of
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perceived annoyance that are applicable to VHF/US, includ-

ing investigating any as-yet unknown effects of stimulus

duration and order of presentation. Ideally, annoyance

should also be studied in more realistic stimulus conditions

and listening situations.
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