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Abstract

Objectives. To examine whether adolescents exceed recom-
mended noise exposure limits when using personal listening
devices (PLDs) and to investigate the relationship between
objectively measured PLD use and hearing thresholds

Study Design. Cross-sectional study.

Setting. This study was embedded within an ongoing pro-
spective birth cohort study in Rotterdam, the Netherlands.
Data were collected from May 2017 to September 2019.

Methods. A smartphone application was developed to mea-
sure daily noise exposure from PLDs. Listening habits were
monitored among 314 adolescents with a mean age of |13
years 7 months (SD, 5 months), of whom 51.6% were male.
Hearing acuity was measured by pure tone audiometry, and
tympanometry was performed in both ears.

Results. Within the study group, 2.2% adolescents exceeded
the recommended daily noise dose (85 dBA as an 8-hour
time-weighted average) among all days when the application
was active and 9.9% when among only the listening days. No
significant correlation was found between the daily noise
dose from PLDs and pure tone thresholds.

Conclusions. The majority of adolescents exhibited listening
habits that could be considered safe. As noise-induced hear-
ing loss develops slowly over time, it could be that the effects
of PLD use on hearing are not evident yet in this young pop-
ulation with a relatively short duration of PLD use.
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and MP3 players with audio playback function have
become increasingly popular. More than 90% of ado-
lescents and young adults use PLDs on a regular basis, with
smartphones the most commonly used.' The World Health
Organization has expressed concern over the risk of hearing

P ersonal listening devices (PLDs) such as smartphones

loss due to unsafe listening practices among young people.*
Although researchers agree that PLDs are capable of produc-
ing hazardous output levels,”” the actual risk of hearing loss
due to PLD use remains a subject of debate. Whereas some
studies demonstrated that hearing thresholds are significantly
elevated in teenagers and young adults who use PLDs,3'2
others did not observe an association between PLD use and
hearing at the conventional frequencies.'>!” Since hearing
loss can lead to a number of disabilities and can reduce the
quality of life,' prevention is of great importance.

The results of previous described studies are based on self-
reports of PLD use, sometimes in combination with physical
measurements of preferred listening levels. However, little is
known about the validity of these measures. Self-reports are
prone to recall bias, and single measurements assume that lis-
teners do not change their exposure levels during the day or
week. To date, no studies have evaluated the association
between objectively measured PLD use and hearing thresh-
olds. In search of ways to objectively monitor noise exposure,
we developed a smartphone application that was able to col-
lect data on listening habits in a large population-based cohort
of adolescents. The first aim was to determine daily noise
exposure from PLDs and examine whether adolescents
exceed recommended exposure limits. The second aim was to
investigate the dose-response relationship between daily
noise exposure from PLDs and pure tone thresholds.

Methods
Study Design and Population

This study was embedded within Generation R, a population-
based prospective cohort study from fetal life onward in Rot-
terdam, the Netherlands. The design and population have
been described.'” Adolescents aged 12 to 17 years who visited
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the research center at the Erasmus Medical Center between
May 2017 and September 2019 were invited to participate in
this substudy (n = 3237). To be eligible to participate, adoles-
cents needed to have a smartphone. The first version of the
application was designed only for smartphones running the
Android operation. The updated version, available from April
2019 onward, ran on iOS smartphones as well. The study was
approved by the Medical Ethical Committee at the Erasmus
Medical Center. Written informed consent was obtained from
all participants and their parents.

Smartphone Application

The application was overseen by the departments of commu-
nication, security, legal affairs, and data protection of the
Erasmus Medical Center. Several rounds of technical devel-
opment and field testing were conducted before the applica-
tion was implemented within the Generation R Study. The
application was tested 3 times by 10 individuals, after which
adjustments to the design and software were made. The appli-
cation was aimed to record listening habits (ie, frequency, lis-
tening time, and listening level). Participants were able to use
their own headphones. To log in, a unique username and pass-
word were required, provided during participants’ visit at the
research center. After logging in, participants received a ques-
tionnaire regarding the brand and type of smartphone, volume
limit settings, the use of earphones or headphones for listen-
ing, and whether they tend to listen to music with 1 or 2 ears.
When participants completed the questionnaire, the applica-
tion started to run constantly in the background to collect data
on listening habits. For the specific methodology on how lis-
tening habits were recorded, see Paping et al.'® Although the
application period was intended to be 35 days, participants
could delete the application at any time. After 35 days, partici-
pants received a notification that the study ended and the
application could be deleted. Yet, some participants did not
remove the application, resulting in a monitoring period >35
days. Participants were included in the analyses if the time of
installation or the time between first and last measurement
was between 7 and 40 days.

Daily Noise Dose. Consistent with previous studies, the daily
noise dose was calculated on the basis of occupational
safety standards. The National Institute for Occupational
Safety and Health (NIOSH) defines a time-weighted average
of 85 A- weighted decibels (dBA) for an 8-hour period as
the maximum recommended noise dose per day.'® For every
3-dB increase in noise level, the allowable exposure time is
reduced by half. Exposures from individual activities in a
given day are added to calculate the daily noise dose. The
recommended daily noise dose should not be exceeded, as it
places an individual at a higher risk of acquired hearing
loss.

The data collected by the application were used to calcu-
late participants’ daily noise dose in several stages. First, we
converted the listening levels into estimated output levels in
dBA with a regression equation from literature. Several
studies have evaluated output levels of smartphones, reporting

different results.>'***?' Therefore, we performed our own
measurement with a modified probe test cavity of Otody-
namics. A hole was drilled at the bottom of the cavity to
tightly fit a Briiel & Kjaer 4189 microphone, and intra-aural
earphones were inserted into the cavity (Supplemental Figure
S1, available online). For 3 devices, output levels were mea-
sured at every intensity control level available with a sample
of white noise (Supplemental Figure S2). As the output levels
measured were most compatible with the study of Williams
et al (Supplemental Figure S3), this regression equation was
used to convert listening levels to sound levels.”' The equa-
tion is presented by

Sound level (dBA)=0.5904 Xvolume level (%)+38.78

Hereafter, the daily noise doses were calculated with the fol-
lowing formula:

C] C2 Cn
D=—+—+...+— X 100, wh
Tl Tz Tn , where

D = daily noise dose (%), C, = total time of exposure at a
specified noise level (min), and 7,, = exposure time at which
the noise for this specified level becomes hazardous (min).
The exposure time at which the noise for a specified level
becomes hazardous was calculated by

480
Thn= 7, where

(L-85

3

T, = exposure time at which the noise for this level becomes
hazardous (min) and L = exposure level (dBA). Last, the
mean daily noise dose was calculated for each participant by
adding all daily noise doses and dividing by the number of
days that the application was active (daily noise dose—all
days) or the number of listening days (daily noise dose—
listening days).

Audiologic Measures. Participants underwent pure tone audio-
metry and tympanometry in a sound-treated booth meeting
the maximum permissible ambient sound pressure levels of
ISO standard 8253-1 (International Organization for Stan-
dardization). Hearing assessment was performed before par-
ticipants installed the application. Air conduction thresholds
were obtained from 0.5 to 8 kHz via a clinical audiometer
(Decos audiology workstation version 210.2.6 with Audio-
Nigma interface) and TDH-39P headphones with MX-41/
AR ear cushions. Due to time constraints, no bone conduc-
tion thresholds were measured. All thresholds were mea-
sured according to the shortened ascending method based
on ISO standard 8253-1, which means that thresholds were
defined by the intensity level at which the tone was heard in
2 of 3 ascents. The right and left ears were alternately tested
first. Tympanometry (Interacoustics AT235h tympanometer
with a 226-Hz probe tone) was used to assess middle ear
function. Ear canal volume >0.3 mL, compliance >0.25
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mL, and middle ear pressure between —100 and 100 daPa
were considered normal.*

Noise-induced hearing loss is often presented as a notch
between 3 and 6 kHz or as high-frequency hearing loss.>***
Therefore, we calculated the pure tone average at 3, 4, and 6
kHz (notch) and 6 and 8 kHz (high frequency). When partici-
pants reported listening to the PLD with both ears, we
averaged the pure tone average of the right and left ears. Oth-
erwise, the pure tone average of the right or left ear was
selected, depending on which the participant predominantly
listened with. Participants who had missing or abnormal tym-
panometry with a pure tone average >15 dB HL (notch or
high frequency) were excluded to avoid possible inference of
external or middle ear pathology when the relationship
between noise exposure from PLDs and hearing thresholds
was examined.

Demographic Characteristics. Data on demographics were
obtained by parental questionnaires. Ethnicity was categor-
ized as Western (Dutch, European, American Western,
Asian Western, Oceanian) or non-Western.'’

Statistics. Statistical analyses were performed in IBM SPSS
statistics version 24 and R version 3.6.1. Descriptive statistics
were used to evaluate participants’ demographic characteris-
tics and listening habits. Spearman correlation coefficients
were calculated to evaluate the correlation between daily
noise dose and pure tone thresholds, which did not show a
normal distribution. A P value <.05 was considered statisti-
cally significant.

Results

Of the 3237 adolescents visiting the research center between
May 2016 and September 2019, 978 (30.2%) agreed to partic-
ipate in this substudy. Of these participants, 484 (49.5%) actu-
ally installed and started the application. We excluded
participants with a OnePlus smartphone, as listening levels
were incorrectly converted (n = 2), and participants with an
installation time or a time between first and last measurement
of <7 days or >40 days (n = 69). After the exclusion of parti-
cipants who did not listen to music or watch a video with
headphones at least once while the application was active (n =
99), 314 participants were included (Figure I). The demo-
graphics of the included participants are presented in Table I.
Differences in demographic characteristics between the
included and excluded participants are shown in Supplemen-
tal Table S1 (available online).

Listening Habits. Most participants had a Samsung smart-
phone (63.7%), followed by Huawei (11.1%) and Motorola
(9.2%). Apple was less common (4.1%), since the first ver-
sion of the application was designed for smartphones run-
ning the Android operation only. Earphones were used by
80.3% of the participants and headphones by 19.7%. The
majority reported listening to music with both ears (80.6%);
12.1% listened predominantly with the right ear and 7.3%
with the left. Listening habits were monitored over a
median course of 33 days (interquartile range [IQR], 22.0-

Table |. Demographic Characteristics.?

Characteristic No. (%)

Age, y, mean (SD) 13y 7 mo (5 mo)

Sex
Male 162 (51.6)
Female 152 (48.4)
Ethnicity®
Western 231 (73.6)
Non-Western 81 (25.8)
Unknown 2 (0.6)
Educational level®
Lower 64 (20.4)
Intermediate 51 (16.2)
Higher 160 (51.0)
Unknown 39 (12.4)
Household income, €°
<2800 71 (22.6)
>2800 194 (61.8)
Unknown 49 (15.6)

*Between-group differences were examined via the independent samples t
test and Pearson chi-square test. Differences were based on participants
with complete data regarding the variable.

PWestern ethnicity included Dutch, European, American Western (including
North American), Asian Western (including Indonesian and Japanese) and
Oceanian. Non-Western ethnicity included Turkish, Moroccan, Surinamese,
Antillean, Cape Verdean, African, Asian (except Indonesia and Japan), South
American, and Central American.

“The educational level of the participant was classified as low (primary edu-
cation only or preparatory secondary vocational education), middle (senior
general secondary education), or high (university preparatory education).
9A net household income was classified as below the national average
(<£€2800) or equal to or above the national average (>€2800).

35.0). The median number of days listening a week was 2.4
(IQR, 1.0-3.3). The median listening time was 20.2 minutes
a day (IQR, 8.8-50.8) when averaged over all days that the
application was active and 81.5 minutes (IQR, 46.7-128.0)
when calculated over only the listening days. The mean lis-
tening level was 55.0% (SD, 17.9%). When the listening
habits of Android (n = 301) and Apple (n = 13) users were
compared, we observed that Apple users listened less fre-
quently (median, 0.8 vs 2.1 days) and of shorter duration
(median, 6.5 vs 21.1 minutes). The listening levels were
comparable (mean, 56.6% vs 55.0%).

The majority of participants varied their listening habits
during the month (ie, frequency and listening time). No spe-
cific pattern was observed. The mean listening time did not
differ among days of the week (Supplemental Figure S4,
available online). Listening levels changed to a lesser extent.

Daily Noise Dose and Pure Tone Audiometry. The cohort’s
median daily noise dose was 0.7% (IQR, 0.1%-6.3%) for all
days and 2.7% (IQR, 0.2%-17.1%) for the listening days.
Seven participants (2.2%) exceeded the 100% daily noise
dose for all days and 31 (9.9%) for the listening days.
The 100% daily noise dose was exceeded at least once
during the monitoring period by 28.8% of the participants.
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Participants of the Generation R
Study visiting the research center
between May 2017 and March 2019
(First version application)

n=2928

Participants of the Generation R
Study visiting the research center
between April and September 2019
(Second version application)

n =309

n=24

Technical issues application
n=18

Not invited to participate
n= 1965 <
No consent or no (Android)

smartphone
n=160
Unknown

A

n=14

Technical issues application
n=9

Not invited to participate

n= 64

No consent or no smartphone

n=5
Unknown

A

Participants with an Android
smartphone receiving credentials

n=761

n =390
Smartphone application not installed

A

Participants with a smartphone
receiving credentials

n=217

n =104
Smartphone application not installed

A 4

Participants that installed the
smartphone application

n=371

Participants that installed the
smartphone application

n=113

n=2

Incorrectly converted volume levels
n=56

Time of installation <7 days <
n=2

Time of installation or time between
first and last measurement >40 days
n=28

n=9
Time of installation <7 days
n=2

Time of installation or time between

A4

first and last measurement >40 days
n=71
No data on listening habits

No data on listening habits

A4

Participants whose listening habits
were monitored over a period of 7 to
40 days.

n=314

Figure 1. Flowchart of study sample.

Figure 2 represents the distribution of participants’ mean
daily noise dose. In general, participants with a daily noise
dose for all days >100% listened more frequently, for a
longer period, and at a higher listening level than partici-
pants with a daily noise dose <100% (Figure 3).

Of the 314 participants whose listening habits were moni-
tored, 5 (1.6%) were excluded as no pure tone thresholds were
obtained and 10 (3.2%) because of missing or abnormal tym-
panometry in combination with a pure tone average >15 dB
HL (notch or high frequency). For the remaining 299 partici-
pants, scatterplots were created and Spearman correlation
coefficients calculated. No relationship was observed between
the daily noise dose and pure tone thresholds (Figure 4).
Spearman correlation revealed no significant correlations, as
demonstrated in Table 2. Results did not change when out-
liers (=3 SD) were eliminated from the analyses (all P > .8).

Discussion

About 2% of the adolescents in this population-based study
were estimated to exceed the NIOSH safety standard for occu-
pational noise'® solely by listening to PLDs. An increase to
9.9% was observed when only listening days were taken into
account. To our knowledge, just 1 study has measured PLD
use with a smartphone application.”> The 100% daily noise
dose was exceeded by 2.7% of the participants, which is con-
sistent with our findings. Studies based on self-reports to
assess daily noise exposure found that 16% to 26% of young
people exceed the safety standard when using PLDs.?%? This
finding may indicate that participants tend to overestimate
their listening habits and that self-reports cannot predict the
actual daily noise dose sufficiently. In the present study, we
observed that listening habits are highly variable. Self-reports
measuring listening habits at a single point in time may not
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Figure 3. Box plots of participants’ listening habits with mean daily noise dose (<100% and >100%) averaged over all days when the application
was active. Values are presented as median (line), interquartile range (box), 95% ClI (error bars), and outliers (circles).

account for this variability. Our research group recently
examined the accuracy of self-reported listening habits.'® The
results showed that the majority of adolescents were not able
to estimate their PLD use in a reliable manner. Listening
habits were overestimated by a quarter to a half of the

participants. We therefore consider an application of added
value when assessing PLD use.

Another possible explanation for the lower proportion of
adolescents exceeding the recommended daily noise dose in
present study is that adolescents who frequently expose
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points are outside the limit of the x-axis.

Table 2. Correlation Between the Daily Noise Dose and Pure Tone Average Across the Frequencies 3, 4, and 6 kHz and 6 and 8 kHz.

Spearman correlation coefficient P value
Daily noise dose—all days®
PTA-notch® 0.051 375
PTA-HF¢ 0.000 .998
Daily noise dose-listening days®
PTA-notch 0.068 242
PTA-HF 0.032 577

*The mean daily noise dose when averaged over all days when the application was active.

PPure tone average across the frequencies 3, 4, and 6 kHz (notch).
Pure tone average across the frequencies 6 and 8 kHz (high frequency).
9The mean daily noise dose when averaged over the listening days.

themselves to harmful listening levels through PLDs decided
not to participate. There was a selection toward a relatively
Western and highly educated population. Vogel et al found
that adolescents with a lower educational level report rela-
tively more exposure to hazardous music levels.”® As a result,
the number of young people exceeding safety standards when
listening to PLDs may be higher in the general population
than observed in our study.

No significant association was found between daily noise
exposure from PLDs and hearing thresholds. However, the
majority of participants had a relatively low daily noise dose,
which made it difficult to study the association. Second, as

noise-induced hearing loss develops slowly over years of
exposure, it could be that the effects of overexposure to PLDs
are not yet evident in this population with a relatively short
duration of PLD use. Kim et al found no association between
daily PLD use and hearing thresholds, but students who used
their PLDs for >5 years had significantly elevated hearing
thresholds.®

Strengths and Limitations. An application was developed for
this study to collect real-time data on PLD listening habits.
The application was easy to use and required minimal
storage capacity and battery. A limitation was that the
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application could be installed on only a single PLD. If parti-
cipants used multiple PLDs, the daily noise dose is an
underestimation of true value. Meanwhile, it is also possible
that the smartphone was used by someone other than the
participant or that the earphones or headphones were not
worn during a listening session, resulting in an overestima-
tion of the listening habits.

To calculate participants’ daily noise dose, the listening
levels registered by the smartphone were converted into esti-
mated output levels via a regression equation.?! According to
the literature, output levels vary by the type of headphones
used and style of music.>”*® We did not take these factors
into account, which could lead to an over- or underestimation
of participants’ true daily noise dose. However, we expect this
possible bias to be nondifferential. Furthermore, when daily
noise dose is calculated, other sources of recreational and
occupational noise exposure should be taken into account. We
would therefore recommend a lower cutoff for the maximum
daily noise dose due to PLDs alone.

In line with previous research, the daily noise dose was cal-
culated on the basis of occupational safety standards. To date,
there are hardly any guidelines on recreational noise exposure.
As there are authors suggesting that it is not appropriate to
simply adopt current occupational exposure limits to recreation
settings,? the results should be interpreted with caution.

The current study was conducted as part of the Generation
R Study. Hearing acuity was assessed by dedicated research
assistants with a small variance, resulting in a relatively
homogenous setting. A limitation of this study is that oto-
scopic examination and bone conduction audiometry were not
performed due to time constraints. Since our main interest
was sensorineural hearing loss, we decided to include only
participants with normal tympanometry in case of elevated
thresholds.

Unfortunately, the participation rate was lower than
expected. As mentioned previously, there was a selection
toward a relatively Western and highly educated population,
which may affect the generalizability of our findings. A lack
of consent and not having an Android smartphone were the
main reasons for exclusion. The lower response rate due to no
consent may be caused by the limited time at the research
center allocated to inform about the application. We observed
that the willingness to participate increased when more infor-
mation was provided. It is possible that we did not have ade-
quate power to detect an association between PLD use and
hearing acuity in present study, especially considering the
small sample exceeding the recommended daily noise dose.

The findings of this study revealed several important
knowledge gaps, including the impact of long-term PLD use
and other sources of recreational noise exposure on young
people’s hearing. It would also be of interest to examine
which sociodemographic and psychosocial factors are related
to unsafe listening habits, for the purpose of prevention.

Future Research. The application is currently being devel-
oped. An important adjustment is that adolescents using

Bluetooth headphones can also participate in the new ver-
sion of the application. Hearing acuity and listening habits
will be repeatedly measured in the future. We aim to exam-
ine the change in listening habits with age and the long-
term impact of PLD use on hearing.

Conclusions

The majority of adolescents exhibited safe listening habits
according to NIOSH criteria. The degree of noise exposure to
PLDs was not associated with hearing acuity. As noise-
induced hearing loss develops slowly over time, it could be
that the effect of PLD is not evident yet in this young popula-
tion with a relatively short duration of PLD use. Moreover, it
is possible that an association between PLD use and hearing
acuity would emerge with an increase in sample size.
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