Otology Korean J Otorhinolaryngol-Head Neck Surg 2026;69(10):472-80 / elSSN 2092-6529
https://doi.org/10.3342/kjorl-hns.2026.00367

Benefits of Active Noise Canceling to Prevent Excessive
Noise Exposure Via Personal Listening Devices

1,2 . e ey 2
Hee Jung Yun"*({, Seoyoung Jo™* ), Jeong-Seo Kim'®, Mini Jo’®,
Doyun Kim’, Sujin Lee’®, and 11 Joon Moon®’
'Department of Medical Device Management and Research, SAIHST, Sungkyunkwan University, Seoul, Korea; and
’Hearing Research Laboratory, Samsung Medical Center, Seoul, Korea; and
*Sunglyunkwan University School of Medicine, Suwon, Korea; and
*Department of Speech-Language Pathology and Aural Rehabilitation, Woosong University, Daejeon, Korea; and
’Department of Otolaryngology-Head and Neck Surgery, VHS Medical Center, Seoul, Korea, and
Department of Speech, Language, and Hearing Sciences, The University of Texas at Austin, Austin, TX, USA; and
"Department of Otolaryngology-Head and Neck Surgery, Samsung Medical Center, Sungkyunkwan University School of Medicine,
Seoul, Korea

ANG HH77) A A BEF 28 wF S AT 5F 23 AAY B3

S AP - BN 2P - PR - oA - BAFY
Ve skaL b g akelakekel o]l 1akistal A WY BRI AL Tl e ofstefa),
‘o skl Aojx| R - Azieksku) PFolH 51 Q] o]u]ol T u} “Department of Speech, Language, and Hearing Sciences,

The University of Texas at Austin, “drato]skal oJujfsh A A 8¢ ou|Ql &1}k A]

it
O

A

(

el

Background and Objectives The use of personal listening devices (PLDs), particularly
wireless earbuds, has increased substantially, raising concerns about noise-induced hearing
loss as users often raise volumes in noisy environments. Many recent earbuds are equipped
with active noise canceling (ANC) technology. This study aimed to evaluate the effectiveness
of ANC in four popular wireless earbud models using both subjective and objective methods
in simulated noisy conditions.

Subjects and Method A total of 47 participants with normal hearing completed listening
tests each using the earbud under ANC ON and ANC OFF conditions. Preferred listening lev-
els (PLLs) were obtained under bus and café noise conditions, and real-ear measurements
(REMs) were obtained under bus noise. Two-way repeated-measures analysis of variance was
used to compare PLLs and REMs across ANC conditions and earbud types.

Results Significant interaction effects between earbud type and ANC status were observed

Received  May 9, 2026
Revised June 27, 2026
Accepted  July 15,2026
Address for correspondence

11 Joon Moon, MD, PhD for both PLLs (»<0.001 in bus noise; p=0.003 in café¢ noise) and REMs (p<0.001 at low and
Department of Otolaryngology- whole frequencies; p<0.001 at high frequencies). Among the four models, earbuds C and D
Head and Neck Surgery, showed greatest reductions in both volume levels and ambient noise.

Samsung Medical Center, Conclusion Although ANC performance varied slightly between models, overall, ANC was
Sungkyunkwan University effective in reducing PLLs and real-ear sound levels in noisy environments. These findings
School of Medicine, suggest that ANC-equipped wireless earbuds may help reduce potential sound exposure dur-
81 Irwon-ro, Gangnam-gu, ing PLD use; however, further longitudinal studies with audiometric outcomes are needed to

Seoul 06351, Korea
Tel +82-2-3410-3044
E-mail moon.iljoon@gmail.com

determine whether these reductions translate into long-term hearing protection.
Korean J Otorhinolaryngol-Head Neck Surg 2026;69(10):472-80

Keywords Active noise canceling; Hearing protection; Noise-induced hearing loss;

*These authors contributed equally Noisy environments; Personal listening devices.
to this work.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/licenses/by-nc/4.0) which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

472 Copyright © 2026 Korean Society of Otorhinolaryngology-Head and Neck Surgery


https://orcid.org/0000-0002-3789-7048
https://orcid.org/0000-0002-0244-9683
https://orcid.org/0000-0001-5415-7343
https://orcid.org/0000-0002-8197-811X
https://orcid.org/0009-0003-4003-335X
https://orcid.org/0000-0002-3613-0734

Introduction

The use of personal listening devices (PLDs) among ado-
lescents and young adults has increased, raising concerns
about noise-induced hearing loss.” According to an interna-
tional standard (ISO-1999), the risk of noise-induced hearing
loss is considered negligible only when the A-weighted equiv-
alent continuous sound pressure level (LAeq) does not ex-
ceed 85 dB during prolonged exposure. Furthermore, various
organizations, such as the Occupational Safety and Health
Administration, the National Institute for Occupational Safe-
ty and Health, and the World Health Organization, have pro-
posed exposure limits based on an 8-hour exposure, setting
thresholds at 90, 85, and 75 dB LAeq, respectively. As sound
levels increase beyond these thresholds, the allowable expo-
sure duration decreases accordingly."® Given that sound lev-
els in modern daily environments often range between 75 and
87 dB LAeq, prolonged exposure may exceed recommended
safety thresholds."”” In addition, the use of PLDs in noisy
environments may contribute to increased volume levels to
receive target signals more clearly in the presence of back-
ground noise. This can lead to excessive noise exposure and
potentially cause noise-induced hearing loss. The association
between noise-induced hearing loss and the use of PLDs in
adolescents and young adults has been established in previ-
ous studies.”"

The active noise canceling (ANC) function of PLD tech-
nology may help to address this issue. ANC technology im-
proves the signal-to-noise ratio (SNR) in noisy environments
using microphones and speakers.” By reducing the need for
high-volume listening in noisy environments, ANC can act
as a potential preventative measure against self-induced noise
exposure.”"” PLDs equipped with ANC are widely used for
listening to music but also can be used for lectures or work
purposes.

Among PLDs, wireless earbuds are the most commonly
used device due to their ease of use and portability.® How-
ever, in-the-canal type earbuds deliver sound more directly
to the ear and are more likely to introduce excessive noise
compared to conventional speakers. Therefore, the latest wire-
less earbuds feature an ANC function, and manufacturers
continue to launch products with more advanced ANC tech-
nology. However, there is limited evidence on the efficacy of
these technologies to improve target sound detection. To bridge
this gap, we evaluated both earlier and recent ANC technol-
ogy in wireless earbuds and assessed their performance in
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real-world listening situations.

Previous studies have explored the impact of ANC tech-
nology on preferred listening levels (PLLs) and real ear mea-
surements (REMs) in noisy environments.”*” Findings sug-
gest that ANC earphones effectively reduce background noise,
particularly in the low-frequency range, leading to significantly
lower PLLs and potentially minimizing the risk of noise-in-
duced hearing loss. Among various earphone types, canal-
type ANC earphones demonstrate the most substantial noise
attenuation, emphasizing their role in promoting safer listen-
ing practices. However, these studies had small sample sizes
and were conducted using older generation ANC technolo-
gies. To address these limitations, we assessed the effective-
ness of ANC technology featured in the latest wireless earbuds
with a larger sample size in more realistic noisy environments.
We aimed to evaluate the effectiveness of the latest ANC tech-
nology in noisy environments by quantifying the level of noise
reduction when using ANC to estimate its impact on hearing

preservation in real-world noisy environments.

Subjects and Methods

Study participants

A total of 47 normal hearing young adults (20 males, 27
females) participated in this study. The inclusion criterion
was individuals with a pure-tone average (PTA) less than 25
dB HL across the frequencies of 500, 1000, 2000, and 4000
Hz, and they had no severe mental or physical disabilities.
None of the participants had a diagnosed history of tinnitus,
hyperacusis, or other otologic disease. All participants had
hearing thresholds within normal limits (<25 dB HL) at all
octave frequencies from 250 to 8000 Hz in both ears. PTAs
were 7.71 dB HL for the right ear and 6.38 dB HL for the left
ear. The demographics of the study participants are provided
in Table 1. We estimated the required sample size a priori us-
ing G*Power 3.1.9.4. Based on a previous study using a simi-
lar PLL/REM paradigm,"” a medium effect size was assumed
(f=0.25) for the sample size calculation. For a two-way re-
peated-measures analysis of variance (RM ANOVA) with two
within-subject factors, earbud type (four levels) and ANC
status (two levels), resulting in eight repeated-measure condi-
tions, the required sample size was 16 when a was set at 0.05,
statistical power at 0.80, and the correlation among repeated
measures was set at 0.5. The final sample of 47 participants
exceeded this requirement. This study was approved by the
Institutional Review Board of Samsung Medical Center (IRB
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No. 2023-02-117), and informed consent was obtained from
all participants.

Preferred listening levels

To quantify the level of noise suppression when using ANC,
we measured the PLLs. This psychoacoustic measure indi-
cates the volume level at which each participant perceived
the most comfortable volume without further adjustments.
Dynamic range and volume adjustment were requested by
each participant while listening to a song (“Dynamite” by
BTS) via wireless earbuds they were wearing. While they
were listening to the song, bus and café noises from YouTube
were provided from four surrounding speakers as background
noises. Fig. 1 presents the time-domain waveforms and Fast
Fourier Transform of the noise signals plotted using Python.

The waveform of the bus noise showed greater fluctuations

compared to the café noise, and its frequency spectrum indi-
cated dominant low-frequency energy. In contrast, the café
noise showed relatively higher energy in the mid-frequency
range. This everyday noise was adjusted such that its LAeq was
80 dB SPL, as measured using a sound-level meter (2250
Light, Briiel & Kjaer) and presented from loudspeakers locat-
ed at 45°, 135°,225°, and 315° relative to the participant.
After listening to the song in the presence of environmen-
tal noises for a few minutes, the participants were asked to ad-
just the volume level to determine the most comfortable level
among 15 volume control steps available on a smartphone
(Samsung Galaxy S9, Samsung Electronics) when the ANC
function was turned on (referred to as ANC ON) or off (re-
ferred to as ANC OFF), respectively. We instructed each par-
ticipant as follows: “Please start with the smartphone’s vol-
ume at zero and adjust it to the most comfortable level for you

Table 1. Demographic and audiometric characteristics of study participants

Variables Value (n=47)
Age (yn) 28.64+4.88
Sex
Male 20 (42.55)
Female 27 (57.45)
Pure-tone air-conduction thresholds
Ear 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz PTA*
Right 11.49+5.51 8.09+£5.37 8.09+4.49 7.02+5.58 7.66+7.79 4.57+7.86 7.71+4.00
Left 9.15+5.93 4.89+5.37 7.13+4.86 6.06+6.99 7.45+8.00 3.30+7.61 6.38+4.80
Data are presented as mean +standard deviation or n (%). *pure-tone average (PTA) of 500, 1000, 2000, and 4000 Hz.
Waveform: bus noise Waveform: café noise
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Fig. 1. Time-domain waveforms and FFT spectra of noise signals: bus (A) and café (B). FFT, Fast Fourier Transform.
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to enjoy the song you are listening to through the earbuds.”
We tested PLLs with ANC ON and ANC OFF separately us-
ing four different earbud types while all conditions remained
the same to ensure consistency. For PLL testing, the order of
earbud types and ANC conditions (ANC OFF and ANC ON)
was randomized across participants to minimize potential or-
der effects. These four earbuds were commercially available
devices released on the market after 2019 and referred to as
A, B, C, and D throughout this study. The earbuds were man-
ufactured by two internationally well-known electronics com-
panies, with sets A and B from one company and sets C and
D from the other. A and C were the newest generation of wire-
less earbuds, whereas B and D were the previous generation
versions of the A and C devices, respectively. The available
key technical specifications of the four earbuds, including
form factor, driver configuration, microphone arrangement,
ANC processor generation, ANC type, and Bluetooth ver-
sion, are summarized in Supplementary Table 1. For the ex-
periment, REM was performed directly to measure the in-
crease in sound pressure level (SPL) in dB (dB SPL) as the
volume increased. The measured dB SPL for each volume
step is presented in Table 2; step increments were larger at
lower volumes and smaller at higher volumes.

The PLLs measured when the ANC function was off (ANC
OFF) vs. on (ANC ON) were compared to quantify the ef-
fect of ANC on background noise reduction and enhancing
SNR. The 15 volume control steps (scaled from 1 to 100) on
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the smartphone were measured in LAeq (in dB SPL) using a
sound-level meter (2250 Light, Briiel & Kjaer) with a 2-cc
coupler compliant with the IEC 60318-5 standard and are
presented in Table 2. All measurements were conducted in an

anechoic chamber.

Real ear measurement

REM is an objective method that accurately assesses the
level of sound amplification of a hearing aid sitting in the ear
canal and is considered the gold standard for verifying hear-
ing aids in audiology. We applied the REM (Affinity 2.0, In-
teracoustics) to measure the SPL of the signal provided by
each set of earbuds (A, B, C, and D). After calibration, a
probe tube was labeled 30 mm from its tip and inserted into
the ear canal of the right ear of each subject. The in-ear SPLs
were measured under both ANC OFF and ANC ON condi-
tions with background noise (bus noise) emitted from four
surrounding speakers. For REM testing, the order of earbud
types and ANC conditions was also randomized across par-
ticipants. The dB SPLs measured in the ANC OFF and ANC
ON conditions were then compared to quantify the effect of
ANC on noise reduction.

Statistical analysis

Statistical analyses were performed using R 4.1.3 (R Foun-
dation for Statistical Computing). Two-way RM ANOVA was
conducted to compare PLL and REM results across ANC con-

Table 2. A-weighted equivalent continuous SLPs (LAeq, dB SPL) corresponding to the 15 volume steps on the smartphone

Volume control Volume levels shown on the smartphone

A-weighted SLP (LAeq, dB SPL)

steps (Samsung Galaxy S9) Earbud A Earbud B Earbud C Earbud D
1 7 39 41 37 38
2 14 45 47 43 46
3 20 51 53 49 52
4 27 57 59 54 58
5 34 63 65 60 64
6 40 69 70 64 68
7 47 72 73 69 73
8 54 75 76 73 77
9 60 78 79 78 82

10 67 81 82 82 86
11 74 85 85 86 90
12 80 88 88 89 93
13 87 91 91 93 97
14 94 94 94 97 101
15 100 97 97 100 104

dB SPL values were measured in a 2-cc coupler (IEC 60318-5) using a sound-level meter (2250 Light, Briel & Kjcer). Volume control
steps (1-15) correspond to the 1-100 volume scale shown on the smartphone (Samsung Galaxy S9). LAeq, A-weighted equiva-
lent confinuous sound pressure level; dB SPL, sound pressure level in decibels.
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ditions (ANC OFF and ANC ON) and earbud type (A, B, C,
and D). Post-hoc analysis was conducted to compare the effect
of ANC across earbuds, and all reported p values for pairwise
comparisons were adjusted using Tukey adjustment for multi-
ple comparisons. Statistical significance was defined as a two-
sided p<0.05.

Results

Preferred listening levels

PLL results are shown in Table 3 and Fig. 2. Descriptive
statistics, including mean values, standard deviations, within-
participant mean differences between ANC OFF and ANC
ON (AdB SPL), and 95% confidence intervals for the mean
differences, as well as effect size measures, are presented in

Table 3. Volume levels on the smartphone were converted to

corresponding dB SPL values (Table 2) for data analysis.
Two-way RM ANOVA results showed that PLLs had signifi-
cant interaction between earbud type and ANC status in
both bus noise (F(3, 138)=7.03, p<0.001) and café noise (F(3,
138)=5.02, p=0.003) conditions. We also found a significant
main effect of ANC (F(1, 46)=282.90, p<0.001 with bus noise;
F(1, 46)=270.47, p<0.001 with café noise) and earbud type
(F(3, 138)=43.60, p<0.001 with bus noise; F(3, 138)=32.83,
»<0.001 with café noise). Post hoc analysis was performed to
compare the ANC function across the four different earbuds.
The difference in PLLs measured in the ANC OFF and ANC
ON (AdB SPL in Table 3) was calculated and then compared.
Earbud C demonstrated the greatest reduction in PLLs at
ANC ON (average 7.58 AdB SPL with bus noise, 6.52 AdB
SPL with café noise). Post-hoc analysis revealed that earbud
C had a significantly greater reduction than earbuds A and B

Table 3. Comparison of PLLs (LAeq, dB SPL) between ANC OFF and ANC ON across four earbuds

AdB SPL Interaction Main effect Main effect
Earbud ANC OFF ANC ON AdB SPL 95% Cl Earbud x ANC  Earbud type ANC
Bus noise
A 64.14+7.21 58.96+7.87 518+3.76 4.08-6.28
B 63.44+7.19 58.81+7.91 4.63+3.56 3.59-5.68 F=7.03 F=43.60 F=282.90
p<0.001 p<0.001 p<0.001
c 68.07£7.62 60.49+7.46 7.58+3.64 6.51-8.65 p=0.133 "Pp=0.487 "2p=0.860
D 69.77+8.36 63.85+7.78 592+3.94 476-7.08
Café noise
A 63.8617.66 59.19+7.99 4.67+3.29 3.70-5.64
B 63.24+7.48 59.46+7.89 3.78+3.21 2.84-4.72 F=5.02 F=32.83 F=270.47
. . . p=0.003 p<0.001 p<0.001
c 66.8147.62 60.29+7.57 6.52+4.13 531-7.73 p=0.098 Pp=0.416 p=0.855
D 69.15+7.70 63.56+7.32 5.59+4.56 425-693

Data are presented as mean +standard deviation. AdB SPL=ANC OFF-ANC ON (reduction in preferred listening level). AdB SPL
values and 95% Cls were calculated from within-participant differences. n?p, partial eta-squared (0.01, 0.06, and 0.14 indicate
small, medium, and large effects). PLL, preferred listening level; LAeq, A-weighted equivalent continuous sound pressure level;
ANC, active noise canceling; Cl, confidence interval; dB SPL, sound pressure level in decibels.

40
Kk
r 1
kekk
30 A —
z
@)
@]
<
) 20 °
e
o
z 8
< o
o
©
_ig
2 |
0 -
-10 T T T T

A B C D

A Type of earbuds

40
Kok
—
30 1
Zz
O
O
z
\ 20
5 ; ;
EZ() )
= 0 g
o
5 ==
= 0 °
-10 T T T T
A B C D
B Type of earbuds

Fig. 2. Comparison of AdB SPL across four earbud types under bus (A) and café (B) noise conditions. **p<0.01; ***p<0.001. LAeq, A-
weighted equivalent continuous sound pressure level; dB SPL, sound pressure level in decibels.

476



under bus noise (p=0.004 and p<0.001, respectively) and
than earbud B under café noise (p=0.002). The other earbuds
did not differ significantly from one another.

Real ear measurement

We analyzed the sound reduction in dB SPL measured by
REM at low frequencies (125—500 Hz), high frequencies
(3000—6000 Hz), and whole frequencies (125—6000 Hz) sep-
arately. ANC best controls low-frequency noises (100—500
Hz).>” A comparison of changes in dB SPL values between
ANC OFF and ANC ON at low and high frequencies may
provide complementary information to characterize the ef-
fect of ANC on noise suppression. Table 4 and Fig. 3 present
comparisons of changes in dB SPL between ANC OFF and
ANC ON. Descriptive statistics, including mean values, stan-
dard deviations, within-participant mean differences between
ANC OFF and ANC ON (AdB SPL), and 95% confidence
intervals for the mean differences, as well as effect size mea-
sures, are presented in Table 4. SPLs were generally lower in
the ANC ON condition, particularly at low frequencies. The
interaction between earbud type and ANC status was signif-
icant at low frequencies (F(3, 138)=21.42, p<0.001), high fre-
quencies (F(3, 138)=9.26, p<0.001), and whole frequencies
(F(3, 138)=20.64, p<0.001). Also, there was a significant main
effect of ANC status (F(1, 46)=1705.66, p<0.001 at low fre-
quencies; F(1, 46)=24.36, p<0.001 at high frequencies; F(1,

Active Noise Canceling in Wireless Earbuds I Yun HJ, et al.

46)=954.58, p<0.001 at whole frequencies) and earbud type.
As expected, the amount of sound reduction between ANC
OFF and ANC ON (AdB SPL) was larger at low frequencies
(approximately 20—28 dB SPL) compared to those at high
frequencies (approximately -1 to 3 dB SPL) and whole fre-
quencies (approximately 9—14 dB SPL), as shown in Table 4.
Earbud C had the greatest mean reduction at low frequencies
(28.87 dB) and across the whole frequency range (14.88 dB),
whereas earbud D had the greatest mean reduction at high
frequencies (3.41 dB). At low frequencies, earbud C showed
significantly greater attenuation than earbuds A, B, and D
(all Tukey-adjusted p<0.001), and earbud D showed greater
attenuation than earbud A (p=0.005). At high frequencies,
earbuds A, C, and D showed greater attenuation than earbud
B (all p<0.001); the differences among earbuds A, C, and D
were not significant. Across the whole frequency range, ear-
bud C showed greater attenuation than earbuds A and B (both
»<0.001), and earbud D showed greater attenuation than ear-
buds A and B (p=0.007 and p<0.001, respectively). The dif-
ference between earbuds C and D was not significant (p=
0.282). No other pairwise comparisons were significant.

Discussion

This study investigated the effect of ANC on noise reduc-
tion in four commercially available earbuds featuring the lat-

Table 4. Comparison of REM-measured dB SPL between ANC OFF and ANC ON across earbuds and frequency ranges

AdB SPL Interaction Main effect Main effect
eTise ANE CI7F ANSEN ACSIHL 95% Cl Earbud X ANC  Earbud type ANC
Low frequencies (125—500 Hz)
A 63.94+4.80 43.79+8.16 20.15+6.70 18.18-22.12
B 62.26+5.11 40.52+9.91 21.73+6.94 19.69-23.77 F=21.42 F=9.07 F=1705.66
. . . p<0.001 p<0.001 p<0.001
c 63.74+4.72 34.88+6.35 28.87 +6.54 26.95-30.79 p-0318 p=0.165 0974
D 63.98+4.48 39.99+5.37 23.99+4.57 22.64-25.33
High frequencies (3000—6000 Hz)
A 34.35+7.02 32.16+5.63 2.19+3.87 1.05-3.33
B 34.70+5.66 35.66+5.69 0.96+3.17 -1.89— -0.03 F=9.2¢6 F=11.30 F=24.36
p<0.001 p<0.001 p<0.001
c 35.99+6.61 33.43+5.24 2.55+4.60 1.20-3.90 p=0.168 p=0.197 0,346
D 38.94+7.23 35.53+5.86 3.41£5.85 1.69-5.13
Whole frequencies (125—-6000 Hz)
A 48.44+5.41 38.23+6.12 10.21+3.87 9.07-11.35
B 46.88+5.39 37.87+6.71 9.01+3.47 7.99-10.03 F=20.64 F=6.54 F=954.58
p<0.001 p<0.001 p<0.001
C 48.08+5.62 33.20+5.06 14.88+4.84 13.46—16.30 n2p=0.310 n?0=0.124 N?0=0.954
D 50.03+6.18 36.63+5.04 13.40+5231 11.84-14.96

Data are presented as mean+standard deviation. AdB SPL=ANC OFF-ANC ON (sound attenuation by ANC). Mean +standard
deviation and 95% Cls were computed from the per-participant differences (n=47). n%o, partial eta-squared (0.01, 0.06, and 0.14
indicate small, medium, and large effects). ANC, active noise canceling; REM, real-ear measurement; Cl, confidence interval; dB

SPL, sound pressure level in decibels.
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est ANC technology. Results showed significant interaction
effects for both ANC status and earbud type in PLLs and
REM measurements. This suggests that the effectiveness of
ANC varies depending on earbud type, which may reflect the
variability in ANC across commercially available earbuds.
A previous study that compared ANC features in wireless
canal-type earphones to those in wired canal-type earphones
reported an average reduction of 6 to 12 volume levels in
PLLs, a decrease of 15.5 dB SPL across the low-frequency
range, and a decrease of 7.7 dB SPL across the whole frequen-
cy range.” Another study compared ear-canal earphones to
on-the-ear earphones and covering-the-ear earphones and
found an average reduction of 2.7 dB SPL in PLL and 3.1 dB
SPL in REM across the three types of earphones.”” Similar-
ly, Hoshina, et al.?” evaluated the effects of ANC in various
earphone and headphone types, finding that canal-type ear-
phones equipped with ANC reduced PLLs to safer levels be-
low 75 dB SPL (A-weighted) even in noisy environments,
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highlighting the important role of ANC in reducing hearing
risk. Our results were consistent with the findings of previ-
ous studies, while the latest ANC technology showed slight-
ly better noise suppression compared to the previous genera-
tion ANC technology.

Moreover, this study showed a significant main effect of
ANC and earbud type on both PLL and REM tests, with both
measures (dB SPL) being lower when ANC was on. Post hoc
analyses showed differences between the four earbuds. In the
PLL test, earbud C showed the most significant differences
compared to other earbuds. In the REM test, earbud C showed
the largest mean reductions at low frequencies and across the
whole frequency range, whereas earbud D showed the largest
mean reduction at high frequencies.

When we tested the four commercially available wireless
earbuds equipped with ANC technology, all tested earbuds
were effective in suppressing noise levels both subjectively
(PLLs) and objectively (REM values), as both PLL and REM



results (dB SPL) were significantly lower when ANC was on
(Tables 3 and 4). All tested earbuds consistently showed a
considerable reduction in sound level at low frequencies when
ANC was on. Low-frequency noise, such as traffic noises and
amplified background music, is pervasive in daily life and is
often recognized as “unwanted sound” that deteriorates SNR.
Since this noise tends to propagate over longer distances, it can
be difficult to avoid.”” These results indicate that ANC tech-
nology may help reduce potential sound exposure by attenu-
ating low-frequency environmental noise and allowing users
to select lower PLLs in noisy environments.

Post-hoc analyses showed different results across the four
earbuds, suggesting variability in ANC performance among
commercially available wireless earbuds. In PLL testing, ear-
bud C showed the most consistent significant post-hoc dif-
ferences compared with the other earbuds. In REM testing,
earbud C showed the greatest reduction at low and whole fre-
quency ranges, whereas earbud D showed the largest reduc-
tion at high frequencies. As summarized in Supplementary
Table 1, the tested models differed in several publicly avail-
able technical specifications, including driver configuration,
microphone arrangement, ANC processor generation, ANC
type, and Bluetooth version. These differences may partly
explain the observed between-model variability in PLL and
REM outcomes. However, because detailed proprietary in-
formation regarding internal acoustic design, chipset archi-
tecture, and ANC algorithms was not publicly disclosed by
the manufacturers, the exact technical mechanisms underly-
ing the differences in ANC performance could not be fully
determined.

Despite these advantages in terms of noise reduction, ANC
function has several limitations. First, as shown in our REM
results, it is challenging to block high-frequency noise effec-
tively. High-frequency sounds have shorter wavelengths and
faster oscillations, which can make it challenging to generate
an opposing wave in time for effective noise cancellation. On
the other hand, low-frequency sounds oscillate more slowly,
providing sufficient time to generate an effective opposing
wave for noise cancellation.” The significant noise reduction
at high frequencies observed with earbud D suggests that
mitigating high-frequency noise may be an important factor
in improving listening performance in everyday noisy envi-
ronments. However, safety concerns exist. For instance, im-
portant emergency signals are at high frequency and could be
missed, as could roadway or vehicle noise that may potential-
ly lead to unwanted traffic accidents.”**” Despite these draw-

Active Noise Canceling in Wireless Earbuds I Yun HJ, et al.

backs, ANC may be a useful tool for reducing perceived back-
ground noise and supporting more comfortable listening in
challenging noisy conditions.

This study has several limitations. First, the effectiveness of
ANC in PLDs may be influenced by individual variation in
ear shape, earbud fit, ear tip size, and earbud design. Although
these factors reflect important aspects of real-world use, they
were not systematically manipulated in the present study. Sec-
ond, the study included 47 young adults with normal hear-
ing. This restricts the representativeness of the sample and
limits the generalizability of the findings to broader popula-
tions, particularly adolescents, older adults, and individuals
with hearing loss, who may have different listening behaviors,
noise exposure patterns, auditory sensitivity, and susceptibil-
ity to noise-related risks. Third, the experiments were con-
ducted under controlled, laboratory-based conditions using
selected environmental noises and standardized listening pro-
cedures. Specifically, the listening tasks used one bus noise
recording, one café noise recording, and a single music track,
and the REM measurements were conducted in an anechoic
chamber. Although this approach allowed systematic com-
parison across earbud types and ANC conditions, it may not
fully reflect the complexity and variability of real-world lis-
tening environments, where background noise, user move-
ment, earbud fit, music content, and listening behavior can
vary substantially. Therefore, the present findings should be
generalized to everyday listening situations with appropriate
caution. Fourth, the analysis was limited to PLD devices man-
ufactured by two companies, which may restrict the general-
izability of the findings to other commercially available de-
vices. In addition, proprietary ANC algorithms and detailed
internal acoustic designs were not disclosed by the manufac-
turers, making it difficult to fully characterize the technical
mechanisms underlying the between-model differences in
ANC performance observed in this study. Lastly, our LAeq
measurements were not normalized to an 8-hour exposure
duration (LEX, 8 h). Therefore, direct comparison with reg-
ulatory hearing damage risk thresholds was not possible, and
caution should be taken when interpreting the noise exposure
results in the context of long-term hearing safety. The majori-
ty of participants were female, which may also reflect par-
ticipation bias. Although sex was not a primary variable of
interest, this imbalance may affect the generalizability of the
results and should be considered.

In conclusion, ANC-equipped wireless earbuds reduced

PLLs and real-ear sound levels in noisy environments, partic-
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ularly by attenuating low-frequency background noise. These
findings suggest that ANC may help reduce potential sound
exposure during PLD use. However, because this study did
not assess longitudinal audiometric outcomes or the inci-
dence of NIHL, the results should not be interpreted as direct
evidence that ANC prevents NIHL. Further studies are need-
ed to evaluate the long-term implications of ANC use for
hearing health.

Supplementary Materials

The Supplement is available with this article at https://doi.
org/10.3342/kjorl-hns.2026.00367.
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