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Validation of two efficient and robust smartphone-based threshold (GRaBr) and loudness
(rACALOS) measures in typical home settings

Chen Xu,! Lena Schell-Majoor,! and Birger Kollmeier!
! Medizinische Physik and Cluster of Excellence Hearing4all, Universitdit Oldenburg, D-26111

Oldenburg, Germany

Reliable hearing assessment at home can improve accessibility and reduce dependence on in-
clinic testing. To be viable, home-based procedures must provide accurate results within short
measurement times and remain robust to factors such as ambient noise and variable user
attention. This study validated two such procedures—a Graded Response Bracketing method for
pure-tone threshold estimation and a reinforced adaptive categorical loudness scaling method for
loudness-growth assessment—using remote, smartphone-based testing. Fifteen young adults with
normal hearing completed the tasks at home and in the laboratory. Ambient noise levels in home
environments were also recorded. Test-retest reliability was assessed by repeating the home
measurements on a separate occasion.

Remote measurements closely matched laboratory results, with mean differences below 1 dB for
threshold estimation and below 5 dB for loudness scaling. Test-retest differences obtained at
home were small, remaining below 2 dB for threshold estimation and below 1 dB for loudness
scaling. These findings demonstrate that smartphone-based pure-tone audiometry and loudness-
scaling assessments can achieve high accuracy, efficiency, and reliability when using these
procedures, provided that basic acoustic-hygiene conditions (e.g., sufficiently low ambient noise)

are maintained.

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice. 1


https://doi.org/10.1101/2024.11.19.24317529
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.11.19.24317529; this version posted January 8, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Keywords: remote audiology; ambient noise; validity and reliability; categorical loudness scaling

Corresponding author: Chen Xu

Contact:

chen.xu@uni-oldenburg.de

Department of Medical Physics and Acoustics, Faculty VI

Carl von Ossietzky Universitdit Oldenburg, 26111, Oldenburg, Germany

ACKNOWLEDGMENTS
This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research

Foundation) under Germany's Excellence Strategy — EXC 2177/1 - Project ID 390895286.

DECLARATION OF CONFLICTING INTERESTS

The authors declare that there is no conflict of interest.


https://doi.org/10.1101/2024.11.19.24317529
http://creativecommons.org/licenses/by-nc-nd/4.0/

10

11

12

13

14

15

16

17

18

19

20

21

22

23

medRXxiv preprint doi: https://doi.org/10.1101/2024.11.19.24317529; this version posted January 8, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

INTRODUCTION

Pure-tone audiometry, a threshold-based testing approach, is widely used to detect hearing
loss and guide audiogram-based hearing aid fitting. Its application for mobile and remote testing
has therefore received much interest (see Almufarrij et al., 2022 for a review). In contrast, supra-
threshold methods such as categorical loudness scaling (CLS, Hellbriick, 1987; Kollmeier, 1997)
to characterize supra-threshold deficits and support loudness-based fitting have received much
less attention in the literature on mobile or remote applications (Kopun et al., 2022; Xu et al.,
2024a). However, this method appears to be particularly suitable for such applications because it
is inherently robust to device calibration offsets (Almufarrij et al., 2022; Xu et al., 2025) due to
its parameter estimation relying on level differences rather than on absolute levels. Hence, both
of these methods are attractive for mobile and remote testing if they are reliable, robust against
disturbances, and provide valid estimates of what would be measured in a clinical setting. The
current paper aims at validating refined versions of them that fulfill these requirements.

Accurate estimation of hearing thresholds remains essential for obtaining reliable reference
data in both threshold- and supra-threshold-based tests. Previous work examined the effect of
experimenter supervision on smartphone-based pure-tone audiometry and adaptive CLS
(ACALOS, Brand and Hohmann, 2002) in a sound-attenuated booth with normal-hearing and
hearing-impaired listeners, showing no significant supervision effect (Xu et al., 2024b). To
further improve threshold estimation with respect to efficiency and robustness against inattention,
we developed the graded adaptive response bracketing (GRaBr) method (Xu et al., 2024a), a
model-free adaptive procedure that replaces the conventional yes-no paradigm with a two-
interval task in which listeners indicate whether they heard none, one, or two sounds. Compared

with the single-interval up—down (SIUD) method, which presents a cue tone in a second interval
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at a fixed level above the target tone (Lecluyse & Meddis, 2009), GRaBr adaptively adjusts this
level difference. Simulation studies, including Xu et al. (2024a), showed that this adaptive
strategy yields substantially higher efficiency and robustness, particularly under both long- and
short-term inattention. However, a validation of the remote GRaBr listening test with real
participants in a home environment—where susceptibility to distractions is higher—against
laboratory-based assessments is still lacking, which motivated part of the present study.
Furthermore, we consider the adaptive CLS procedure for remote testing which poses
challenges in fluctuating ambient noise in home environments that could affect loudness
judgments at low sound pressure levels (SPL). Oetting et al. (2014) reported that the mean intra-
subject standard deviation of loudness levels close to the threshold was notably high (around 10
dB), yielding significant variability in the hearing threshold estimation from loudness judgments
near the threshold. In contrast, the mean intra-subject standard deviation at the level
corresponding to 50 categorical units on the loudness function (i.e., the estimated uncomfortable
loudness level) was below 5 dB, indicating that this measure is more reliable than the threshold
estimate. Hence, despite its advantages for assessing supra-threshold hearing problems
mentioned above, the conventional ACALOS procedure often fails to accurately predict
audiometric thresholds, likely due to differences in stimulus type and psychophysical paradigm
(Oetting et al., 2014). To overcome this limitation, we propose the reinforced adaptive
categorical loudness scaling (rACALOS) method (Xu, 2025), which incorporates a refined
threshold estimation process into ACALOS. This unified approach combines threshold and
supra-threshold assessments in a single, time-efficient test, improving estimation accuracy of the

hearing threshold and facilitating remote implementation on smartphones.
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Taken together, the present study aims at validating the performance and test-retest reliability
of these novel smartphone-based methods for remote hearing assessment - GRaBr for threshold
estimation and rACALOS for categorical loudness scaling - when conducted by listeners in
typical home environments in comparison to the reference tests conducted inside the laboratory
using the baseline procedures. This study evaluates whether these procedures yield accurate and
reliable measures under realistic, uncontrolled acoustic conditions which is a prerequisite for

future integration into mobile hearing assessment platforms.

METHODS

Participants

Fifteen young adults with normal hearing (aged 20 to 35 years; 4 men, 11 women)
participated in this study. All participants were members of working groups or students at the
University of Oldenburg and were recruited primarily through informal requests within the labs.
The three authors did not participate in the study as subjects. All participants self-reported no
hearing issues and were classified as being normal hearing (NH) in former studies. Two
inclusion criteria were applied: (i) the air-conduction pure-tone average (PTA-4) at 0.5, 1, 2, and
4 kHz in the better ear had to be less than or equal to 20 dB HL, and (ii) symmetric hearing,
defined as a threshold difference of no more than 20 dB between ears at any test frequency. All
15 participants met these criteria. Some listeners (N = 5) received compensation of €12 per hour
for their participation, while others took part as part of their work duties. The study was
approved by the Research Ethics Committee of the University of Oldenburg (Drs. EK/2023/004).

Reference Laboratory-Based Testing Inside a Booth

We reused the data set from our previous study (Xu et al., 2024b) as the reference laboratory-

based listening tests. Full methodological details are provided in Xu et al. (2024b). Following a
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repeated-measures design, the participants in the present study were the same individuals as

those in Xu et al. (2024b). All measurements were conducted by an experimenter inside a sound-
attenuated booth. Hearing thresholds were obtained using the SIUD procedure (Lecluyse &
Meddis, 2009), and loudness growth functions were assessed using the ACALOS procedure
(Brand & Hohmann, 2002). Please note that the SIUD procedure has been validated against the
clinical audiograms in Lecluyse and Meddis (2009), hence we assume that thresholds measured
by SIUD are comparable to the standard clinical audiogram. Both tests were performed at 0.25, 1,

and 4 kHz.

Equipment, Procedure, and Environment for Remote Testing

Prior to the start of remote testing, a test kit was assembled, which included a smartphone
(OnePlus, Android), a USB-C charger, and HD650 circumaural headphones (Sennheiser,
Wedemark, Hanover, Germany). The smartphone and headphones were pre-calibrated using a
Briiel & Kjer (B&K) artificial ear 4153, a B&K 0.5-inch microphone 4134, a B&K microphone
pre-amplifier 2669, and a B&K measuring amplifier 2610, with a target calibration level of 80
dB SPL. There was only one test kit in use, and the setup was calibrated once at the beginning of
data collection. Upon handing over the test kit, participants received a brief oral explanation of
the remote experiments, and consent forms were signed before they began. The oral instructions
consisted of three parts: test environment check, internet connection check, and steps for
conducting the remote experiments. The details are provided below. Participants could initiate
testing at home by connecting to the internet via WLAN and accessing the provided website. For
data security, a VPN connection was established using the ‘GlobalProtect’ app when accessing
the site. The workflow of the web-based application for remote testing was described in Xu et al.

(2024b). A Raspberry Pi 3 Model B (Raspberry Pi Foundation, UK), a Linux-based micro-
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92  controller, served as the server hosting the measurement site. All behavioral data were stored on
93  an SD card within the Raspberry Pi, located at the University of Oldenburg.

94 Listeners were asked to complete remote testing at home on two separate days within a

95  week—one for the test measurement and the other for the retest measurement. Each day’s testing
96 lasted approximately half an hour, resulting in a total testing time of one hour per participant.

97  The home environments were primarily located in rural regions of northwestern Germany and

98 cities such as Oldenburg, Cloppenburg, Jever, and Bad Zwischenahn.

99 Noise Level Measurement for Remote Testing
100 Ambient noise was measured using the freely available “Decibel X smartphone app
101 (SkyPaw Co., Ltd.), configured with an A-weighted filter and a 500-ms slow time weighting.
102 The app displayed real-time, average, and maximum noise levels but did not record audio. To
103 calibrate the smartphone’s internal microphone, a Class 3 digital sound level meter (Voltcraft
104  SL-100; +2 dB at 1 kHz), previously calibrated in our laboratory, was placed next to the phone
105  while 80-dB SPL narrowband noise was presented via a laptop. The app’s gain was then adjusted
106  to match the digital meter, requiring a correction of 13.7 dB. The same smartphone and
107  headphones were used for all participants to ensure consistent gain.
108 At the beginning of each remote session, participants documented the current ambient noise
109  level. They were instructed to monitor real-time noise using the app and to pause testing
110  whenever levels exceeded 45 dB(A), a threshold selected based on Kopun et al. (2022), who
111 showed that remote loudness-scaling results remain comparable to laboratory measurements
112 below 50 dB(A) ambient noise level. The time and location of each remote session were also

113  recorded.
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114 Remote Listening Tests at Home

115 A total of 24 sessions were conducted by each subject at home, consisting of 4 listening tests
116  (SIUD, GRaBr, ACALOS, and rACALOS; see details below) across 3 test frequencies (0.25, 1,
117  and 4 kHz) and 2 runs (test and retest), presented in randomized order. Please note that the test
118  and retest measurements are referred to as Run 1 and Run 2, respectively. Participants were

119  instructed to take short breaks between sessions.

120 Remote pure-tone audiometry

121 Remote pure-tone thresholds were measured using two adaptive procedures: the SIUD

122 method and the GRaBr approach (Lecluyse et al., 2009; Xu et al., 2024a). In both tasks, each

123 trial contained a probe tone and a higher-level cue tone, and listeners reported whether they

124 heard zero, one, or two tones. The cue tone was muted on 20% of trials (catch trials). The key
125  difference between the procedures is that SIUD uses a fixed 10-dB level difference between

126 probe and cue tones, whereas GRaBr adapts this difference: it starts at 10 dB, decreases to 5 dB
127  after the first “one-tone” response, and to 2 dB after the second.

128 In SIUD, the step size of the probe tone level began at 10 dB and was reduced to 2 dB after
129  the first “one-tone” response (by setting the level to the midpoint of the preceding two levels). In
130  GRaBEr, step sizes were 8, 6, 3, and finally 1 dB after the first, second, and third reversals,

131 respectively. In both procedures, levels were adjusted adaptively—becoming harder after correct
132 responses and easier after incorrect ones. To enable fair comparison, key parameters (e.g.,

133 minimum trials, reversals, starting level) were matched. The initial cue-tone level for both

134 methods was drawn from a discrete uniform distribution of 55—-65 dB SPL (1-dB steps). Each

135  track ended after at least 14 reversals and 10 trials, and the first four reversals were discarded.
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136 Each pure tone lasted 0.2 s, with cosine ramps of 0.02 s and a 0.3 s interval between tones. In
137  SIUD, the correct response rates were fitted to an S-shaped logistic psychometric function, and
138 the level at the 50% correct response point (Lso) was estimated as the hearing threshold. For

139 GRaBr, responses from the upper and lower tracks (i.e., the tracks of the cue tones and the probe
140  tones) were fitted to two independent psychometric functions, and the hearing threshold was

141 calculated as the mean level at the 50% correct response point of both functions (i.e.,

142 0.5%(Lso,upper + Lso,lower))-

143 Remote adaptive categorical loudness scaling

144 The adaptive categorical loudness scaling (ACALOS) method was used to assess the

145  loudness growth function (Brand & Hohmann, 2002; ISO 16832, 2006). In the ACALOS task,
146 participants rated the loudness of stimuli on an 11-point scale with descriptors ranging

147 from ’very soft”, “soft”, “medium”, “loud”, and “very loud” with 4 unnamed intermediate

148  categories in between, plus the two limiting categories “not heard”, and “too loud”. The stimulus
149 levels, ranging from -10 to 105 dB, were presented in a pseudo-random order following an initial
150  estimation of the user-specific dynamic range (Phase I, see Fig. 1), which was updated to obtain
151  amore representative placement of test level in Phase II, encompassing 26 trials. At the end of
152 the procedure, a loudness growth function was modeled by fitting two linear segments and a

153 transition region using a Bezier fit, following the BTUX fitting method (Oetting et al., 2014).
154 Each frequency was assessed in a separate run.

155 An example run of the proposed rACALOS procedure is shown in Fig. 1. The rACALOS

156  followed the same adaptive rules as ACALOS during Phases I and II (see above) but presented
157  additional stimuli near the hearing threshold to better estimate HTL. The starting level of Phase

158  III was set at the minimum level reached in Phases I and II, plus 5 dB. In this phase, a one-up-
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one-down adaptive rule was applied: the stimulus level increased by 5 dB if participants
responded with "not heard" and decreased by 5 dB if they selected other loudness categories (e.g.,

nmn

"very soft," "medium"). Phase III consisted of 10 trials. The stimuli used were one-third-octave-
band low-noise noises (Kohlrausch et al., 1997). Each noise stimulus had a duration of 1 second

with 0.05-second rise and fall ramps.
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Fig. 1. An example track of the reinforced adaptive categorical loudness scaling (rACALOS),
where the level (in dB HL) is plotted as a function of the number of trials N. The listener’s
response (in categorical units (CU)) is annotated with numbers between 0 (‘not heard”) and 50
(‘too loud’). Left dotted rectangle region: Phase I (‘dynamic range estimation’); Middle dotted
rectangle region: Phase II (‘presenting and re-estimation’); Right solid red rectangle region:
Phase III (“hearing threshold level reinforcement’); Red dash-dotted line: target threshold. In

Phase 111, the step size is set to 5 dB, and the number of trials is set to 10.
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175 Fig. 2. Ambient noise level (in dB A) measurement across participants (N = 15). Medians, 25th
176 and 75th percentiles, and interquartile ranges (IQR) are visualized in the box-plot while the end
177 of the whiskers denotes the minimum and maximum, indicating the 5th and 95th percentiles

178  respectively. Circles represent individual data points. Dotted line: lab reference (i.e., ambient

179 noise level measured within a booth). Dashed line: median value across subjects. Dot-dashed line:

180  recommended upper limit.

181 Fig. 2 presents a box plot of the ambient noise levels recorded by each participant (N = 15),
182  who documented the noise level a total of 24 times at the start of each measurement session,
183 corresponding to 24 measurement sessions at home within a week. Notably, the noise levels for
184  all participants remained below the recommended upper limit of 45 dB(A). The median noise

185  level across subjects was 36.0 dB, which was approximately 0.5 dB higher than the reference

10
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186  noise level measured inside the sound-attenuated booth. The interquartile range (IQR) across

187  participants was 1.2 dB. Overall, the sound levels in participants’ homes were considerably low
188  and comparable to those measured within the booth, indicating a suitable test environment. A
189  few participants (e.g., No. 2 and No. 8) lived near a train station, resulting in slightly elevated
190  noise levels compared to others. Additionally, one participant (No. 1) misinterpreted the task and
191  consistently rounded the recorded noise level to an integer, leading to uniform values across

192  sessions.

193 Validation of the GRaBr procedure in a home environment

194 To validate the home-based GRaBr procedure, its thresholds were compared with booth-

195  based thresholds obtained using the SIUD method at 0.25, 1, and 4 kHz. As reported in Table 1,
196  threshold differences were normally distributed (Shapiro—Wilk p = 0.92) and showed a

197  negligible mean bias of 0.4 dB. The correlation between home and booth measurements was

198  moderate—likely reflecting the limited variability in this normal-hearing sample—and the

199  RMSE was 7 dB, consistent with previous smartphone-based audiometry studies. Therefore, the
200  GRaBr procedure for home testing is comparable to the reference in-lab threshold measurements,
201  suggesting good validity.

202 Table 1. Validation of the home-based GRaBr procedure for threshold measurements against
203  the in-lab reference measurement using SIUD. Differences in hearing thresholds between the two
204  measurements are shown. Spearman correlation coefficients (R), root-mean-square error

205 (RMSE), and bias are reported for each of the three test frequencies and for their overall average.

Frequency (Hz) 250 1000 4000 overall
R (“spearman”) 0.29 0.61 0.29 0.47
RMSE (dB) 8.0 4.6 7.9 7.0

11
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Bias (dB) 5.5 1.0 5.3 0.4

206

207 A two-way repeated-measures ANOVA showed no main effect of test environment (F(1,14)
208  =0.09, p=0.77). Frequency had a significant effect (F(2,28) =20.80, p < 0.05), as did the

209  environment X frequency interaction (F(2,28) = 36.01, p < 0.05). Post-hoc tests revealed no

210  significant difference between home and booth thresholds at 1 kHz, while small but significant

211 differences were found at 0.25 and 4 kHz.

212 Validation of the rACALOS procedure in a home environment

213 Loudness growth functions measured at home using rACALOS were compared with those
214  obtained in the booth using a standard ACALOS procedure at 0.25, 1, and 4 kHz. Differences
215  followed a normal distribution (Shapiro—Wilk p = 0.22), and the overall bias across categorical
216  units (CUs) was small (3.38 dB), indicating good validity of rACALOS relative to standard

217  ACALOS. Agreement metrics varied across loudness levels: correlations for CUs > 35 ranged
218 from 0.57 to 0.62, whereas correlations for softer CUs were lower (< 0.45), accompanied by
219  larger RMSE values. This pattern reflects the higher variability inherent at near-threshold levels
220  rather than a systematic effect of home-environment noise, as deviations occurred in both

221  directions. See Table S1 in the supplementary material for the details of the validation for the
222 home-based rACALOS procedure.

223 A three-way repeated-measures ANOVA assessing test environment, frequency, and CU
224 revealed no significant main effect of environment. Frequency (F(2,28) = 5.33, p <0.05) and CU
225 (F(3,38) =353.30, p < 0.05) showed significant effects. Post-hoc comparisons indicated that

226  environment-related differences emerged only at a few specific combinations (4 kHz at 5, 25,

12


https://doi.org/10.1101/2024.11.19.24317529
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.11.19.24317529; this version posted January 8, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

227  and 45 CU), while the majority of frequency—CU combinations showed no significant

228  differences.

229 Test-Retest Reliability for home testing

230 To assess the reliability of the four home-based listening tests, measurements from the initial
231 run (run 1) were compared with those from the retest (run 2). Details of the statistical analyses in
232 terms of reliability for remote ACALOS and rACALOS testing are provided in the

233 supplementary material (see Table S2).

234 SIUD and GRaByr for home testing

235 As shown in Table 2, the GRaBr procedure showed test-retest intraclass correlation

236  coefficient (ICC) values exceeding 0.75 (p < 0.05), indicating good reliability across all three
237  frequencies, whereas the SIUD procedure yielded ICC values ranging from 0.59 to 0.77 (p <

238 0.05), reflecting moderate test-retest reliability. This difference was significant (p < 0.05), i.e.,
239  GRaBr demonstrated significantly higher test-retest reliability than SIUD based on these metrics.
240 A significant main effect of frequency was observed (F(2, 28) = 15.46, p < 0.05). Moreover,
241  pairwise t-tests were performed to assess reliability by comparing the two runs for both adaptive
242 procedures across all three frequencies, showing no significant differences (bias) between runs
243 in most cases, except for GRaBr at 1 kHz (t(14) = 2.85, p < 0.05).

244 Table 2. Test-retest reliably between two runs for remote GRaBr and SIUD testing at 0.25, 1,
245  and 4 kHz frequencies. Correlation coefficient (both ‘Pearson’ and ‘Spearman’), RMSE, bias,

246  and intraclass cross-correlation (ICC) between the test and retest measurements are reported.

GRaBr (N = 15) SIUD (N = 15)
Frequency (Hz) 250 1000 4000 250 1000 4000
R (Pearson) 0.70 0.90 0.73 0.43 0.61 0.63
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R (Spearman) 0.47 0.78 0.65 0.40 0.57 0.65
RMSE 4.0 33 3.4 5.4 52 4.1
Bias -1.5 2.0 -1.3 -1.7 -0.5 -1.4
ICC2k* 0.77 0.88 0.83 0.59 0.77 0.74

4 ICC2k: Average random raters
b ns: not significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001

ACALOS and rACALOS for home testing

The reliability of the ACALOS and rACALOS procedures was assessed using across-run
bias (quantified by mean signed difference, MSD) and within-run variability (measured by mean
interquartile range, MIQR) (please see Kopun et al. (2022) for the definitions of the MSD and
MIQR). Both adaptive procedures demonstrated an MSD of less than 5 dB at all frequencies,
indicating a small across-run bias. Most MIQR values did not exceed 10 dB for either procedure
at the three frequencies, although they were typically larger than 10 dB at 5, 10, and 15 CU,
reflecting a consistent within-run variability. Overall, these metrics suggested that both
ACALOS and rACALOS exhibited strong reliability.

A repeated measures ANOVA revealed a significant main effect of the procedure, indicating
a statistically significant difference between ACALOS and rACALOS (p < 0.05). Compared to
the ACALOS procedure, the rACALOS procedure yielded lower mean sound levels (by 1.9 dB)
across participants and CU. Since the rACALOS and ACALOS procedures are identical in
Phases I and 1I, this difference is likely attributable to the additional trials included in Phase III
of the rACALOS procedure (see Fig. 1).

No significant effect was found for frequency (F(2, 28) =2.51, p =0.10), and as expected,
the two runs (test and retest measurements) did not differ (F(1, 14) =1.97, p=10.18). A

subsequent post-hoc t-test compared median levels of the ACALOS and rACALOS procedures
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between runs 1 and 2 across three frequencies and 11 categories, indicating that median levels

for run 1 did not significantly differ from those for run 2 in most cases (31 out of 33 groups of
comparison = 3 levels of frequency * 11 levels of CU), except for two groups (measurements at
0.25 kHz for 25CU (t(29) = 2.08) and 40 CU (t(29) = 2.21)).
Accuracy of HTL Estimation for the rACALOS procedure
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Fig. 3. Scatter plot for comparison between pure-tone (abscissa) and CLS (ordinate) thresholds

(defined as the level at 2.5 CU of the loudness growth functions) in dB HL of N = 15 individual
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276  listeners. Frequency is labeled with different shapes while the run is denoted with different
277  colors (runl: red, run2: blue). A set of statistical metrics (R, Bias, and RMSE) are reported in the

278  top-left corner. For rACALOS, 10 additional trials with a step size of 5 dB were used.

279 Pure-tone audiometric thresholds are plotted against CLS thresholds (i.e., levels at 2.5 CU of
280 the loudness growth functions) for two runs and three frequencies in Fig. 3. Compared to

281  ACALOS, the majority of rACALOS points were consistently and closely clustered around the
282  diagonal line, indicating that thresholds estimated by the rACALOS method aligned more

283 closely with pure-tone thresholds than those from baseline ACALOS and, hence, provide

284  improved accuracy in threshold estimation. Quantitatively, R values increased by 36% for

285  GRaBr and 23% for SIUD when ACALOS was reinforced near the hearing threshold level.

286  Additionally, RMSE values for the rACALOS method decreased by approximately 2 dB

287  compared to the baseline, while biases remained unchanged. Overall, the reinforcement of

288  baseline ACALOS positively influenced cross-correlation and reduced error.

289 The highest correlation coefficient and lowest RMSE were observed between GRaBr

290  thresholds and rACALOS, followed by SIUD and rACALOS. In contrast, the unmodified

291  ACALOS procedure showed lower correlation coefficients and higher RMSEs for both threshold
292  estimation methods, indicating the superior performance of rACALOS, as confirmed by t-tests (p

203 <0.05).

294  DISCUSSION
295 This study validated the performance of two novel smartphone-based procedures—GRaBr
296  for pure-tone audiometry and rACALOS for categorical loudness scaling—conducted by

297  listeners independently in typical home environments. The results demonstrate that accurate and
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298  reliable measurements can be obtained without professional supervision or sound-treated booths,

299  confirming the feasibility of remote hearing assessments using standard smartphones.

300 Ambient Sound Levels in Home Settings

301 The median background level measured across participants’ homes was 36.0 dB(A),

302  comparable to quiet residential environments and well below limits defined by ANSI S3.1-1999
303  (R2018) for covered-ear conditions. These values fall within the updated permissible ranges for
304  circumaural earphones proposed by Margolis et al. (2022), ensuring that ambient sound did not
305  measurably affect the results. While noise levels were not experimentally manipulated,

306  participants were advised to continuously monitor them to confirm that real-world domestic

307  conditions remained suitable for valid measurements. Consequently, the obtained home results
308  were closely aligned with those from the booth.

309 The recorded noise levels were lower than those in earlier remote audiometry studies (Storey
310  etal., 2014; Brennan-Jones et al., 2016; Swanepoel et al., 2015) and comparable to the quietest
311  non-sound-treated settings reported by Serpanos et al. (2022) and Bean et al. (2022). It is likely
312 that our participants conducted the smartphone-based listening tests at home in rural areas during
313 the morning or evening, whereas other studies typically test in clinical settings located in urban
314  areas during the daytime, which tend to be noisier. Overall, the measured noise conditions

315  confirm that typical homes can provide sufficiently quiet environments for reliable mobile

316  hearing assessments.

317 Pure-Tone Audiometry (GRaBr)

318 Smartphone-based audiometry with GRaBr showed good agreement with in-booth reference
319  measurements, with a mean bias of 0.4 dB. While both SIUD (0.59 <ICC < 0.77) and GRaBr

320  performed reliably, GRaBr achieved higher test-retest consistency (ICC > 0.75, p < 0.05) and
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321  lower within-subject variability, confirming its improved stability predicted by simulation (Xu et
322 al, 2024a). These findings extend prior validations of boothless audiometry (Maclennan-Smith
323 etal., 2013; Swanepoel et al., 2015; Serpanos et al., 2022) to an unsupervised, mobile context.
324 The correlation between at-home and in-booth thresholds (R = 0.47) was lower than in

325  studies involving hearing-impaired listeners (R > 0.9; Maclennan-Smith et al., 2013), likely

326  because our normal-hearing sample exhibited limited threshold variability. Future refinements -
327  such as automated quality control or remote calibration - may further optimize the GRaBr for

328  remote threshold testing.

329 (reinforced) Adaptive Categorical Loudness Scaling

330 Both ACALOS and its reinforced version, rACALOS, yielded valid and reliable loudness
331  functions in typical home conditions. The bias between in-booth and at-home measurements (3.4
332 dB) was smaller than that reported by Kopun et al. (2022), indicating strong agreement across
333 environments. The enhanced rACALOS design produced smaller within-run (IQR) and across-
334 run (MSD) variability than both baseline ACALOS and previously published CLS methods

335 (Rasetshwane et al., 2015; Fultz et al., 2020; Kopun et al., 2022). At 5 CU, the mean IQR values
336 for rACALOS (7.7 dB at 1 kHz and 6.7 dB at 4 kHz) were notably lower than those in earlier
337  studies (=<10-15 dB), reflecting improved stability near the hearing threshold.

338 Across-run bias was also smaller than in prior work, likely due to the lower average ambient
339  noise level and the reinforced threshold estimation sequence. The additional trials near threshold
340  in rACALOS substantially reduced estimation uncertainty, resulting in the smallest overall

341  variability among tested methods. Compared with alternative adaptive CLS frameworks (Fultz et
342 al., 2020), rACALOS offers higher precision and efficiency, validating its use as a robust supra-

343 threshold measurement for mobile and unsupervised hearing assessments.
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344 Accuracy of HTL Estimation

345 Table 3 presents a comparison between our current study and several state-of-the-art works
346  (Fultz et al., 2020; Trevino et al., 2016; Sanchez-Lopez et al., 2021) by evaluating the cross-

347  correlation between CLS and pure-tone thresholds. Multiple CLS methods, including Fixed-level
348 (FL), Maximum expected information-Median (MEL-Med), Maximum expected information-
349  Maximum likelihood (MEL-ML), Slope-adaptive (SA), ACALOS, and rACALOS, were used to
350  estimate thresholds, which were then compared with pure-tone thresholds measured using

351  various audiometric methods such as a clinical audiometer, SIUD, and GRaBr. In the studies by
352 Fultz et al. (2020) and Trevino et al. (2016), correlation coefficients R values (according to

353  “spearman’) ranged from 0.21 to 0.26 for the threshold estimated from all four CLS methods ,
354  indicating a relatively weak cross-correlation. Additionally, the RMSEs and biases in these

355  studies were notably large, suggesting that CLS thresholds did not align well with pure-tone

356  thresholds. In contrast, Sanchez-Lopez et al. (2021) applied a baseline ACALOS method using
357  the same audiometric procedure as Fultz et al. (2020), and while the R-value did not significantly
358  improve, both RMSE and bias were notably reduced. In our study, we employed SIUD and

359  GRaBr to measure pure-tone thresholds, yielding a stronger cross-correlation and smaller bias,
360  although the RMSE was slightly larger or comparable to that reported by Sanchez-Lopez et al.
361 (2021).

362 Considering all the studies, the rACALOS method consistently produces thresholds closest to
363  pure-tone thresholds, outperforming other CLS methods. This finding is consistent with

364  computer simulations that examined threshold variability across different parameter

365  combinations of rACALOS compared to the original ACALOS procedure. However, it is

366  important to note that rACALOS requires more measurement time due to the increased number
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367  oftrials focused on converging near the HTL. Additionally, while pure-tone thresholds obtained
368  using clinical audiometers are still widely regarded as the ‘gold standard’, more precise (see Xu
369  etal., 2024a; Lecluyse & Meddis., 2009) and criterion-free methods such as SIUD and GRaBr
370  may produce stronger correlations with CLS thresholds. It is also crucial to recognize that this
371  comparison is based on a small sample of young NH listeners, and the conclusions may differ if
372 Hl listeners are included or if a larger participant pool is studied. This consideration is

373 particularly relevant for potential discrepancies between the narrowband noise thresholds

374  estimated by the CLS methods used here and the pulsed pure-tone thresholds assessed via

375  audiograms. While threshold differences in our study sample of young NH listeners were

376  minimal, variations in stimulus characteristics—such as spectral extent and modulation

377  spectrum—may yield threshold differences in naive listeners with hearing impairments.

378  Nonetheless, we also expect these differences to be minimal, as the low-noise, third-octave-band
379  noise utilized here shares key perceptual characteristics with a frequency-modulated sinusoid
380  with minor envelope fluctuations and an instantaneous frequency confined well within a critical
381  band (cf. Zwicker & Fastl, 2013).

382 Table 3. Comparison of threshold estimates obtained from different pure-tone audiometry
383  methods and categorical loudness scaling (CLS) methods across several state-of-the-art studies
384  and the present study. Spearman correlation coefficients (R), root-mean-square error (RMSE),
385  bias, and sample size (N) are reported for each method combination. The highest R value and the
386  lowest RMSE and bias within each comparison set are highlighted in bold. (FL = Fixed-level;
387  MEL-Med = Maximum-expected-information, median; MEL-ML = Maximum-expected-

388  information, maximum likelihood; SA = Slope-adaptive, as defined in Fultz et al. (2020))
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Audiometric method  CLS method N R RMSE (dB) Bias (dB)
(Spearman)
FL 0.21 12.2 -6.9
Fultz et al. 2020; MEL-Med 0.26 253 -18.0
Trevino et al. Audiometer 17
2016 MEL-ML 0.26 15.5 -10.6
SA 0.21 15.7 -8.4
Sanchez-Lopez Audiometer ACALOS 11 0.24 7.1 23
etal. 2021
SIUD 0.44 9.4 1.5
ACALOS
GRaBr 0.38 9.0 1.0
current SIUD 15 0.59 7.8 0.5
rACALOS
GRaBr 0.71 6.9 0.04
389
390 Advantages of rACALOS
391 Increased time efficiency: The rACALOS procedure combines two listening tests—pure-

392 tone audiometry and ACALOS—into a single, integrated protocol. This approach significantly
393 reduces the measurement time required for participants by eliminating the need for separate tests
394  with separate instructions and training procedures.

395 Improved HTL accuracy: Compared to the original ACALOS, rACALOS includes

396  additional trials near the hearing threshold level (HTL), enhancing the precision of HTL

397  estimation (see Table 3 for details). These modifications enable the seamless integration of

398  audiometric measurement into the ACALOS framework.

399 Consistent user interface and minimal training requirements: The rACALOS procedure
400  employs the same interface and measurement paradigm as ACALOS. Consequently, participants
401  already familiar with ACALOS require no additional training, while new users need to become

402  familiar with only a single, consistent interface for both listening tests.
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403 Limitations and Outlook

404 In this study, we conducted smartphone-based listening tests outside of a sound booth,

405  preceded by ambient noise level measurements. Given the recommendation for conducting tests
406  in rather quiet acoustical conditions, the testing environments generally exhibited a low

407  background noise level. However, many individuals live in urban regions with significant vehicle
408  or industrial noise, where real-world environments are typically much noisier. Testing in such
409  noisy conditions warrants further investigation. Potential solutions, such as circumaural muffs or
410  noise-canceling earphones (NCE), could prove effective. For instance, Saliba et al. (2017)

411  evaluated mobile-based audiometry under 50 dB A background noise, using passive and active
412 noise cancellation by placing circumaural muffs over insert headphones, successfully reducing
413  noise. Similarly, Clark et al. (2017) tested NCE (BoseQuietComfort 15) in a patient consultation
414  room and found that NCE sufficiently attenuated ambient noise below the ANSI standards.

415 Another key concern for out-of-booth audiometric tests is distraction. As noted by Margolis
416  etal. (2022), background noise not only causes direct masking but also acts as a source of

417  distraction. Their study demonstrated that increasing background noise levels led to elevated

418  hearing thresholds and higher subjective ratings of distraction. Xu et al. (2024a) further

419  supported these findings, characterizing distraction from internal noise (e.g., background noise)
420  as long-term inattention. They also proposed and simulated short-term inattention—where

421  listeners are distracted by external events—during mobile hearing tests, though this has yet to be
422 validated with human participants.

423 Another limitation of this study is the use of an integrated microphone for noise measurement.

424 Studies like Kopun et al. (2022) recommend using an external microphone, such as the MicW
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425  iBoundary, which provides higher accuracy in capturing frequency characteristics and calibration
426  precision compared to the internal microphone used here.

427 Enhanced calibration of smartphone microphones can, in principle, be achieved using an

428  external reference sound, such as a whistle tone produced by a standard empty beer bottle

429  (Scharf et al., 2024). However, accurate calibration of the playback level remains a challenge and
430  is essential for precise auditory measurements. While pragmatic approaches such as biological
431  calibration—using a normal-hearing reference listener to define 0 dB HL (Honeth, 2010;

432 Masalski et al., 2014)—may offer a practical alternative, this aspect was beyond the scope of the
433 present proof-of-concept study with its limited sample size. Future work could focus on data-

434  driven estimation of calibration coefficients to enable fully unsupervised field applications (Xu et
435 al.,, 2025).

436 In the future, we plan to expand our study by increasing the number of normal-hearing (NH)
437  participants and incorporating hearing-impaired (HI) participants. Compared to NH listeners, we
438 expect the validity of pure-tone audiometry and ACALOS tests in HI listeners to be comparable,
439  as supported by previous studies (e.g., Hazan et al., 2022; Bean et al., 2022; Xu et al., 2024b),
440  suggesting that hearing loss does not significantly affect test validity. Regarding reliability, HI
441  listeners are expected to show similar or sometimes even higher test-retest reliability in

442  audiometry than NH listeners (Hazan et al., 2022), likely due to their elevated hearing thresholds,
443 which reduce the impact of ambient noise. Similarly, in the ACALOS procedure, HI listeners

444  should exhibit similar or even greater reliability at lower levels of the loudness growth function,
445  as they are less affected by background noise. This may have a limited impact on the accuracy of
446  the loudness growth slope fitted to the data, which is generally increased in hearing-impaired

447  listeners exhibiting recruitment. However, since the slope estimate is derived from loudness
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448  judgments across multiple supra-threshold levels, it is considered a reliable and robust measure,
449  even when obtained through self-administered smartphone assessments.

450 Finally, Shen et al. (2018) and Kursun et al. (2023) introduced a quick categorical loudness
451  scaling (qQCLS) procedure based on a Bayesian adaptive method, which can estimate equal

452 loudness contours within just 5 minutes. Given its efficiency and accuracy, incorporating qCLS
453  into future smartphone-based loudness tests is worth considering. However, it remains uncertain
454  whether qCLS can estimate hearing thresholds as precisely as the rACALOS developed in this

455  study, highlighting the need for further research to evaluate its threshold accuracy in comparison.

456  CONCLUSION

457 This study validates two efficient and robust smartphone-based methods for hearing

458  assessment—GRaBr for pure-tone threshold estimation and rACALOS for categorical loudness
459  scaling—under typical home conditions but with calibrated hardware. The findings demonstrate
460  that both measures provide reliable and valid outcomes comparable to those obtained in

461  controlled laboratory settings.

462 In the validation experiment, pure-tone audiometry using GRaBr and categorical loudness
463  scaling using rACALOS yielded equivalent results between home and sound-attenuated

464  environments at 0.25, 1, and 4 kHz, confirming the validity of remote testing. Test—retest results
465  further indicate moderate-to-good reliability across sessions, supporting the consistency of

466  home-based measurements.

467 GRaBr outperformed the SIUD method in reliability and accuracy across all tested

468  frequencies, making it a preferred approach for mobile threshold estimation. Similarly,

469  rACALOS produced threshold estimates that were closer to audiometric thresholds measured by

470  SIUD and GRaBr than those from the baseline ACALOS procedure, demonstrating its advantage
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471  in improving hearing threshold estimation and test efficiency by combining threshold and

472 loudness assessments.

473 Overall, the results support the feasibility of using GRaBr and rACALOS for reliable and
474  efficient hearing assessments in real-world home environments, marking a step forward toward

475  validated smartphone-based audiometry for large-scale or remote applications.

476  GLOSSARY

Abbreviation Meaning
ACALOS adaptive categorical loudness scaling

ANOVA analysis of variance

B&K Briiel&Kjaer

BTUX fitting method for loudness function in ACALOS
CLS categorical loudness scaling

CU categorical units

FL fixed-level procedure

GRaBr graded response bracketing

HI hearing impaired

HTL hearing threshold level (at 2.5 CU on the loudness function)
ICC intraclass cross-correlation

IQR interquartile ranges

MEL-Med maximum expected information-median
MEL-ML maximum expected information-maximum likelihood
MIQR mean interquartile range

MPANLs maximum permissible ambient noise levels

MSD mean signed difference

NCE noise reduction earphones

NH normal hearing

PTA pure-tone average
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qCLS quick categorical loudness scaling

rACALOS reinforced adaptive categorical loudness scaling
RMSE root mean squared error

SA slope-adaptive procedure

SIUD single interval up and down

SPL sound pressure level
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