Federation of
European
Neuroscience
Societies

European Journal of Neuroscience W [LEY ‘ F E N S

| RESEARCH REPORT EEIEED

Partial Learning in Human Sound Localization With
Asymmetric Ears

Peter Bremen! | Robert F. van der Willigen?34 (2 | A.John van Opstal® ¥ | Marc M. van Wanrooij®

!Department of Neuroscience, Erasmus MC, University Medical Center Rotterdam, Rotterdam, the Netherlands | 2Research Centre Innovations in Care,
Data Supported Healthcare: Data-Science Unit, Rotterdam University of Applied Sciences, Rotterdam, the Netherlands | 3School of Communication, Media
and Information Technology, Rotterdam University of Applied Sciences, Rotterdam, the Netherlands | “Centre of Expertise HRTech, Rotterdam University
of Applied Sciences, Rotterdam, the Netherlands | Donders Institute for Brain, Cognition and Behaviour, Donders Centre for Neuroscience, Section
Neurophysics, Radboud University, Nijmegen, the Netherlands | ®Donders Institute for Brain, Cognition and Behaviour, Donders Centre for Neuroscience,
Section Neurobiology, Radboud University, Nijmegen, the Netherlands

Correspondence: Marc M. van Wanrooij (marc.vanwanrooij@donders.ru.nl)
Received: 14 February 2026 | Revised: 19 August 2026 | Accepted: 1 September 2026
Associate Editor: Edmund C. Lalor

Keywords: adaptation | hearing | humans | psychophysics | sound localization

ABSTRACT

The brain computes sound location from auditory spatial cues. Humans and barn owls both localize sounds accurately, yet they
rely on fundamentally different cue configurations shaped by their ear anatomy and neural circuitry. In humans, symmetrical
ears provide interaural time and level differences (ITD and ILD) for horizontal localization, while vertical localization depends
primarily on high-frequency, monaural spectral cues generated by the pinnae. Barn owls, by contrast, possess asymmetrical ears
and use binaural cues for both azimuth and elevation. Because auditory pathways are tuned to species-specific cue statistics, it
remains unclear whether humans can adapt when binaural level cues are also made informative about elevation. We tested this
by fitting human listeners with asymmetric ear molds that disrupted normal spectral cues, introduced elevation-dependent ILDs,
and left ITDs unaffected. Participants wore the molds during daily life and were tested with broadband, high-pass, and low-pass
noise bursts. Acute mold exposure severely degraded elevation localization, whereas horizontal localization remained largely
unaffected. With prolonged exposure, elevation localization improved, but adaptation was limited, variable across listeners,
and fluctuated across sessions. Improvement was strongest for broadband sounds. Because broadband and high-pass sounds
both contained high-frequency information, this broadband advantage cannot be explained by access to additional spectral
cues alone. Instead, it suggests that low-frequency ITDs helped listeners exploit the altered binaural cue structure, including the
elevation-dependent ILDs introduced by the molds. These findings show that humans can partially adapt to asymmetric outer-
ear acoustics when complementary spatial cues help resolve ambiguity in the altered cue structure.

1 | Introduction and Konishi 1979; Coles and Guppy 1988; Von Campenhausen

and Wagner 2006) and specialized neural mechanisms, includ-
Both humans and barn owls excel at localizing sounds, despite ing a topographic auditory space map in the midbrain (Knudsen
having vastly different auditory anatomies and neural architec- and Konishi 1978), which are crucial for their exceptional local-
tures. Barn owls possess asymmetrically placed ears (Knudsen ization abilities (Payne 1971; Konishi 1971). In contrast, humans

Abbreviations: ac, acutely worn molds; BB, broadband noise; CI, confidence interval; DTF, directional transfer function; HP, high-pass noise; HRTF, head-related
transfer function; ILD, interaural level difference; ITD, interaural time difference; LP, low-pass noise; no, no mold worn.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2026 The Author(s). European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.

European Journal of Neuroscience, 2026; 64:€70685 1of17
https://doi.org/10.1111/ejn.70685


https://doi.org/10.1111/ejn.70685
https://doi.org/10.1111/ejn.70685
https://orcid.org/0000-0003-1709-6224
https://orcid.org/0009-0009-2904-2195
https://orcid.org/0000-0001-5957-5712
https://orcid.org/0000-0003-4180-1835
mailto:marc.vanwanrooij@donders.ru.nl
http://creativecommons.org/licenses/by/4.0/

have symmetrical ears (Strutt 1907; Wightman and Kistler 1989; In humans, the brain relies on three main acoustic cues to de-
Middlebrooks and Green 1991; Blauert 1997; Van Wanrooij and termine sound direction: Interaural time differences (ITDs,
Van Opstal 2005) and do not appear to possess a topographic Figure la) and interaural level differences (ILDs, Figure 1b)
auditory space map in the ascending auditory pathway (Zwiers provide horizontal (azimuth) information, while monaural
et al. 2004; Middlebrooks 2021), yet they localize sounds with spectral shape cues (Figure 1c), created by the pinnae, provide
comparable accuracy (Middlebrooks and Green 1991; Heffner vertical (elevation) information (Strutt 1907, Middlebrooks
and Heffner 1992; Frens and Van Opstal 1995). Across the lifes- and Green 1991). These cues are bandwidth-dependent: ITDs
pan, humans encounter changes in ear shape and hearing sensi- are most effective at low frequencies (< 1500Hz), ILDs at high
tivity that alter spatial cues. The human auditory system shows  frequencies (>3000Hz), and spectral cues above ~4000Hz
remarkable plasticity in adjusting to such changes throughout life (Middlebrooks and Green 1991; Wightman and Kistler 1992;
(Otte et al. 2013), including through learning after wearing ear Macpherson and Middlebrooks 2002). These cues are processed
molds that disrupt pinna cues (Hofman et al. 1998; Van Wanrooij along dedicated brainstem pathways and contribute to a per-
and Van Opstal 2005; Carlile 2014), following acute unilateral ceptual representation of sound space (Yin et al. 2019). Barn
hearing loss by plugging the ear (Kumpik et al. 2010; Kumpik  owls, due to their smaller heads and wider frequency range
and King 2019), adjusting to nonindividualized or supernormal over which phase locking occurs, use ITDs at higher frequen-
HRTFs (Shinn-Cunningham et al. 1998), and spectrally warped cies than humans (Figure 1d). For elevation, they do not rely
or band-limited spatial information (Majdak et al. 2013). Visual on spectral cues (Figure 1f), but on elevation-dependent ILDs
input can further support auditory spatial recalibration (Radeau (Figure le) arising from asymmetrically positioned and oriented
and Bertelson 1974; Zwiers et al. 2003; Recanzone 1998; Zonooz ears (Knudsen and Konishi 1979; Coles and Guppy 1988; Von
and Van Opstal 2019; Kayser et al. 2023). However, there are Campenhausen and Wagner 2006). Thus, their spatial hear-
limits to this plasticity: Severe hearing loss or extreme manip- ing system differs fundamentally from the human system in
ulations such as swapping ear inputs can prevent adaptation both peripheral anatomy and central processing (Knudsen and
(Hofman et al. 2002; Van Wanrooij and Van Opstal 2004, 2005; Konishi 1978; Middlebrooks 2021).

Otte et al. 2013). Here, we investigated how humans adapt when

challenged with asymmetric outer-ear acoustics that introduce =~ We therefore asked whether humans can adapt to a radically
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FIGURE1 | Acoustic spatial cues in humans and barn owls. Heat maps show the distribution of three key spatial hearing cues: interaural
time differences (ITDs; a,d), interaural level differences (ILDs; b,e), and monaural spectral shape cues at 0° azimuth (c,f), for humans (top row) and
barn owls (bottom row). The black line in each panel indicates the zero (dB, or us) contour line. In both species, ITDs vary systematically with azi-
muth (a,d). ILDs vary primarily with azimuth in humans (b), but with elevation in barn owls (e), due to their asymmetrical ear placement. Spectral
shape cues in humans (c) exhibit a distinct elevation-dependent notch between 4 and 16 kHz, which is absent in barn owls (f). Color bars above each
column indicate the value scales for humans (top labels) and barn owls (bottom labels). ITDs were extracted from low-pass filtered directional trans-
fer functions (DTFs) below 1kHz for humans and below 16 kHz for barn owls. ILDs were calculated over 4-16kHz (humans) and 1-12kHz (barn
owls). Spectra in panels (c) and (f) were smoothed using a Gaussian filter (Q =8) to highlight perceptually relevant peaks and notches. Data adapted
from Bremen et al. (2010) for humans (participant 2 in the current study) and Bremen et al. (2007) for barn owls.
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barn-owl spatial hearing: asymmetric, elevation-dependent
binaural level cues. The barn owl comparison served as bi-
ological motivation rather than as an attempt to reproduce
barn-owl acoustics or neural cue processing. Using custom-
made asymmetrical ear molds, we introduced combined az-
imuth and elevation-dependent ILDs in human listeners,
reduced spectral shape cues, and left ITDs largely unaltered.
Participants wore the molds during everyday life for up to 5
weeks, and we assessed localization without visual feedback
or laboratory training using broadband, high-pass, and low-
pass noise bursts. This allowed us to test whether auditory
spatial plasticity is limited to recalibration within established
cue-to-space mappings, or whether listeners can partially
adapt binaural cues across spatial dimensions when the acous-
tic cue structure is altered.

2 | Methods
2.1 | Ethics

All experiments were conducted in 2008 and 2010 and com-
plied with institutional and international ethical standards for
research involving human participants. All participants gave
informed written consent after being fully informed of the pro-
cedures. The experimental protocol was approved by the Local
Ethics Committee of Radboud University Nijmegen and adhered
to the principles of the World Medical Association Declaration
of Helsinki (2000).

2.2 | Participants

Eleven participants (ages 23-52; 4 females), including three au-
thors (P1-3), took part in the study, split in two cohorts (Table 1).
In the 2008 cohort, P1-P3 were authors and P4 was a PhD stu-
dent in the research group. In the 2010 cohort, all participants

TABLE 1 | Overview of the experimental paradigm per
participant, summarizing to which cohort each participant belonged,
and how many days they wore the molds.

Participant Cohort Period (days)
1 2008 9
2 2008 48
3 2008 59
4 2008 42
1 2010 19
5 2010 7
6 2010 5
7 2010 9
8 2010 9
9 2010 3
10 2010 27
11 2010 3

other than P1 were paid volunteers recruited externally from the
Radboud University student population. All had normal hear-
ing, as confirmed by pure-tone audiometry showing thresholds
within 20dB across frequencies from 0.25 to 11.3kHz in eleven
0.5-octave steps. All participants had normal or corrected-to-
normal vision, except for Participant 2, who did not wear his
prescription glasses during the experiment, and Participant 3,
who was amblyopic in the right eye.

2.3 | Setup

The experimental setup has been described in detail previously
(Bremen et al. 2010). Participants sat in the center of a motor-
ized vertical loudspeaker hoop (2.5-m diameter) mounted in a
sound-attenuated, dark room (3 X3 X3 m) lined with acoustic
foam (50-mm base, 30-mm pyramids; Uxem Flexible Foams,
Lelystad, NL). Fifty-eight loudspeakers (Visaton SC 5.9, Art.
No. 8006) were mounted on the hoop, allowing sound pre-
sentation from various spatial locations defined in double-
polar coordinates (Knudsen and Konishi 1979), with azimuth
(horizontal angle) and elevation (vertical angle) specified in
degrees.

A PC (2.8 GHz Intel Pentium D; Dell) controlled speaker selec-
tion, sound presentation (RP2.1; Tucker-Davis Technologies,
48,828 Hz), head movement tracking (RA16; Tucker-Davis
Technologies, 1017 Hz), and directional transfer function mea-
surements. We recorded head movements using a magnetic
search-coil technique (Robinson 1963). Participants wore a
lightweight glasses frame (without lenses) fitted with a search
coil and a red laser pointer (LQB-1-650; World Star Tech) aimed
ata 1-cm disk positioned 30 cm in front of the eyes. This ensured
visibility of the pointer while preventing distracting reflections
from walls or speakers. We converted coil voltages to degrees
of rotation using calibration procedures described by Goossens
and Van Opstal (1997).

2.4 | Sounds

For behavioral testing, we used Gaussian white-noise (GWN)
bursts filtered into three spectral bands: broadband (BB,
0.5-20kHz), high-pass (HP, 3-20kHz), and low-pass (LP,
0.5-1.5kHz). These passbands were chosen to emphasize dif-
ferent spatial cue combinations but should not be interpreted as
perfectly isolating single cues. Broadband stimuli provided the
richest cue set, including low-frequency ITDs, high-frequency
ILDs, and high-frequency monaural spectral cues. High-pass
stimuli emphasized high-frequency ILDs and pinna-based spec-
tral structure, while excluding the low-frequency fine-structure
ITDs that normally dominate human azimuth localization.
Although envelope ITDs may in principle be present in high-
frequency noise bursts, they were not expected to provide a
dominant cue in these short broadband-noise stimuli, especially
in the presence of stronger high-frequency level and spectral
cues. Low-pass stimuli emphasized low-frequency ITDs and
largely removed high-frequency pinna-based spectral cues. Any
elevation-dependent level cues from torso or head filtering in
this low-frequency range were expected to be weak and unreli-
able, particularly because the LP band ended at 1.5kHz. Thus,
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the cue labels BB, HP, and LP refer to the dominant cue informa-
tion available in each stimulus condition rather than to complete
cue isolation.

Each burst lasted 150ms, including 5-ms sine?/cosine? onset
and offset ramps. We generated 100 unique noise realizations
per spectral condition and presented them in randomized order
during testing sessions. To prevent participants from using ab-
solute intensity as a localization cue, we randomly varied the
sound level. For the 2008 cohort, the sound levels varied be-
tween 40 and 70 dBA in 10-dB steps. Some sessions included
only BB sounds at 50 and 70 dBA. For the 2010 cohort, levels
were 50, 60, or 70 dBA. Sound levels were measured at the par-
ticipant's head position using a BK2610 sound level meter and
BK4144 microphone (Briiel and Kjer, Neerum, Denmark). All
levels were clearly audible and within a moderate range; level-
dependent localization was therefore not tested as a separate ex-
perimental factor.

2.5 | Ear Molds

We constructed custom ear molds for each participant by filling
the concha with silicone casting material (Otoform Otoplastik--
K/c; Dreve, Unna, Germany), leaving the ear canal unobstructed
to maintain acoustic access. Inspired by the asymmetrical ear
morphology of barn owls, we shaped the molds to introduce
directional reflectors: The left mold featured a flap above the
ear canal to enhance sensitivity to sounds from below, while the
right mold had a flap below the ear canal to enhance sensitivity
to sounds from above (Figure 2). Note that the molds were indi-
vidually and manually shaped for each participant to produce
the same qualitative asymmetry, but the fabrication procedure
was not standardized to impose identical acoustic transforma-
tions across listeners.

left ear

To characterize the acoustic transformations produced by the
molds, we analyzed HRTFs measured in one participant (P2)
with and without the molds, following Bremen et al. (2010).
HRTFs were also measured in additional participants at the
time of testing, and these measurements were used to verify
that the molds disrupted the normal spatial cues and produced
cue transformations qualitatively similar to those observed
for P2. However, because the raw HRTF data from these ad-
ditional participants are no longer available for reanalysis,
the acoustic analyses presented here are restricted to P2 and
serve as an example of the cue transformations produced by
the molds.

Briefly, for visualization and analysis, the resulting magni-
tude spectra were converted to sound level (dB) and smoothed
using a Gaussian filter with a constant Q-factor of 8 (Algazi
et al. 2001; Bremen et al. 2010). This procedure removes high-
density spectral ripples to which the human auditory system is
relatively insensitive while preserving the primary direction-
dependent spectral features. With the molds in place, ITDs
remained unaffected, varying systematically with azimuth
(Figure 3a and cf. Figure 1a). In contrast, ILDs changed mark-
edly, varying not only with azimuth but also with elevation
(Figure 3b and cf. Figure 1b). This elevation dependence can
be seen from the tilted iso-ILD contours: At a given azimuth,
ILDs became more positive with increasing elevation. The
molds therefore introduced an elevation-dependent compo-
nent into the ILD cue. To quantify the relative elevation de-
pendence of the ILD cue, we fitted a plane to the ILD map as a
function of azimuth and elevation and compared the elevation
and azimuth coefficients. Without molds, human ILDs were
almost exclusively azimuth-dependent, with an elevation-
to-azimuth gradient ratio of 0.00. With the molds, this ratio
increased to 0.21, indicating that the molds introduced a mea-
surable elevation-dependent component into the ILD cue.

right ear

FIGURE 2 | Participant 2 wearing asymmetric ear molds. Side views of the participant's left ear (a; flap above ear canal) and right ear (b;

flap below the ear canal). Ear hooks that support the molds and microphones for measuring head-related transfer functions (HRTFs) can also be

seen. Note that the neck rest was used to keep the head still during HRTF measurements, but was removed for the sound-localization measurements.
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FIGURE3 | Binaural and monaural cues for participant 2 wearing barn-owl molds. (a) Interaural time differences (ITDs) vary systemati-
cally with azimuth. (b) Interaural level differences (ILDs) vary with both azimuth and elevation. The elevation dependence is visible as tilted iso-ILD
contours: For many azimuths, increasing elevation shifts the ILD toward more positive values. (c) Spectral shape cues in the midsagittal plane for
the left ear show attenuation for sounds from above between 4 and 16kHz, consistent with the mold's design. (d) The right ear mold did not produce
a clear elevation-dependent spectral pattern. The black line in each panel indicates the zero-contour line.

This component remained much weaker than in the barn owl, The range of sound-source locations differed between the two
for which the elevation-to-azimuth ratio was 1.95, consistent participant cohorts. The 2008 cohort was tested with a large
with ILDs being dominated by elevation rather than azimuth. spatial range: —75° to +75° in azimuth, and —57.5° to 4+75° in
Thus, the molds did not reproduce barn-owl acoustics, but in- elevation. The 2010 cohort was tested within a narrower spatial
troduced a weak, systematic elevation-dependent ILD compo- range: —35° to 4+35° in both azimuth and elevation.

nent into the human cue set.

Monaural spectral shape cues were significantly disrupted 27 | Adaptation Period
(Figure 3c), with the elevation-dependent spectral notch,

seen under normal conditions (Figure 1c), largely eliminated.  participants wore their custom-made, barn-owl molds for dura-
Instead, the left ear exhibited a broad, frequency-independent  tjons ranging from 3 to 59days (Table 1). Participant 1 participated
change: attenuation of approximately —8dB for sounds from i, two separate adaptation periods, once in 2008 and once in 2010,
above and an increase of around +5dB for sounds from below.  with different molds in each case. Participants wore the molds
The right ear showed no consistent elevation-related pattern  throughout the day during their normal daily activities and during
(Figure 3d). all behavioral testing sessions, removing them only during sleep.

In summary, the molds preserved ITDs as cues for azimuth  gound-localization behavior was assessed frequently: before
(Figure 3a), but (1) disrupted reliable monaural spectral cues  mold insertion and on nearly every weekday throughout the
(Figure 3c,d), and (2) introduced elevation-dependent ILDs  adaptation period. Importantly, no performance feedback was
(Figure 3b). Unlike in barn owls, however, ILDs with the molds  provided during testing sessions. Participants received only
continued to vary with azimuth, meaning that human listeners  jncidental feedback from their daily interactions with the
would have to disambiguate azimuthal and elevational con- environment.

tributions to ILDs. This is an additional challenge that barn

owls, with their fixed spatial mapping of ILDs, do not face (cf.

Figure 1e). 2.8 | Data Analysis

2.6 | Behavioral Testing 2.8.1 | Saccade Detection
We processed and analyzed all behavioral data using MATLAB
(The MathWorks, Natick, MA, USA). Head saccades, defined here
as rapid goal-directed head-orienting movements toward the per-
ceived sound location, were detected automatically. Movement
onset and offset were identified using velocity thresholds of 20°/s
and 15°/s, respectively. All detections were visually inspected, and
corrections were made manually when necessary.

Each experimental session consisted of a series of open-loop
localization trials. At the start of each trial, a central fixation
LED turned on. Participants aligned the head-fixed laser pointer
with the LED and initiated the trial by pressing a button. After
arandom delay (300-1000ms in 100-ms steps), the fixation light
turned off and a sound was presented from one of the loudspeak-
ers. Participants were instructed to point the head-fixed laser
“as quickly and as accurately as possible” toward the perceived
sound location. Reaction times exceeded the stimulus duration
by more than 150ms, ensuring open-loop conditions (i.e., re-
sponses were not guided by ongoing sound). Sessions typically
lasted under an hour and were divided into several blocks with
short (5-min) breaks between them, in which the room lights
were turned on. R =gl +b @

2.8.2 | Localization Performance

We quantified sound localization performance using linear
regression:
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where T, and R, denote the target and response locations, re-
spectively, for trial i and pooled across sound levels. The slope
g (dimensionless) reflects the gain, indicating the strength of
the stimulus-response relationship, and the intercept b (in de-
grees) represents the bias in responses. Perfect localization cor-
responds to a gain of 1 and a bias of 0°.

We computed gains and biases separately for azimuth and ele-
vation, for each participant, session, and sound type. The gain is
our primary measure of localization performance, since biases
showed no systematic variation across sessions. We also calcu-
lated localization errors, which gave similar results to the gain
(not shown).

In addition to the primary regressions, we also regressed re-
sponse azimuth on stimulus elevation to quantify potential
cross-dimensional effects. This analysis tested whether the al-
tered cues, specifically, the introduction of elevation-dependent
ILDs, induced systematic changes in azimuth responses as a
function of elevation.

2.8.3 | Time-Course Analysis

To quantify how elevation localization changed with exposure
duration while accounting for repeated measurements within
participants, we fitted a linear mixed-effects model to the broad-
band elevation gains across mold-exposure sessions. We focused
on broadband sounds because adaptation was strongest in this
condition and its temporal development was therefore most in-
formative. The model was:

8 = Bo + B Dy + by + by;D;; + g @)

where g, is the elevation gain for participant i at session j, D;;
is the number of days since mold insertion, §, and §, are the
population-level intercept and exposure-duration slope, re-
spectively, and b,, and b,; are participant-specific deviations
from these population parameters. The residual error is rep-
resented by € Participant-specific intercepts and slopes were
allowed to covary. The model was fitted by restricted maxi-
mum likelihood (REML). We report the estimated population-
level slope and its 95% confidence interval (CI), together with
the estimated between-participant standard deviation of the
individual slopes. We focused this time-course analysis on
broadband sounds, for which adaptation was strongest and for
which the temporal development of adaptation was therefore
most informative.

2.8.4 | Statistics

We used estimation statistics to quantify differences between
experimental conditions (Calin-Jageman and Cumming 2019;
Ho et al. 2019). We obtained 95% CIs of the mean difference
distributions by performing a bootstrap analysis with replace-
ment. Results are reported as the mean and the 95% CI of the
gain, in the format: mean [lower CI, upper CI|. Additionally,
we report p values from two-sided permutation t-tests, which
indicate the probability of observing an effect at least as ex-
treme as the measured effect under the null hypothesis of no
difference.

3 | Results
3.1 | Impact of Molds—Example Participant

To illustrate the effects of the ear molds and our linear-
regression-based analysis approach, Figure 4 presents stimu-
lus-response data from one example participant (P10), tested at
the following three key stages: before mold insertion (yellow),
immediately after insertion (blue), and after 27days of con-
tinuous use (red). This example demonstrates how an abrupt
change in spatial cues affects sound localization and how per-
formance evolves with prolonged exposure. In addition, it pro-
vides a visual check that the linear regression gain captures the
main structure of the localization responses and highlights the
acute effects, partial recovery, and cross-dimensional response
patterns that motivated the subsequent group-level analyses.

Figure 4 depicts stimulus-response relationships for eleva-
tion (Figure 4a-c) and azimuth (Figure 4d-f), as well as cross-
dimensional effects, showing how azimuth responses depend on
stimulus elevation (Figure 4g-i). Results are shown separately for
broadband, high-pass, and low-pass sounds. Data were pooled
across sound levels and across the orthogonal spatial dimen-
sion. Thus, elevation-response plots were pooled across target
azimuths, azimuth-response plots across target elevations, and
azimuth-versus-elevation plots across target azimuths. Before
wearing the molds, the participant localized broadband and high-
pass sounds accurately in elevation (Figure 4a,c, yellow; gains =~
0.7), but performed poorly for low-pass sounds (Figure 4b, yellow;
gain = 0), consistent with the absence of high-frequency spectral
cues in low-pass stimuli. Immediately after mold insertion, eleva-
tion localization for broadband and high-pass sounds collapsed
(Figure 4a,c, blue; gains near zero), while low-pass performance
remained unchanged and poor (Figure 4b, blue). This acute defi-
cit confirms that the molds effectively disrupted the spectral cues
normally used for sound elevation localization.

After 27days of wearing the molds, elevation performance par-
tially recovered. Gains increased to approximately 0.3 for broad-
band sounds and 0.2 for high-pass sounds (Figure 4a,c, red),
indicating that the participant began to extract useful elevation
information from the altered acoustic cues. As expected, given
the lack of informative spectral structure, low-pass elevation lo-
calization remained poor throughout (Figure 4b, red).

In contrast, azimuth localization remained robust across all
conditions (Figure 4d-f), with gains close to 1.0 before mold
insertion (yellow), immediately after insertion (blue), and after
prolonged use (red). This stability is consistent with the preser-
vation of low-frequency ITDs and reliable ILDs for horizontal
localization. However, the molds also introduced a systematic
cross-dimensional effect: Azimuth responses became depen-
dent on stimulus elevation (Figure 4g-i). Specifically, sounds
presented at higher elevations tended to be localized more to-
ward the left. This effect was most pronounced for high-pass
sounds, for which the azimuth-versus-elevation regression gain
increased to about 0.2 after adaptation (Figure 4i, red), suggest-
ing that the elevation-dependent ILDs introduced by the molds
began to influence azimuth judgements. For the BB sounds, the
complementary use of unaffected ITD cues decreased this effect
considerably.

6of 17
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Example sound localization before and after exposure to barn-owl molds. Stimulus-response plots for participant 10 show

sound localization behavior in elevation (a—c) and azimuth (d-f) across three conditions: without molds (yellow), immediately after mold insertion
(blue), and after 27 days of mold use (red). Panels g-i show cross-dimensional effects, plotting response azimuth as a function of stimulus elevation.
Each column corresponds to a different sound type: broadband (BB, left), high-pass (HP, middle), and low-pass (LP, right) noise. Markers indicate the
mean response, and error bars show 95% confidence intervals. Lines represent linear regression fits. Data were pooled across sound levels and across
the orthogonal target dimension. This example is shown to illustrate the stimulus response patterns and regression-based analysis, not to support
group-level conclusions. Group-level effects and individual variability are quantified in Figures 5-7.

In summary, this example participant showed a pronounced
and immediate loss of elevation localization after mold in-
sertion, accompanied by the emergence of cross-dimensional
interference in azimuth. With extended exposure, eleva-
tion gains partially recovered, demonstrating experience-
dependent adaptation to the altered acoustic cues. Note that
across all panels, the localization gain (the slope of the stimu-
lus-response regression, Equation 1) provides a compact and
informative summary of localization behavior. In the follow-
ing sections, we show that these acute effects and gradual ad-
aptations generalize across participants, as observed in their
localization gains over time.

3.2 | Acute Impact of Molds
We quantified the acute effects of the asymmetric ear molds by

comparing sound-localization performance before and immedi-
ately after mold insertion across all participants (Figure 5). We

assessed changes in localization gain (Equation 1) along three
dimensions: elevation (Figure 5a,d), azimuth (Figure 5b,e), and
the dependence of azimuth responses on stimulus elevation
(Figure 5c,f). Each analysis was performed separately for broad-
band (BB; blue), low-pass (LP; red), and high-pass (HP; yellow)
noise bursts, allowing us to isolate how abrupt cue perturbations
affect different components of spatial hearing.

Participants localized broadband and high-pass sounds accu-
rately in elevation before wearing the molds (Figure 5a; mean
gain BB=0.94 [0.87, 1.04], where square brackets indicate
bootstrapped 95% Cls; gain HP =0.84 [0.77,0.92]). Immediately
after mold insertion, the gains dropped by ABB=-0.85 [0.94,
-0.71] (p<0.001) and AHP=-0.76 [-0.85, —0.64] (p <0.001)
(Figure 5d), indicating a near-complete loss of vertical local-
ization. This dramatic decline confirms that the molds effec-
tively disrupted the spectral cues required for elevation sound
localization. In contrast, low-pass sounds were localized poorly
in elevation both before (LP gain=0.07 [0.06, 0.09]) and after
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FIGURE 5 | Acute effects of asymmetric ear molds on human sound localization performance. Sound localization gains are shown for
elevation (a, d), azimuth (b, e), and the interaction between azimuth responses and stimulus elevation (c, f), for three spectral noise conditions: broad-
band (BB; blue), low-pass (LP; red), and high-pass (HP; yellow). Each plot compares performance without molds (“no”) and with acutely worn molds
(“ac”). Each panel in the top row (a—c) displays slope graphs where individual paired observations (each participant's performance without vs. with
molds) are connected by thin lines and the group averages (thick lines). Panels d-f present the corresponding paired differences (acutely worn—no
mold) between conditions where the white marker represents the mean difference, the vertical error bar marks the 95% confidence interval, and the
colored patch illustrates the bootstrap sampling distribution.
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FIGURE 6 | Time course of elevation gain adaptation. Elevation localization gains are plotted as a function of days since mold insertion for
broadband (BB; a, d), low-pass (LP; b, €), and high-pass (HP; c, f) sounds. Data are shown separately for the 2008 cohort (a—c) and 2010 cohort (d-f).
Each line represents data from one participant. The large, filled circle for each participant indicates the session with the highest target-response cor-
relation for that participant and sound condition; these sessions were used as the maximal-adaptation measurements in Figure 7. The gain trajecto-
ries show substantial interindividual variability, session-to-session fluctuations, including in some cases decreases after peak performance.

mold insertion (LP gain=-0.04 [0.02, 0.07]), consistent with By contrast, azimuth localization remained robust across all
the absence of informative high-frequency spectral structure. conditions. Gains were close to 1.2 [1.1, 1.3] both before and
Comparing gains directly (Figure 5d) shows that the acute loss after mold insertion, with no reliable change induced by the
of elevation performance occurred selectively for broadband and molds (Agy: 0.06 [-0.04, 0.16]; p=0.31; A} ,: —0.07 [-0.14, 0];
high-pass stimuli. p=0.10; A,;,: 0 [-0.09, 0.08]; p=0.98; Figure 5b,e). This stability
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is consistent with the preservation of low-frequency ITDs and
reliable ILDs, which continued to provide valid horizontal lo-
calization cues.

A systematic effect emerged, however, when we examined how
azimuth responses depended on stimulus elevation (Figure 5c,f).
This interaction was negligible at baseline but increased sig-
nificantly after mold insertion, indicating cross-dimensional
interference. The azimuth-elevation coupling increased for all
sound types, with the strongest effect observed for high-pass
sounds (App: 0.21 [0.16, 0.27]; p<0.01), followed by broadband
sounds (Ap: 0.1 [0.06, 0.14]; p <0.01). Low-pass sounds showed
a smaller, yet reliable, increase (A : 0.04 [0.01, 0.06]; p=0.03).
These results indicate that the molds introduced elevation-
dependent structure into binaural cues that are normally inter-
preted purely in terms of azimuth.

In summary, acute exposure to the asymmetric molds caused
a severe disruption of sound elevation localization, selectively
affecting sounds that normally rely on high-frequency spec-
tral cues, while horizontal localization remained largely in-
tact. At the same time, the emergence of elevation-dependent
biases in azimuth responses shows that the altered binaural
cues were interpreted according to the normal cue-to-space
mapping: Changes in ILD were treated as changes in azimuth,
even though the molds had made ILDs partly dependent on
elevation.

3.3 | Time Course of Adaptation

To visualize the dynamics of adaptation, we plotted elevation
gains for each participant as a function of the actual number of
days since mold insertion (Figure 6). Data are shown separately
for the 2008 (Figure 6a-c) and 2010 (Figure 6d-f) cohorts, be-
cause the 2008 cohort constituted the initial exploratory study
and generally involved longer mold exposure, whereas the 2010
cohort was a more controlled follow-up study with mostly ex-
ternally recruited participants and a shorter mold exposure (see
Methods).

The gain trajectories reveal substantial interindividual variabil-
ity and session-to-session fluctuations. For broadband sounds,
several participants showed gradual increases in elevation gain,
although this improvement was not always monotonic. High-
pass sounds showed a similar pattern, whereas low-pass eleva-
tion gains generally remained close to zero. The larger markers
indicate the session with the highest target-response correlation
for each participant and sound condition, which was used for the
maximal-adaptation analysis in Figure 7. In several cases, per-
formance declined after this session, for example, P4, indicating
that maximal observed performance should not be interpreted
as a stable endpoint or asymptotic level of adaptation. Thus, the
individual time courses do not support a simple monotonic rela-
tionship between exposure duration and the extent of adaptation.
Rather, the amount of recovery depended strongly on partici-
pant, session, and stimulus condition, indicating that exposure
duration alone did not explain the variability in performance.

To quantify the relationship between exposure duration and
elevation adaptation, we fitted a linear mixed-effects model

a BB LP BB
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FIGURE 7 | Adaptation of human sound localization perfor-
mance to barn-owl molds. (a) Elevation localization gains measured
with acutely worn barn-owl molds (“ac”) and after extended mold ex-
posure (“exp”) for broadband (BB; blue), low-pass (LP; red), and high-
pass (HP; yellow) sounds. Thin lines show individual participants; thick
solid lines show group means for the with-mold condition, and dashed
lines indicate baseline performance without molds. Purple symbols de-
note the direct comparison between broadband and high-pass condi-
tions after extended use. (b) Paired mean differences in elevation gain
between preadaptation and postadaptation conditions. Error bars rep-
resent 95% confidence intervals, with the white marker indicating the
mean difference. Colored patches depict the bootstrap sampling distri-
butions of the differences.

to the repeated BB measurements, with elevation gain as the
dependent variable, exposure duration as a fixed effect, and
participant-specific random intercepts and slopes. Elevation
gain increased on average by 0.012 per day of exposure (95%
CI: 0.003-0.021). However, the estimated between-participant
standard deviation of the time slopes was also 0.012 gain units/
day, indicating substantial individual variation in the rate of
change. Thus, the mixed-effects analysis quantitatively supports
the pattern visible in Figure 6: Elevation performance showed
a positive average trend with increasing exposure, but the rate
and time course of this improvement varied considerably across
participants.

3.4 | Extent of Adaptation to Molds

Given these heterogeneous and fluctuating time courses, we
next quantified the extent of adaptation observed during the
exposure period, irrespective of when maximal performance
occurred. For each participant, we selected the postadaptation
session with the highest elevation correlation. As before, we
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analyzed localization gains separately for elevation (Figure 7)
and azimuth (not shown), and for broadband (BB; blue), high-
pass (HP; red), and low-pass (LP; yellow) sounds.

Elevation localization showed a modest but reliable improve-
ment over the course of mold exposure, consistent with partial
adaptation. For broadband sounds, elevation gain increased sig-
nificantly from the acute phase to the session with the highest
correlation during the exposure period (A,;=0.24 [0.15, 0.41];
p=0.003; Figure 7b), indicating substantial recovery relative
to the immediate postmold deficit. Localization of high-pass
sounds likewise showed a significant gain increase over time
(Ap=0.17 [0.06, 0.33]; p=0.02; Figure 7b), although the mag-
nitude of recovery was smaller than in the broadband condition.
Gain improvement was smallest for low-pass sounds (ALP =0.07
[0.04, 0.10]; p<0.01; Figure 7b), as expected because eleva-
tion localization for low-pass sounds was poor throughout the
experiment.

Individual changes were variable, but the direction of change
was generally consistent. Broadband elevation gains increased
from the acute to the maximal-adaptation session in 11 of 12
datasets, whereas high-pass gains increased in 10 of 12 data-
sets. Thus, the group-level improvement was not driven by a
single participant, although the magnitude of recovery differed
substantially across listeners. The qualitative pattern of modest
and variable elevation recovery, with the strongest improvement
for broadband sounds, was also unchanged across robustness
checks that excluded authors, accounted for differences in ses-
sion timing, removed the highest-gain observation, or restricted
the analysis to the 2010 cohort.

Adaptation remained incomplete and differed across sound
types. Direct comparisons at the end of the exposure period
revealed that elevation gains for broadband sounds exceeded
those for high-pass sounds (Ag, ,;,=0.08 [0.03, 0.12]; p=0.01;
Figure 7b), indicating a selective benefit for stimuli containing
both low- and high-frequency components. This pattern sug-
gests that successful elevation adaptation was facilitated by ac-
cess to the full set of spatial cues available in broadband sounds,
whereas recovery for high-pass stimuli alone was more lim-
ited. Because broadband and high-pass sounds both contained
high-frequency spectral information, the additional recovery
for broadband sounds points to a contribution of low-frequency
spatial cues rather than to spectral-cue learning alone. Overall,
these results demonstrate gradual but partial elevation adapta-
tion, with clear evidence that the extent of recovery depended on
stimulus cue content.

We also examined whether the primary mapping between target
and response azimuth changed with prolonged mold exposure.
Azimuth localization gains remained largely unchanged after
mold insertion for broadband, low-pass, and high-pass sounds
(A =-0.06 [-0.18, 0.03]; p=0.31; A ,=0.07 [-0.01, 0.14];
p=0.10; A,;,=0.00 [-0.09, 0.08]; p=0.94). Thus, the molds did
not reliably affect horizontal localization accuracy. Because the
molds acutely introduced a weak elevation-dependent modula-
tion of azimuth localization responses (Figure 5c¢,f), we tested
whether this cross-dimensional effect was itself subject to recal-
ibration by quantifying the dependence of azimuth response on
target elevation across conditions. This elevation-dependence

did not differ between the no-mold and acute-mold conditions
for broadband, low-pass, or high-pass sounds (A,;=0.03 [-0.03,
0.09]; p=0.42; A ,=0.02 [-0.06, 0.05); p=0.67; A,=0.05
[-0.08,0.16]; p=0.46). Moreover, the relative difference between
broadband and high-pass sounds was unchanged (A=0.02
[-0.07, 0.08]; p=0.61). Thus, both acutely and throughout adap-
tation, azimuth responses retained a small but stable elevation-
dependent component that did not undergo recalibration.

4 | Discussion
4.1 | Summary of Main Findings

In this study, we examined the adaptability of human sound
localization when listeners were confronted with radically
altered spatial cues produced by asymmetric molds. Acute
exposure to the molds disrupted the normal cue structure:
Pinna-based spectral cues were largely eliminated, high-
frequency ILDs were altered, and low-frequency ITDs re-
mained largely intact (Figure 3). Consequently, elevation
localization for broadband and high-pass sounds deteriorated
severely, whereas low-pass elevation localization, already
poor at baseline, remained largely unchanged. Horizontal lo-
calization was largely preserved, although the altered ILDs
introduced systematic elevation-dependent biases in azimuth
responses (Figures 4 and 5). With prolonged exposure, lis-
teners showed limited recovery of elevation localization, but
this adaptation was slow, variable across participants, and
fluctuating across sessions (Figures 4, 6, and 7). Importantly,
recovery was strongest for broadband sounds, indicating that
access to both low-frequency ITDs and high-frequency level
cues facilitated adaptation. Together, these findings show that
the human auditory system can adapt, albeit weakly and inef-
ficiently, to cross-dimensional changes in spatial cues. The se-
lective broadband advantage suggests that low-frequency ITDs
helped listeners resolve the ambiguity of the altered ILD struc-
ture, allowing binaural cues normally associated with azimuth
to contribute to elevation recovery.

4.2 | Acute Cue Perturbations Reveal Obligatory
Mapping of ILDs to Azimuth

Sound localization is a computational process that relies on the
interpretation and integration of multiple auditory spatial cues,
including ITDs, ILDs, and monaural spectral cues (Strutt 1907;
Wightman and Kistler 1989; Middlebrooks and Green 1991;
Blauert 1997; Grothe et al. 2010; Joris and Van der Heijden 2019;
Yin et al. 2019). The asymmetric molds used here successfully
generated acoustic transformations while disrupting normal
human spatial cues (Figure 3), and this manipulation imme-
diately affected sound-localization behavior (Figures 4 and 5).
Such acute effects are consistent with more than a century of
research demonstrating that abrupt alterations of spatial cues,
through ear plugging, pinna molds, acoustic tubes, or virtual
acoustics, produce predictable and often severe localization
errors (e.g., Strutt 1907; Wightman and Kistler 1989; Hofman
et al. 1998; Carlile 2014; Kumpik and King 2019). Each of these
manipulations alters the spatial cues in a distinct way, thereby
changing the mapping between cue values and perceived sound
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location. In the present study, the molds disrupted monaural
spectral cues and introduced ILDs that varied systematically
with both azimuth and elevation, while leaving ITDs un-
changed. As a consequence, azimuth localization of high-pass
sounds became dependent on sound-source elevation. Because
the brain has no immediate access to the generative structure
of the altered cues, initially, ILDs remain mapped onto azimuth
alone, resulting in systematic cross-dimensional interference.

Interestingly, localization of broadband sounds showed a much
weaker elevation dependence of azimuth responses and instead
resembled localization of low-pass sounds (Figure 5c). This pat-
tern suggests that, for broadband sounds, low-frequency ITDs
and high-frequency ILDs were combined in a weighted fashion,
with ITDs exerting the dominant influence on azimuth judge-
ments. Such weighted cue integration is consistent with classic
ITD-ILD trading relations (e.g., Blauert 1997; Macpherson and
Middlebrooks 2002; Heller and Richards 2010; Stecker 2010;
Ahrens et al. 2020). ITDs provide a robust cue to horizontal
sound location: Within the low-frequency range in which they
are most useful, they are only weakly frequency-dependent and
are little affected by changes or obstructions in the external ear
canal. By contrast, ILDs are strongly frequency-dependent and
are more susceptible to changes in the external ear. The molds
substantially altered the high-frequency ILD structure, such
that ILDs no longer varied only with azimuth, as in normal lis-
tening, but also systematically with elevation. This introduced
an ambiguity in the interpretation of ILDs: The same or similar
ILD values could now reflect differences in azimuth, elevation,
or both. This likely reduced the effective reliability of ILDs as
a cue to azimuth and led the auditory system to down-weight
ILDs relative to ITDs, in accordance with Bayesian principles
of reliability-based cue integration (Ernst and Banks 2002;
Battaglia et al. 2003; Kording and Wolpert 2004). Thus, the
acute effects of the molds suggest that, immediately after the
acoustic input was altered, listeners continued to rely primarily
on their established (“prior”) cue-to-space mapping, with ro-
bust low-frequency ITDs dominating azimuth judgements even
when the high-frequency ILD structure no longer conformed to
the normal mapping.

4.3 | Acute Pinna Cue Perturbations Reveal Their
Importance in Sound Elevation Localization

The degradation of spectral pinna cues yielded clear and imme-
diate deficits in elevation localization (Figure 5a). This result
is consistent with extensive previous work showing that high-
frequency, monaural spectral features introduced by the pinna
are the dominant cues for human sound-source elevation local-
ization (Hebrank and Wright 1974; Musicant and Butler 1984;
Middlebrooks 1992; Hofman and Van Opstal 1998; Langendijk
and Bronkhorst 2002). When these cues are removed or dis-
torted by ear molds, earplugs, or spectral smoothing, eleva-
tion response gains typically decrease toward zero, indicating
that responses become largely unrelated to target elevation,
even when binaural cues remain intact (Hofman et al. 1998;
Macpherson and Sabin 2013; Carlile 2014; Ege et al. 2018). The
present findings confirm that, in the absence of reliable spectral
structure, neither ILDs nor ITDs alone provide sufficient infor-
mation for accurate elevation localization under normal cue

mappings, emphasizing the critical role of pinna-based spectral
cues for normal vertical sound localization in humans.

4.4 | Broadband Advantage Supports Adaptation
to the Altered Cue Structure

Despite the severe disruption of normal elevation cues, eleva-
tion gains improved over days to weeks, but recovery remained
incomplete and fluctuated across sessions (Figures 6 and 7),
with performance generally remaining below baseline even
when individual participants reached relatively high gains at
particular time points (Hofman et al. 1998; Van Wanrooij and
Van Opstal 2005). Crucially, this improvement was strongest for
broadband sounds, whereas high-pass sounds showed substan-
tially less recovery. This pattern is informative for interpreting
the underlying mechanism. Recovery for high-pass sounds may
reflect learning of residual or altered high-frequency spectral
cues, altered high-frequency ILDs, or a combination of both.
However, the additional recovery for broadband sounds over
high-pass sounds cannot be explained by access to additional
high-frequency spectral information, because both stimulus
types contained such cues. The broadband advantage therefore
suggests that listeners benefited from the combination of low-
frequency ITDs and high-frequency mold-induced level cues,
consistent with partial use of the altered binaural cue structure
for elevation.

The adaptation data also showed substantial individual variabil-
ity. The mixed-effects analysis nevertheless indicated an average
increase in broadband elevation gain with exposure duration,
but the estimated between-participant variability in this change
was large: The standard deviation of individual time slopes was
approximately equal to the average population slope. This is
consistent with Figure 6, in which some participants showed
little or fluctuating recovery whereas others showed clearer
improvement over time. These individual differences are diffi-
cult to interpret mechanistically because participants differed
in exposure duration, number of test sessions, mold geometry,
and possibly in daily acoustic experience. Moreover, elevation
gains fluctuated across sessions, so a single “adapted” value may
not reflect stable performance. The positive average time course
is evidence for gradual adaptation at the group level, while the
large between-participant variability indicates that its rate and
extent were highly individual. We interpret these individual dif-
ferences as an indication that adaptation to these altered cues
was weak, unstable, and dependent on the specific conditions
experienced by each listener.

The persistence of the small cross-dimensional bias, in which
response azimuth depended on stimulus elevation (Figures 4g,i
and 5c), adds another constraint on the interpretation of adapta-
tion. It indicates that the altered high-frequency level cues were
not fully reassigned from azimuth to elevation, and that the
original ILD-azimuth mapping remained influential. Thus, the
present results should not be interpreted as complete remapping
of ILDs onto elevation.

Because the molds altered several acoustic cues simultaneously,
the present experiment does not isolate pure ILD-cued elevation
learning. Residual or altered high-frequency monaural spectral
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cues may have contributed to recovery, especially for high-pass
sounds. The molds also changed the spectra differently at the
two ears, potentially creating interaural spectral differences
that were not present in normal hearing. Such cues would be
difficult to interpret unambiguously because they depend not
only on source direction but also on the spectrum of the sound
source itself. However, spectral-cue learning alone does not ex-
plain the additional broadband advantage because broadband
and high-pass sounds contained identical high-frequency spec-
tral information.

Likewise, a contribution from low-frequency head- or torso-
related cues cannot be fully excluded. Low-pass elevation gains
showed a small average increase over the exposure period,
suggesting that listeners may have extracted some elevation-
related information even from the low-frequency stimulus
band. However, this effect was much smaller than the recovery
observed for broadband and high-pass sounds, and the within-
participant pattern did not account for the additional broadband
advantage over high-pass sounds. Moreover, low-frequency
head- or torso-related cues are likely to be weak and posture-
dependent. In everyday listening, head-on-torso posture varies
independently of sound-source elevation, making such cues
unreliable for driving adaptation from incidental feedback.
We therefore interpret the broadband advantage as most con-
sistent with the joint availability of low-frequency ITDs and
altered high-frequency level cues, while acknowledging that
low-frequency monaural cues may have contributed modestly to
performance.

4.5 | Cue Integration and Possible Neural Locus
of Adaptation

Sound localization is not a direct readout of physical space, but
depends on the extraction, integration, and interpretation of
acoustic cues. In normal human hearing, ITDs and ILDs provide
reliable information about azimuth, whereas high-frequency
monaural spectral cues generated by the pinnae provide the
dominant information about elevation. Other cues, such as over-
all monaural intensity, may also influence localization (espe-
cially in impaired hearing; Van Wanrooij and Van Opstal 2004),
but generally have a less specific, often ambiguous, relationship
to spatial position. Thus, the auditory system must extract spa-
tial information from the spectrotemporal signals reaching the
two ears, combine the resulting cue information, and map the
resulting neural activity onto perceived sound location and ori-
enting behavior.

The elementary spatial cues are first extracted in specialized sub-
cortical circuits. ITDs and ILDs are processed in binaural brain-
stem pathways involving the medial and lateral superior olives,
whereas monaural spectral information is transformed through
cochlear-nucleus pathways, including the dorsal cochlear nu-
cleus (Young et al. 1997; Grothe et al. 2010; Yin et al. 2019; Joris
and Van der Heijden 2019; Tollin 2003). Spatial information is
then progressively integrated in the midbrain and forebrain.
Neurons in the inferior colliculus receive convergent infor-
mation related to sound level, ITDs, ILDs, and spectral cues,
and even eye orientation (Groh et al. 2001; Zwiers et al. 2004),
and may therefore provide a distributed population code from

which the sound location for eye-head orienting can be inferred
(Zwiers et al. 2004; Chase and Young 2008; Slee and Young 2011,
2014; Yao et al. 2015; Van den Wildenberg and Bremen 2024).
However, unlike in the barn owl, a stable point-to-point auditory
map of space has not been identified in the mammalian audi-
tory pathway (Zwiers et al. 2004; Middlebrooks 2021). This sug-
gests that sound location in mammals is likely represented by
distributed neural activity that must be decoded for perception
and action.

As an example of such decoding, Zwiers et al. (2004) proposed
a useful framework for the decoding of inferior colliculus spa-
tial information. In their model, a tonotopic population of IC
neurons, with distributed and apparently nonmap-like activ-
ity, weakly modulated by eye position, projected to a spatially
organized eye-centered motor map in the superior colliculus.
By training the weights of the IC-SC projection, the network
learned to transform distributed auditory activity into an eye-
centered Gaussian representation of eye-motor error in the
SC. Thus, in mammals, a spatially organized orienting signal
need not require a topographic auditory space map at the level
of the IC itself; it could emerge through learned weighting of
distributed auditory activity onto a downstream sensorimo-
tor map. Barn owl studies provide an important experimental
counterpart to this idea. In the owl, auditory spatial information
is represented in the external nucleus of the inferior colliculus
(ICx), which projects to the optic tectum, the avian homologue
of the superior colliculus. During prism adaptation, altered vi-
sual experience shifts auditory orienting behavior and the au-
ditory space map, and this plasticity has been linked to changes
in the pathway from the central nucleus of the inferior collicu-
lus (ICc) to ICx and onward to the optic tectum (Brainard and
Knudsen 1993; Knudsen 1983, 1999, 2002; Knudsen et al. 2000;
Gold and Knudsen 2000; Gutfreund et al. 2002; Pefia and
DeBello 2010). Thus, whereas Zwiers et al. provide a compu-
tational account of how distributed auditory activity could be
mapped onto a superior-colliculus motor representation, the
barn owl work demonstrates experimentally that auditory-to-
orienting mappings in the midbrain can be modified by experi-
ence. Note, however, that the barn owl has an extremely limited
oculomotor range (<2deg), making its head-centered auditory
space map in the ICx ready for direct readout by the optic tec-
tum for head orienting. In contrast, mammals with substantial
oculomotor ranges experience dynamic misalignments of head-
centered auditory space and eye-centered visual space. This ne-
cessitates a radically different neural mapping strategy than in
the barn owl.

For interpreting the present results, it is important to distin-
guish changes in early sensory cue extraction from changes in
the downstream weighting or interpretation of cue-related ac-
tivity. Adaptation to the asymmetric molds need not require a
change in early feature extraction. ITD-, ILD-, and spectral-cue-
sensitive circuits may continue to encode the altered acoustic
input according to their normal sensitivities. Instead, adaptation
could occur by changing the downstream weighting or inter-
pretation of the resulting cue-related population activity. In this
view, the molds altered the pattern of activity entering integra-
tive auditory stages, and experience gradually modified how
that activity was mapped onto spatial judgements or orienting
responses. The selective broadband advantage is consistent with
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such a cue-weighting or mapping account. With the molds in
place, high-frequency level cues depended on both azimuth and
elevation, whereas low-frequency ITDs remained a relatively sta-
ble cue to azimuth. For broadband sounds, listeners could there-
fore use ITDs to help resolve the azimuthal component of the
altered ILD structure, allowing part of the high-frequency level
information to contribute to elevation judgements. For high-pass
sounds, this stabilizing low-frequency ITD information was not
available, making the altered high-frequency cue structure more
difficult to interpret. Thus, the same altered cue-related activity
may have been weighted or decoded differently at later auditory,
multisensory, or orienting stages, rather than requiring ILD-
sensitive brainstem neurons to change their basic tuning.

The present data do not allow us to determine whether this ad-
aptation occurred at a perceptual level, a sensorimotor mapping
level, or both. However, we consider a purely decisional (cogni-
tive) strategy unlikely. Participants were instructed to orient to
the perceived sound location, were not told the acoustic struc-
ture of the manipulation, and received no trial-by-trial feedback
during laboratory testing. Thus, they had little opportunity
to learn an explicit response rule in the experimental setting.
Moreover, the altered cue structure was not reducible to a sim-
ple rule such as mapping perceived azimuth onto elevation: The
mold-induced ILDs varied with both azimuth and elevation,
while ITDs remained informative about azimuth. A simple stra-
tegic rule would therefore be expected to introduce systematic
errors in other response dimensions, rather than selectively im-
proving broadband elevation localization. Finally, participants
did not generally report a strong, explicit awareness of a system-
atic change in elevation perception during everyday listening,
apart from occasional mislocalizations. We therefore interpret
the recovery as behavioral adaptation to the altered spatial cue
structure, most plausibly involving changes in cue weighting
or cue-to-space mapping, rather than as an explicit decisional
strategy.

4.6 | Why Adaptation Is Limited: Weak
and Ambiguous Cues

Adaptation to altered auditory spatial cues has been demon-
strated in many previous studies, but its rate and extent depend
strongly on the nature of the cue perturbation (Van Wanrooij
and Van Opstal 2005; Carlile 2014; Mendonga 2014; Kumpik
and King 2019). When spatial cues are modified within an ex-
isting cue-to-space mapping, such as by unilateral ear plugging
or pinna molds that preserve a consistent mapping between
spectral features and elevation, humans can show substantial
and sometimes rapid recalibration (Hofman et al. 1998; Van
Wanrooij and Van Opstal 2005; Kumpik et al. 2010; Carlile 2014;
Kumpik and King 2019). In contrast, more extreme manipula-
tions that disrupt the internal consistency of spatial cues, such
as binaural input reversal, typically result in very slow adapta-
tion or a lack thereof (Hofman et al. 2002; King et al. 2011). The
limited adaptation observed in the present study is consistent
with the latter studies.

The magnitude of recovery should be interpreted cautiously.
Even for broadband sounds, where adaptation was strongest,
elevation gains remained well below baseline. Moreover, these

values represent the maximal observed recovery within the
available exposure period, not necessarily final or asymptotic
performance. Adaptation fluctuated across days, and the exper-
iment ended before a plateau could be established. Thus, longer
exposure might have yielded further improvement, although the
present data suggest that any such learning would be slow and
variable. The observed gains may have provided coarse elevation
information but were insufficient for functional localization.

A key constraint on adaptation in our experiment was the al-
tered relationship between spatial cues. The asymmetric molds
introduced ILDs that varied with both azimuth and elevation,
creating a cue mixture that does not exist in normal human
hearing (Figure 1b; Wightman and Kistler 1989; Middlebrooks
and Green 1991). Successful adaptation would therefore have
required more than recalibrating an existing cue-to-space map-
ping. A more complete adaptation would likely have required
listeners to reinterpret ILDs while taking their azimuth depen-
dence into account, so that binaural cues could provide more
independent information about elevation. The persistence of
elevation-dependent azimuth biases suggests that this remap-
ping was incomplete.

This limitation may partly reflect the relatively weak and imbal-
anced elevation information carried by the mold-induced ILDs
(Figure 3b), especially when compared with the pronounced
elevation-dependent ILDs available to barn owls (Figure 1le). As
illustrated for participant 2, elevation-dependent level changes
were evident primarily for the left ear, whereas corresponding
effects at the right ear were weak or absent. The resulting ILD
pattern may therefore not have constituted a robust binaural
cue that could be interpreted consistently as signaling elevation.
Instead, listeners may have been confronted with an ear-specific
level structure that was poorly matched to existing binaural
comparison mechanisms. Stronger, more symmetric, or more
systematic elevation-dependent ILDs might therefore support
more robust adaptation.

The broadband advantage is consistent with this interpretation:
Low-frequency ITDs may have provided a stable azimuth refer-
ence that helped listeners interpret the altered high-frequency
level structure. However, because the mold-induced ILDs still
varied with both azimuth and elevation, disentangling these
contributions likely remained difficult and limited the extent
to which ILDs could be repurposed for elevation localization.
Thus, the improvement in elevation gain should be interpreted
as partial behavioral adaptation to an altered cue structure,
rather than as evidence for complete reassignment of ILDs
from azimuth to elevation. Future work using virtual-acoustic
or wearable real-time cue transformations could impose more
systematic and stronger spatial cue manipulations than the cur-
rently used physical molds, although maintaining such transfor-
mations during natural everyday listening remains technically
challenging.

4.7 | Why Adaptation Is Limited: Imprecise
Error Signals

A further constraint on learning may arise from a relation-
ship between localization accuracy and precision. Previous
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studies have shown that localization gain and response variabil-
ity are linked, particularly under conditions of increased sen-
sory uncertainty (Ege et al. 2018, 2026; Garcia et al. 2017; Bruns
et al. 2024). In a simple inference framework, reducing response
gain can reduce response variability when sensory uncertainty
is high, because responses are compressed toward the center.
Such a strategy may minimize variable errors, but it also cre-
ates a challenge for adaptation. With the molds, the sensory ev-
idence for elevation was weak and ambiguous. Increasing gain
during learning would therefore make responses more depen-
dent on this uncertain sensory evidence, potentially increasing
trial-by-trial errors even if average accuracy improved. Natural
sensorimotor feedback may then provide inconsistent teaching
signals: A partially learned mapping could appear useful on
some occasions but misleading on others. This may contribute
to the slow, fluctuating, and incomplete adaptation observed
here. We explored response precision in the present data by es-
timating the residual variability of the stimulus-response fits,
but these estimates were too noisy to draw strong conclusions
about the accuracy-precision relationship or its time course
during adaptation. Future studies with more trials per session
could test whether precision limits the learning of altered spatial
cue mappings.

4.8 | Limitations

Several limitations of the present study should be acknowl-
edged, most of which arise from the practical burden of the
experimental paradigm. The sample size was modest, and
for many participants the duration of continuous mold use
was limited. This is important because previous studies show
that adaptation to altered external-ear cues can unfold over
very different time scales: Some listeners improve within
days, whereas others require weeks or even months, depend-
ing on the cue perturbation, feedback, and individual listener
(Hofman et al. 1998; Van Wanrooij and Van Opstal 2005;
Carlile et al. 2014; for review see Carlile 2014). Thus, for some
participants in the present study, the exposure period may have
been too short to determine whether further adaptation would
have occurred. Extending the exposure period, however, was
constrained by the practical burden of the paradigm. Wearing
asymmetric ear molds throughout daily life is physically un-
comfortable and socially conspicuous, and repeated laboratory
testing over days to weeks is time-consuming and fatiguing.
Continuing the experiment until each participant reached a
stable asymptote was therefore not feasible. These factors con-
strained both recruitment and exposure duration and therefore
reflect unavoidable design trade-offs rather than experimental
oversights.

A second limitation is that the molds were manually fabricated
for each listener, so the acoustic transformations were unlikely
to be identical across participants. Such variability may have
contributed to the heterogeneous and fluctuating adaptation ob-
served here. This interpretation is consistent with earlier mold
studies, in which learning could be slow and variable when
cue changes depended on individual ear morphology (Hofman
et al. 1998; Van Wanrooij and Van Opstal 2005). By contrast,
more controlled manipulations, such as standardized molds or
virtual-acoustic transformations, can impose more systematic

cue changes and may therefore support clearer or faster learning
(Zahorik et al. 2006; Majdak et al. 2013; Carlile et al. 2014).

Finally, participants received no explicit training or performance
feedback during testing. This choice was intentional: By with-
holding feedback, we aimed to assess spontaneous adaptation
driven by natural sensorimotor experience in everyday environ-
ments, rather than task-specific or setup-dependent learning.
Although explicit training and feedback can accelerate and en-
hance adaptation to altered spectral cues, such approaches may
also promote strategies tied to specific stimuli or loudspeaker
configurations (Majdak et al. 2013; Mendonga 2014; Keating
et al. 2016; Kumpik et al. 2019; Arras et al. 2022; Kacelnik
et al. 2002).

4.9 | Potential Implications for Hearing
Rehabilitation

The present findings may inform future cue-shaping ap-
proaches for individuals with hearing impairment, particu-
larly those with limited access to high-frequency spectral cues
(Ludwig et al. 2021; Zheng et al. 2022). Many common forms
of hearing loss, as well as hearing aids and cochlear implants,
degrade or eliminate the fine spectral structure generated by
the pinnae, thereby compromising elevation localization (Otte
et al. 2013; Thakkar and Goupell 2014). Our results suggest that
the auditory system may retain some capacity to exploit altered
cue structures when multiple binaural cues are jointly available.
However, the modest and fluctuating recovery observed here
also shows that such relearning is strongly constrained when
binaural cues are weak, ambiguous, or confounded by natural
acoustics.

Listeners with hearing impairment differ from the normal-
hearing listeners tested here because their acoustic input is
shaped by hearing devices. In principle, hearing aids or cochlear
implants could impose stronger and more systematic cue map-
pings than those produced by physical molds, for example by pre-
serving ITDs for azimuth while using ILDs or other level-based
transformations to support elevation. From this perspective,
the limited adaptation observed here does not preclude rehabil-
itative benefit but highlights the importance of consistent cue
structure and training. Device-mediated cue shaping, particu-
larly when combined with explicit feedback or training (Keating
et al. 2016; Kumpik et al. 2019; Arras et al. 2022), may allow
listeners to exploit binaural cues for vertical spatial perception
in ways that are not feasible through natural acoustics alone.

4.10 | Conclusions

By confronting human listeners with asymmetric outer-ear
acoustics, we tested the limits of auditory spatial plasticity
under extreme cue perturbations. The altered cues immediately
disrupted elevation localization and induced cross-dimensional
biases, revealing the persistence of established cue-to-space
mappings. With prolonged exposure, listeners showed a modest
but reliable improvement in elevation localization, which was
strongest for broadband sounds. This pattern argues against an
explanation of the broadband advantage based on relearning
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high-frequency spectral pinna cues alone, because broadband
and high-pass sounds contained similar high-frequency infor-
mation. Instead, the additional improvement for broadband
sounds suggests that listeners benefited from the joint avail-
ability of low-frequency ITDs and altered high-frequency level
cues, with ITDs helping to disambiguate elevation-dependent
ILDs. Thus, the results indicate partial behavioral adaptation
to an altered spatial cue structure, while also revealing strong
constraints on the ability of the adult human auditory system to
remap spatial dimensions.
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