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Spatial hearing is a crucial capacity of the auditory system. While the encoding of horizontal sound direction has been extensively studied,
very little is known about the representation of vertical sound direction in the auditory cortex. Using high-resolution fMRI, we measured
voxelwise sound elevation tuning curves in human auditory cortex and show that sound elevation is represented by broad tuning
functions preferring lower elevations as well as secondary narrow tuning functions preferring individual elevation directions. We
changed the ear shape of participants (male and female) with silicone molds for several days. This manipulation reduced or abolished the
ability to discriminate sound elevation and flattened cortical tuning curves. Tuning curves recovered their original shape as participants
adapted to the modified ears and regained elevation perception over time. These findings suggest that the elevation tuning observed in
low-level auditory cortex did not arise from the physical features of the stimuli but is contingent on experience with spectral cues and
covaries with the change in perception. One explanation for this observation may be that the tuning in low-level auditory cortex underlies
the subjective perception of sound elevation.
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Introduction
Spatial hearing is the capacity of the auditory system to infer the
location of a sound source from the complex acoustic signals that
reach both ears. This ability is crucial for an efficient interaction
with the environment because it guides attention (Broadbent,
1954; Scharf, 1998) and improves the detection, segregation, and

recognition of sounds (Dirks and Wilson, 1969; Bregman, 1994;
Roman et al., 2003). Sound localization is achieved by extracting
spatial cues from the acoustic signal that arise from the position
and shape of the two ears. The separation of the two ears produces
interaural time (ITD) and interaural level differences, which en-
able sound localization on the horizontal plane. The direction-
dependent filtering of the pinnae and the upper body generates
spectral cues, which allow sound localization on the vertical plane
as well as disambiguating sounds that originate from the front
and the back of the listener (Wightman and Kistler, 1989; Blauert,
1997).

The cortical encoding of the location of sound sources has
been mostly studied on the horizontal plane. There is a large body
of evidence from both animal and human models that horizontal
sound direction is represented in the auditory cortex by a rate
code and two opponent neural populations, each one broadly
tuned to the contralateral hemifield (Recanzone et al., 2000;
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Significance Statement

This study addresses two fundamental questions about the brain representation of sensory stimuli: how the vertical spatial axis of
auditory space is represented in the auditory cortex and whether low-level sensory cortex represents physical stimulus features or
subjective perceptual attributes. Using high-resolution fMRI, we show that vertical sound direction is represented by broad tuning
functions preferring lower elevations as well as secondary narrow tuning functions preferring individual elevation directions. In
addition, we demonstrate that the shape of these tuning functions is contingent on experience with spectral cues and covaries with
the change in perception, which may indicate that the tuning functions in low-level auditory cortex underlie the perceived
elevation of a sound source.
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Stecker et al., 2005; Werner-Reiss and Groh, 2008; Salminen et
al., 2009; Magezi and Krumbholz, 2010). However, single-unit
recordings in animals often show a greater diversity of spatial
sensitivity than can be captured by far-field measures, such as
EEG and MEG or by data pooled over many single-unit record-
ings (Xu et al., 1998; Mrsic-Flogel et al., 2005; Woods et al., 2006;
Bizley et al., 2007; Middlebrooks and Bremen, 2013). These stud-
ies have shown sound elevation sensitivity in neurons in primary
and higher-level auditory cortical areas, but it is still unclear how
the auditory cortex represents elevation. One fMRI study in hu-
mans (Zhang et al., 2015) presented stimuli at different eleva-
tions, computed an up-versus-down contrast, but did not
construct tuning curves. Their results suggested a nontopo-
graphic, distributed, representation of elevation in auditory cor-
tex. Other neuroimaging attempts to study elevation coding were
limited by poor behavioral discrimination of the different eleva-
tions presented through headphones (Fujiki et al., 2002; Lewald
et al., 2008).

We aimed to reveal the encoding of sound elevation in the
human auditory cortex by extracting voxelwise elevation tun-
ing curves and to identify the relationship between these tun-
ing curves and elevation perception by manipulating the
acoustic cues for elevation perception. In a first fMRI session,
sound stimuli recorded through the participants’ unmodified
ears were presented. These stimuli included the participants’
native spectral cues and allowed us to measure encoding of
sound elevation under natural conditions. In two subsequent
sessions, stimuli carrying modified spectral cues were pre-
sented. Hofman et al. (1998) showed that adult humans can
adapt to modified spectral cues. Audio-sensory-motor train-
ing accelerates this adaptation (Parseihian and Katz, 2012;
Carlile et al., 2014; Trapeau et al., 2016). We modified spectral
cues by fitting silicone earmolds to the outer ears of our par-
ticipants. Participants wore these earmolds for 1 week and
received daily training to allow them to adapt to the modified
cues. Stimuli recorded through the modified ears were pre-
sented in two identical fMRI sessions: one before and one after
this adaptation. Any change in tuning between the two ses-
sions is therefore due to the recovery of elevation perception
achieved during adaptation, rather than physical features of
the spectral cues, which allows us to directly link auditory
cortex tuning to elevation perception.

Materials and Methods
Participants
Sixteen volunteers took part in the experiment after having provided
informed consent. The sample size was based on data from a previous

study (Trapeau et al., 2016). One participant
did not complete the experiment due to a com-
puter error during the first scanning session.
The 15 remaining participants (9 male, 6 fe-
male) were between 22 and 41 years of age
(mean � SD, 26 � 4.7 years). They were right-
handed as assessed by a questionnaire adapted
from the Edinburgh Handedness Inventory
(Oldfield, 1971), had no history of hearing dis-
order or neurological disease, and had normal
or corrected-to-normal vision. Participants
had hearing thresholds of �15 dB HL, for oc-
tave frequencies between 0.125 and 8 kHz.
They had unblocked ear canals, as determined
by a nondiagnostic otoscopy. The experimen-
tal procedures conformed to the World Medi-
cal Association’s Declaration of Helsinki and
were approved by McGill University’s Re-
search Ethics Board.

Procedure overview
Each participant completed three fMRI sessions. In each session, partic-
ipants listened passively to individual binaural recordings of sounds em-
anating from different elevations. Stimuli played in fMRI Session 1 were
recorded from the participants’ unmodified ears and thus included their
native spectral cues. Stimuli played in Session 2 were recorded from
participants’ ears with added silicone earmolds. These earmolds were
applied to the conchae to modify spectral cues and consequently disrupt
elevation perception. Session 3 was identical to Session 2 but took place
after participants had worn the earmolds for 1 week. To track perfor-
mance and accelerate the adaptation process, participants performed
daily sound localization tests and training sessions in the free field and
with earphones.

Apparatus
The molds were created by applying a fast-curing medical-grade silicone
(SkinTite, Smooth-On) in a tapered layer of �3–7 mm thickness on the
cymba conchae and the cavum conchae of the external ear, keeping the
ear canal unobstructed (Fig. 1A).

Behavioral testing, training, and binaural recordings were conducted
in a hemi-anechoic room (2.5 � 5.5 � 2.5 m). Participants were seated in
a comfortable chair with a neck rest, located in the center of a spherical
array of loudspeakers (Orb Audio) with radius of 90 cm (Fig. 1B). A LED
was mounted at the center of each loudspeaker. To minimize location
cues caused by differences in loudspeaker transfer functions, we mea-
sured these functions using a robotic arm that pointed a Brüel and Kjær
1/2-inch probe microphone at each loudspeaker from the center of the
sphere and designed inverse finite impulse response filters to equalize
amplitude and frequency responses across loudspeakers.

An acoustically transparent black curtain was placed in front of the
loudspeakers to avoid visual capture. A small label indicating the central
location (0° in azimuth and elevation) was visible on the curtain and
served as a fixation mark.

A laser pointer and an electromagnetic head-tracking sensor (Pol-
hemus Fastrak) were attached to a headband worn by the participant.
The laser light reflected from the curtain served as visual feedback for the
head position. Real-time head position and orientation were used to
calculate azimuth and elevation of pointed directions.

Individual binaural recordings were taken with miniature micro-
phones (66AF31, Sonion). Sound stimuli in the fMRI sessions were de-
livered through MR-compatible S14 insert earphones (Sensimetrics).
The same pair of earphones was used to present stimuli in the closed-field
behavioral task. Frequency response equalization of the insert earphones
was achieved using the custom-designed filters provided by Sensimetrics.
No equalization was applied to the miniature microphones because their
exact transfer function depends partly on the position in the ear canal and
is difficult to correct. However, the probe microphones were audiological
devices and had a sufficiently flat transfer function. The slight spectral
coloration was not elevation-dependent and did not hinder elevation
perception.

Figure 1. Silicone mold and array of loudspeakers. A, Example of a silicone mold in a participant’s right ear. B, Spherical array of
loudspeakers used for behavioral testing.
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Sound localization tests, binaural recordings, and stimulus presenta-
tions during fMRI sessions were controlled with custom MATLAB
scripts (The MathWorks). Stimuli and recordings were generated and
processed digitally (48.8 kHz sampling rate, 24 bit amplitude resolution)
using TDT System 3 hardware (Tucker Davis Technologies).

Detailed procedure
Earmolds were fitted to the participants’ ears during their first visit.
Fitting was done in silence, and the molds were removed immediately
after the silicone had cured (4 –5 min). Individual binaural recordings
were then acquired using miniature microphones placed 2 mm inside of
the entrance to the blocked ear canal. Participants were asked not to
move during the recordings and keep the dot of the head-mounted laser
on the fixation mark. Recordings were first acquired from free ears.
Without removing the microphones, the earmolds were then inserted for
a second recording and removed immediately afterward.

To minimize procedural learning during the experiment and to make
sure that participants would have a good elevation perception of our
stimuli before their first scan, participants completed three practice ses-
sions. Each practice session took place on a different day, was done with-
out molds, and consisted of a sound localization run, a training run, and
a localization run again for both free-field and earphone stimuli. In a
previous study using the same equipment, no procedural learning was
found for this localization task (Trapeau et al., 2016).

The first fMRI scanning session was then performed, in which binaural
recordings from free ears were presented. The second scanning session
was performed on the next day. Participants wore the molds during this
session and binaural recordings taken with molds were presented. Ear-
molds were inserted in silence right before the participants entered the
scanner and were removed immediately after the end of the scanning
sequence.

From the next day onwards, participants wore the molds continu-
ously. They were informed that the earmolds would “slightly modify
their sound perception” but did not know the specific effect of this mod-
ification. Once the molds were inserted, participants immediately per-
formed two localization runs (one with earphones, the other in the free
field), followed by two training runs (with earphones and free field). On
each of the following 7 d, participants completed a sound localization
run, a training run, and a localization run again for both free-field and
earphone stimuli.

Participants were scanned for a third time after 7 d wearing the molds.
The third scanning session was identical to the second one. Participants
continued wearing the molds until they performed a last localization run
with the molds, �24 h after the last scanning session.

Stimuli
All stimuli used in this experiment, including fMRI stimuli, consisted of
broadband pulsed pink noise (25 ms pulses interleaved with 25 ms si-
lence). Stimuli were presented at 55 dB SPL in all conditions to optimize
elevation perception (Vliegen and van Opstal, 2004).

During the free-field sound localization task and training, the pulsed
pink noise was presented directly through the loudspeakers. During the
closed-field sound localization task and training, as well as during fMRI
sessions, stimuli were presented via the same pair of MRI-compatible
earphones (Sensimetrics S14). Stimuli presented via earphones were in-
dividual binaural recordings of the pulsed pink noise presented from
loudspeakers at various locations. The locations of the stimuli presented
in the different tasks are displayed in Figure 2.

Seven elevations were presented during the fMRI sessions (�45° to 45°
in 15° steps). Because elevation perception is more accurate for azimuths
away from the median plane (Wightman and Kistler, 1989; Makous and
Middlebrooks, 1990; Carlile et al., 1997) and for sounds in the left hemi-
field (Burke et al., 1994), our fMRI stimuli were recorded at 22.5° azi-
muth in the left hemifield (Fig. 2B). To ensure identical binaural cues at
each elevation, we matched ITD across elevations by shifting the left and
right channels to match the ITD measured at 0° elevation (maximum
ITD correction: �80 �s), and we matched interaural level differences
across elevations by normalizing broadband RMS amplitude of the left
and right channel to the amplitudes measured at 0° elevation (maximum

interaural level differences correction: �2 dB). The overall intensity at
each elevation and for each set of recordings (free vs molds) was also
normalized to the same RMS amplitude to remove potential intensity
cues (maximum overall intensity correction: �2 dB). The same treat-
ment was applied to the recordings with earmolds. To check that ear-
molds did not introduce physiologically implausible distortions in the
stimulus spectra, we plotted fMRI stimulus spectra and difference spectra
for both the free ears and earmold conditions (Fig. 3A). Earmolds mostly
changed the spectra for frequencies �6 kHz, whereas lower frequencies
were practically unaffected. Removing the common, nondirectional,
portion of this limited set of transfer functions helps to compare spectral
differences across elevations (Fig. 3B). For a more detailed analysis of the
acoustic properties of the earmolds, see Trapeau et al. (2016).

A B C

Figure 2. Stimuli locations in the different tasks. A, Speaker arrangement during the free-
field localization task. B, Stimulus locations during the closed-field localization task. C, Stimulus
locations during the closed-field training.

A

B

Figure 3. Spectra and difference spectra of fMRI stimuli. Solid lines indicate the free ears
condition. Dotted lines indicate the earmolds condition. A, Spectra of the fMRI stimuli at each
elevation for one randomly picked participant. Spectra have been computed from KEMAR re-
cordings of the stimuli delivered through the pair of Sensimetrics S14 earphones used during
the experiment. B, Difference spectra at each elevation for the same participant. Each transfer
function was divided by the average of the transfer functions across elevations. Black dashed
lines indicate a 0 dB gain. Earmolds mostly changed the spectra for frequencies �6 kHz,
whereas lower frequencies were practically unaffected.
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The duration of the stimulus used in both sound localization tasks
(free field and closed field), as well as in the closed-field training task, was
225 ms (i.e., 5 pulses). It was 125 ms (3 pulses) in the free-field training
task and 4350 ms (87 pulses) during the fMRI sessions.

Localization tasks
Free-field localization task. The free-field localization task was similar to
the one described by Trapeau et al. (2016). In each trial, a 225 ms pulsed
pink noise was presented from 1 of 23 loudspeakers covering directions
from �45° to 45° in azimuth and elevation (for speaker locations, see Fig.
2A). Each sound direction was repeated five times during a run, in pseu-
dorandom order. Participants responded by turning their head and thus
pointing the head-mounted laser toward the perceived location. At the
beginning of a run, participants sat so that the head was centered in the
loudspeaker array and the laser dot pointed to the central location. This
initial head position was recorded and the participant had to return to
this position with a tolerance of 2 cm in head location and 2° in pointed
angle before each trial. If the head was correctly placed when the button
was pressed, a stimulus was played from one of the speakers. If the head
was misplaced, a brief warning tone was played from a speaker located
above the participant’s head (Az: 0°, El: 82.5°).

Closed-field localization task. The procedure in the closed-field local-
ization task was the same as in free field, except that stimuli were pre-
sented via MRI-compatible earphones instead of loudspeakers. Stimuli
were individual binaural recordings of the free-field stimulus presented
from 31 different locations (for stimulus locations, see Fig. 2B).

Statistical analysis
Vertical localization performance was quantified by the elevation gain
(EG), defined as the slope of a linear regression line of perceived versus
physical elevations (Hofman et al., 1998). Perfect localization corre-
sponds to an EG of 1, whereas random elevation responses result in an
EG of 0.

Behavioral EG was calculated on all locations except when reporting
the closed-field EG corresponding to a scanning session, where it was
calculated using only the locations presented in the scanner (i.e., �45° to
45° elevations at 22.5° azimuth in the left hemifield) (Fig. 2B). No behav-

ioral EG was measured in the scanner; these
measurements were taken before or after the
scanning sessions, as indicated in the timeline
in Figure 4D. The closed-field EG reported for
the first fMRI session was thus computed from
the data collected during practice day 3 in Fig-
ure 4D (using trials with stimuli at 22.5° azi-
muth). The closed-field EG reported for the
second fMRI session (in which binaural
recordings with molds were presented) was
computed from the data collected during ad-
aptation day 0, and the closed-field EG re-
ported for the third fMRI session was
computed as weighted average of data collected
during adaptation days 7 and 8 (because com-
parable data were available from before and
after the session). The average was weighted by
the time separating the two localization tests
from the scanning session. Throughout the
analysis, paired comparisons were statistically
assessed using Wilcoxon signed-rank tests,
p values �0.05 were regarded as significant.

Training tasks
Both training tasks involved auditory and
sensory-motor interactions, which has been
shown to accelerate the adaptation process
compared with tasks that comprise visual feed-
back only (Carlile et al., 2014).

Free-field training task. The free-field train-
ing sessions were 10 min long, and the proce-
dure was inspired by Parseihian and Katz
(2012). A continuous train of stimuli (each
stimulus was 125 ms and consisted of 3 pulses

of pink noise) was presented from a random location in the frontal field
(between �45° elevation and �90° azimuth, 61 loudspeakers). The in-
terstimulus interval depended on the angular distance between the sound
direction and the participant’s head direction (measured continuously);
the smaller the difference, the shorter the interstimulus interval, an effect
similar to a Geiger counter. Participants were instructed to point their head
toward the sound source location as fast as possible (no button needed to be
pressed), which allowed active exploration of the auditory space and aids
adaptation (Parseihian and Katz, 2012; Carlile et al., 2014). Once the partic-
ipants kept their head in an area of 6° radius around the target location for
500 ms, the stimulus was considered found and the location was switched to
a random new loudspeaker with the constraint that the new location was at
least 45° away from the previous one. Participants were instructed to find as
many locations as possible during the training run.

Closed-field training task. The closed-field training consisted of paired
auditory and visual stimuli. The auditory stimuli were identical to the
ones used in the closed-field localization task (one stimulus consisted of
5 pulses of pink noise and had a total duration of 225 ms) and were also
presented through MRI-compatible earphones. A trial consisted in the
presentation of five such stimuli (25 pulses in total) from a given loca-
tion, each stimulus being separated by a 275 ms interstimulus interval.
Trials were separated by 1 s pauses without any stimulation. Each trial
corresponded to a pseudorandom location in the frontal field (Fig. 2C).
The visual stimuli were LEDs blinking in synchrony with the acoustic
stimuli and at the location corresponding to the sound source in the
binaural recording in each stimulus presentation. Because binaural re-
cordings were taken while participant’s head pointed at the central loca-
tion, participants were asked to keep their head (and the laser dot)
pointed to this position during stimulus presentation. The task was au-
tomatically paused when the head position or orientation was incorrect.
To introduce sensory-motor interactions, participants were asked to
shift their gaze toward the blinking LED.

To ensure that participants attended the sound stimuli, they were
asked to detect decreases in sound intensity that occurred infrequently
(28%) and randomly in the third, fourth, or fifth noise burst (Recanzone,

A

B

C

D

Figure 4. Sound localization performance. Left, Closed-field sound localization performance of a representative participant.
Each dot indicates one response (perceived elevation vs target elevation). Red dots indicate targets at 22.5° azimuth in the left
hemifield (locations presented in the scanner). Black and red lines indicate linear fits of the responses for all locations and for
locations at 22.5° azimuth in the left hemifield, respectively. The EG is the slope of these regression lines. A, Baseline performance
with free ears (practice day 3). B, First performance with molds (before adaptation). C, Last performance with molds (adaptation).
D, Time course of EG averaged across all participants (n � 15), shown for the practice period (ears free), and for the adaptation
period (with molds). Dashed lines indicate the free-field EG. Solid lines indicate the closed-field EG. Error bars indicate SE. EG was
calculated from all target locations. Red diamond symbols represent the closed-field EG calculated using only the locations corre-
sponding to the fMRI stimuli (i.e., seven elevations from �45° to 45° at 22.5° azimuth in the left hemifield).
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1998). Participants indicated a detection by pressing a button, which
paused the task. To add a sensory-motor component to the task, partic-
ipants pointed their head toward the position of the detected deviant
sound (no sound was played during head motion). Once their head
direction was held for 500 ms in a 6° radius area around the target loca-
tion, the target was considered found and feedback was given to the
participant by briefly blinking the LED at the target location. The task was
restarted when the head position returned at the central location.

During one training run, each location was presented seven times and
a decrease in intensity occurred twice per location. One run took �8 min
to complete. The amount of decrease in intensity was adjusted by a 1-up
2-down staircase procedure so that participants achieved a hit rate of
70.71%. The initial intensity decrement was 10 dB, and participants typ-
ically ended between 2 and 4 dB.

fMRI data acquisition
Imaging protocol. Imaging was performed on a 3 T MRI scanner (Trio,
Siemens Healthcare), equipped with a 12 channel matrix head-coil. For
each participant and each session, a high-resolution (1 � 1 � 1 mm)
whole-brain T1-weighted structural scan (MPRAGE sequence) was ob-
tained for anatomical registration. Functional imaging was performed
using an EPI sequence and sparse sampling (Hall et al., 1999) to minimize
the effect of scanner noise artifacts (gradient echo; TR � 8.4 s, acquisition
time � 1 s, echo time � 36 ms; flip angle � 90°). Each functional volume
comprised 13 slices with an in-plane resolution of 1.5 � 1.5 mm and a
thickness of 2.5 mm (FOV � 192 mm). The voxel volume was thus only
5.625 mm3, approximately one-fifth of a more commonly used 3 � 3 � 3 mm
voxel (27 mm 3). The slices were oriented parallel to the average angle of
left and right lateral sulci (measured on the structural scan) to fully cover
the superior temporal plane in both hemispheres. As a result, the func-
tional volumes included Heschl’s gyrus, planum temporale, planum po-
lare, and the superior temporal gyrus and sulcus.

Procedure. During the fMRI measurements, the participants listened
to the sound stimuli while watching a silent nature documentary. Partic-
ipants were instructed to be mindful of the sound stimulation, but no
task was performed in the scanner.

Each session was divided into two runs of 154 acquisitions, including
one initial dummy acquisition, for a total of 308 acquisitions per session
and per subject. Each acquisition was directly preceded by either a 4350-
ms-long stimulus (positioned in the TR of 8.4 s so that the maximum
response is measured by the subsequent volume acquisition) or si-
lence. In a session, each of the 7 sound elevations was presented 34
times, interleaved with 68 silent trials in total. Spatial stimuli and
silent trials were presented in a pseudorandom order, so that the
angular difference between any two subsequent stimuli was �30° and
silent trials were not presented in direct succession. Stimulus se-
quences in the three scanning sessions were identical for each partic-
ipant but differed across participants.

fMRI data analysis. The functional data were preprocessed using the
MINC software package (McConnel Brain Imaging Center, Montreal
Neurological Institute, Montreal). Preprocessing included head motion
correction and spatial smoothing with a 3 mm FWHM 3D Gaussian
kernel. Each run was linearly registered to the structural scan of the first
session and to the ICBM-152 template for group averaging. Group aver-
aging was only used for visualization of the approximate location of
active voxels at the group level, and to estimate tuning functions for
regions outside of the auditory cortex. GLM estimates of responses to
sound stimuli versus silence were computed using fMRISTAT (Worsley
et al., 2002). A mask of sound-responsive voxels (all sounds vs silence and
each elevation vs silence) in each session was computed for each partic-
ipant, and all further analysis was restricted to voxels in the conjunction
of the masks from the three sessions. Voxel significance was assessed by
thresholding T maps at p � 0.05, corrected for multiple comparisons
using Gaussian Random Field Theory (Worsley et al., 1996). Because our
stimuli were presented in the left hemifield and due to the mostly con-
tralateral representation of auditory space (Pavani et al., 2002; Krumb-
holz et al., 2005; Palomäki et al., 2005; Woods et al., 2009; Trapeau and
Schönwiesner, 2015), we analyzed data only in the right hemisphere.

We computed voxelwise elevation tuning curves by plotting the re-
sponse size in each elevation versus silence contrast. Because we were
interested in the shape rather than the overall magnitude of the tuning
curves, tuning curves were standardized by subtracting the mean and
dividing by the SD (z scores). We determined the elevation preference of
each voxel by computing three measures: the center of gravity of the voxel
tuning curve (COG), the maximum of the tuning curve, and the slope of
the linear regression of standardized activation versus standardized ele-
vation (analogous to the behavioral EG, we refer to this slope as the
tuning curve EG). The COG is a simple noise-robust nonparametric
method (Schönwiesner et al., 2015), computed as follows:

COG �
1

n�i�l

n ri

n � r�
� ei,

where n is the number of presented elevations (7 in the current experi-
ment), ei is the elevation value, and ri is the respective response ampli-
tudes in percent signal change. r is the average response amplitude across
elevations. The maximum of the tuning curve is less robust to noise but
avoids compression at the highest and lowest elevations. It is therefore
more appropriate when plotting sharp tuning functions across elevations
and, after verifying that both methods yield similar results, the maximum
was used in the analysis of sharp tuning. To avoid selection bias in the
mean tuning curves, we selected voxels according to their COG, maxi-
mum, or EG in one of the two functional runs and extracted tuning
curves from the other run (and inversely; cross-validation).

For all neuroimaging data averaged across participants, SE was ob-
tained by bootstrapping the data 10000 times, using each participant’s
mean response.

fMRI measures a hemodynamic response, which fortunately is very
tightly coupled to neural responses. The BOLD signal correlates directly
with the sustained local field potential (and to a lesser degree with spiking
activity) as recorded in vivo with microelectrodes during fMRI measure-
ments (Logothetis et al., 2001; Ekstrom, 2010). This correlation has also
been shown in low-level auditory cortex (Mukamel et al., 2005; Nir et al.,
2007) and holds for awake behaving primates viewing visual stimuli
(Goense and Logothetis, 2008). Sustained local field potentials reflect
mostly intracortical processing. These data are the basis for inferences on
neural tuning functions from fMRI recordings.

Results
Behavioral results
Participants had normal elevation perception with a mean EG of
0.75 � 0.05 (mean � SE) in the first free-field test. Figure 4A–C
shows behavioral results from a representative participant. The
three practice sessions slightly increased free-field EG (0.81 � 0.04).
The practice sessions were especially important for the closed-
field condition because participants required training to per-
form as well in the less natural closed field as in the free field.
The average closed-field EG in the first practice session was
0.42 � 0.06, which improved to free-field performance by the
third session (0.81 � 0.05). The poor results of the first session
were mainly due to reduced externalization of the stimuli (as
reported by the participants). The first practice session drastically
helped to achieve an externalized perception of the stimuli and
practically all of the increase in performance happened in the first
practice session. Performance was stable from the second to
the third practice session (Fig. 4D). According to participant
reports, stimuli were mainly heard as coming from the earphones
before the first training and became clearly externalized during
training. The large and fast increase in performance is likely
due to the acquisition of an externalized percept during the
first training.

The insertion of the earmolds produced a marked reduction
in the free-field EG (0.38 � 0.05; one-tailed Wilcoxon signed-
rank test: p � 3 � 10�5). The same reduced EG (0.34 � 0.06;
p � 6 � 10�5) was observed in the closed field when presenting
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individual binaural recordings taken with earmolds. After 7 d of
wearing the molds continuously and undergoing short daily training
sessions, the mean EG recovered to 0.6 � 0.06 (p � 4 � 10�4) in the
free field and to 0.52 � 0.05 (p � 1.5 � 10�4) in the closed field
(Fig. 4D). Individual differences in adaptation were large and
ranged from full recovery to no adaptation.

Because in the fMRI scanner, sounds were presented via ear-
phones from a subset of locations, we also calculated EG values in the
closed field based only on those locations (seven vertical di-
rections at 22.5° azimuth in the left hemifield). These EG val-
ues were comparable with the free- and closed-field values in
the first session (0.86 � 0.06) and showed a similar reduction
(0.42 � 0.07; p � 2 � 10�4) and recovery (0.56 � 0.07; p �
0.0177) in the second and third scanning session (Fig. 4D, red
diamonds).

Elevation tuning curves with free ears
Sound stimuli evoked significant activation in the auditory cortex
of all participants in the three scanning sessions. We computed
elevation tuning curves for all sound-responsive voxels and ob-
served signal changes that covaried with elevation. The average
tuning curve across voxels and participants showed a decrease of
activation level with increasing elevation (Fig. 5A). This decrease
was observed in all participants, although the shape and slope of
the mean tuning curves differed between participants. The same
response pattern was found in both hemispheres, but as expected,
the activation was stronger and more widespread in the right
hemisphere, contralateral to the sound sources, and we thus only
report data from that hemisphere.

The average tuning curve indicated that the majority of voxels
may represent increasing elevation as an approximately linear
decrease in activity. To determine whether there were any sub-
populations of voxels with different tuning, such as narrow tun-
ing curves selective for different sound directions, we plotted the
mean tuning curve across all voxels that preferred a given eleva-
tion (quantified as the COG and the maximum of the tuning
curve) or showed similar EG. Tuning curves were cross-validated

to avoid selection bias. All resulting tuning curves had broad
negative slopes (Fig. 5B–M). Cross-validation showed that single-
voxel elevation preferences to mid or high elevations were not
repeatable across runs and thus due to noise. This is also supported
by the distributions of the COG and EG across all sound-responsive
voxels and participants, which exhibited only one distinct popula-
tion, centered (mode) at �15.12° COG and �0.84 EG (Fig. 5N,O).
We also applied a dimensionality-reduction technique that excels
at clustering high-dimensional data (t-SNE) (Van der Maaten
and Hinton, 2008). Although this procedure accurately separated
tuning curves of voxels tuned to the left and right hemifield from
a previous study on horizontal sound directions, it did not iden-
tify distinct subgroups in the present elevation tuning curves.

The shape of the voxelwise elevation tuning curves could be
related to elevation perception, or to acoustical properties of the
stimuli that change with elevation, or to a mixture of both. To
address this question, we first quantified systematic changes with
elevation of spectral amplitude in different frequency bands of
the stimuli presented in the MRI scanner. We computed a linear
regression coefficient between elevation and the mean spectral
amplitude per octave band, which results in a frequency-de-
pendent “acoustic EG” (Fig. 6A). We found strong positive cor-
relations in octave bands between 4 and 8 kHz. In these bands,
spectral amplitude covaried linearly with elevation. The earmolds
slightly shifted these positive correlations toward lower frequen-
cies but did not reduce them. Negative covariations at low fre-
quencies (�1 kHz) probably reflect elevation cues from torso and
head and was unaffected by the earmolds.

Such acoustic changes might have contributed to the observed
voxel tuning functions. To address this important caveat, we
conducted a control experiment. Two pairs of participants per-
formed an additional fMRI session in which we swapped the
binaural recordings for each pair of participants. This allowed us
to compare functional responses of a same group of participants
to a same set of stimuli, in two different conditions: when stimuli
matched participants’ spectral cues and led to full elevation per-
ception (own ears); when stimuli were swapped between partic-
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Figure 5. Mean elevation tuning curve of all sound-responsive voxels in the right hemisphere. A–M, Mean elevation tuning curves. Shaded areas represent the SE across participants (n � 15,
except F: n � 14). A, Mean elevation tuning curve of all sound-responsive voxels (solid black line) and a linear regression of measured activity against stimulus direction (dashed line). The slope of
the regression line corresponds to the EG of the mean tuning curve. B–M, Mean tuning curves (cross-validated) of voxels binned according to their tuning curve COG, EG, or maximum. The mean
number of voxels across participants selected by cross-validation for COG, EG, and maximum is listed in each plot. In each bin, corresponding tuning curves were found in all participants, except F
(COG � 30°; EG � 1), in which corresponding tuning curves were found in 14 of 15 participants. B–F, Black represents mean tuning curves of voxels by COG. Gray represents mean tuning curves of
voxels selected by EG. G–M, Black represents mean tuning curves. Cross-validated activity did not peak at selected COGs, maxima (vertical dotted lines) or follow the selected EGs (angled dotted
lines), but rather decreased with increasing elevation in all voxels. N, Distribution of tuning curve COG. O, Distribution of tuning curve EG.
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ipants and elevation perception was reduced (swapped ears).
To avoid any learning of the swapped spectral cues before the scan-
ning session, behavioral performance with swapped stimuli was as-
sessed after the scanning session. All control participants showed
reduced elevation perception with swapped stimuli (EG � 0.38 �
0.04). Their performance was higher for locations corresponding to
stimuli presented in the scanner (EG � 0.52 � 0.12) than for other
locations (EG � 0.34 � 0.04). One participant in particular had a
very large EG of 0.82 for the locations presented in the scanner com-
pared with other locations (EG � 0.38) and was excluded from the
analysis. The mean EG for the remaining participants at the locations
presented in the scanner was 0.42 � 0.11.

With stimuli corresponding to their own ears, elevation tun-
ing curves of the control participants clearly displayed a linear
decrease with increasing elevation (Fig. 6B). With swapped stim-
uli, the shape of the tuning curves did not exhibit this pattern
(Fig. 6C). Mean tuning curves were no longer monotonic and were
much flatter (tuning curve EG with own ears � �0.56 � 0.03; tun-
ing curve EG with swapped ears � �0.27 � 0.07).

The better behavioral performance at locations previously
heard in the scanner suggests that some adaptation occurred dur-
ing the 45 min of passive listening in the scanner. We analyzed the
time course of the tuning curve shape during the scanning session
by extracting average tuning curves across auditory cortex in a
moving time window of �10 min (seven trials per elevation).
Tuning curve EG increased over the course of the experiment
from essentially zero at the beginning to �0.3 for the final
stimulus presentations (Fig. 7). This suggests that the remain-
ing amount of tuning curve EG observed with the swapped
recordings is due to adaptation during the measurement, and
that the tuning curve EG is close to zero when elevation per-
ception is entirely absent (i.e., at the beginning of the scanning
session).

Because the prevalent shape of tuning in auditory cortex ap-
peared to be a linear decrease with increasing elevation, we mod-
eled a linear effect of elevation to highlight areas of auditory
cortex exhibiting that tuning. We selected voxels that exhibited a
significantly positive or negative effect in this contrast in at least
one of the three sessions. At this stage of the analysis, 1 participant
had to be excluded because of a malfunction of the earphones

during the second scanning session. Ten of 14 participants dis-
played significant linear covariation of single-voxel activity and
sound elevation (Fig. 8).

Activation decreased with increasing elevation in all signifi-
cantly active voxels in this contrast. We found no voxels whose
activity increased with elevation. The mean tuning of voxels in
this contrast had the same shape as the one observed in all sound-
responsive voxels but was less noisy.

A B C

Figure 6. Acoustic EG and mean elevation tuning curves in control experiment. A, Frequency-dependent acoustic EG. Each point represents the mean slope across participants (n � 15, shaded
areas indicate the SE across participants) of the linear regression between standardized elevations and the standardized spectral amplitudes of the difference spectrum at each elevation computed
in a 1-octave window. The acoustic EG was computed separately for recordings with free ears (green line) and earmolds (orange line). Strong positive correlations are visible between 4 and 8 kHz.
B, C, Mean elevation tuning curves of all sound-responsive voxels in the right hemisphere, averaged across the 3 control participants. B, For stimuli corresponding to the participants’ own ears, the
mean tuning curve displayed a linear decrease with increasing elevation. C, Mean tuning curves were no longer monotonic and much flatter when stimuli corresponding to someone else’s ears were
presented.

Figure 7. Evolution of the mean elevation tuning curve and of the tuning curve EG with
swapped stimuli. Mean tuning curves were extracted from the functional data of the control
experiment in a moving time window of �10 min (seven trials per elevation), yielding 22
windows for the 45 min scanning session. Top, Mean tuning curves at windows 3, 11, and 20.
Bottom, Time course of the individual (gray lines) and mean (bold black line) tuning curve EG
during the session. Tuning curve EG increased over the course of the experiment from essentially
zero at the beginning to �0.3 for the final stimulus presentations.
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Interindividual variability of the mapping of elevation prefer-
ence in the auditory cortex was large, which was expected by the
great anatomical variability of auditory cortices across individu-
als (Rademacher et al., 2001) and the functional variability re-
ported for other types of mappings (e.g., Humphries et al., 2010;
Griffiths and Hall, 2012; Trapeau and Schönwiesner, 2015).

There is a known relation between frequency and elevation
such that sounds at higher elevations tend to contain more power
at high frequencies (Blauert, 1997; Parise et al., 2014). We tested
whether elevation preference correlated with frequency prefer-
ence by comparing individual elevation preference maps and a
published average map for frequency preference (Schönwiesner
et al., 2015). The mean correlation between individual maps of
elevation COG and the average map of frequency COG did not
differ significantly from zero (p � 0.56, Wilcoxon signed rank
test of Spearman correlation coefficients across participants). In
addition, the mean frequency preference of voxels that showed a
significant covariation with elevation (Fig. 8, white outline) did
not differ significantly from the frequency preference of other
sound-responsive voxels (sounds-vs-silence contrast, colored
voxels in Fig. 8 excluding white outline; p � 0.12, Wilcoxon
signed rank test of mean frequency tuning of the two groups of
voxels across participants).

Effect of the molds and adaptation on elevation tuning
The above results demonstrate a relationship between physical
sound position on the vertical axis and auditory cortex activity.
Our manipulation of spectral cues and elevation perception al-
lowed us to go one step further and to relate the shape of these
tuning curves directly to elevation perception.

If voxel activity in low-level auditory cortex relates to the per-
ception of sound source elevation, then we predict that our mea-
sure of elevation perception (behavioral EG) should correlate
with the equivalent brain measure (tuning curve EG) across all
participants and sessions. Behavioral EG correlated significantly
with tuning curve EG (in voxels that showed a significant cova-
riation with elevation, the contrast used in the previous section)
across individuals and sessions (Fig. 9A; Spearman Correlation
Coefficient: r � �0.44, p � 0.019), indicating that changes in
tuning curves covary with changes in reported stimulus eleva-
tion across sessions. We did not find significant correlations be-
tween these measures within sessions or between behavioral
adaptation and individual differences in neural tuning, perhaps
due to insufficient within-session variance or statistical power.

On the basis of the measured tuning curves, we hypothesized
that auditory cortex encodes the perception of vertical sound

location by a decrease in activity with increasing elevation. Under
this hypothesis, we predict less informative (flatter and/or nois-
ier) tuning curves when elevation perception is reduced by the
earmolds, and a recovery of the tuning curve shape when partic-
ipants adapt to the earmolds and regain elevation perception.
Steepness of the tuning curves was quantified by their EG, and
noisiness was quantified by the R 2 of the EG regression line, in
voxels that showed a significant covariation with elevation. Re-
sults showed a significant flattening of the participants’ mean
tuning curve from the first to the second session (mean tuning
curve EG from Session 1 to Session 2: 0.73 � 0.03 to 0.49 � 0.06;
one-tailed Wilcoxon signed-rank test, p � 0.0098, n � 10). Nois-
iness also increased from Session 1 to Session 2, as shown by the
reduction of R 2 (0.56 � 0.04 for Session 1, 0.33 � 0.03 for Session
2; p � 0.0068, n � 10).

To observe the effects of behavioral adaptation on the shape of
elevation tuning curves, we then examined differences between
Sessions 2 and 3. Two of our participants showed no behavioral
adaptation to the earmolds and were therefore excluded from the
following comparison (the behavioral EG across sessions of the
remaining participants is shown in Fig. 9B). From Session 2 to
Session 3, tuning curves changed in the predicted direction (i.e.,
the opposite direction of the changes observed between Sessions
1 and 2). Tuning curve slope increased (mean tuning curve EG
from Session 2 to Session 3: 0.5 � 0.07 to 0.67 � 0.03; p � 0.0273,
n � 8; Fig. 9C) and the curves were less noisy in Session 3 (R 2

from Session 2 to Session 3: 0.33 � 0.04 to 0.46 � 0.04; p �
0.0195, n � 8; Fig. 9D). These differences between the sessions are
also visible in the mean tuning curves across participants. The
mean tuning curve with molds (Session 2) was flatter and less
monotonic than the one with native ears (Session 1), and recov-
ered after adaptation to the molds (Session 3; Fig. 9E).

Secondary narrow tuning to elevation
Other features of the response, apart from the overall slope of the
tuning functions, may change with sound elevation. To identify
such changes, we subtracted the mean tuning function of each
participant from all voxel tuning functions and examined the
remainder separately in voxels that responded maximally to each
of the seven elevations. Without subtracting the mean tuning,
local maxima in the cross-validated tuning function are obscured
by the overall decreasing tuning curve (Fig. 5G–M). Cross-
validated mean tuning curves after subtracting the mean had
narrow peaks at each selected maximum. Each of these peaks was
significantly higher than the mean activation at other elevations
(as tested by a one-tailed Wilcoxon signed rank test; Fig. 10A).

Figure 8. Distribution of tuning curve EG across auditory cortex. Fixed-effects group average data (labeled Group) and individual data (labeled 1–10) are shown. Slices are oriented to run parallel
to the lateral sulcus (see red line on inset schematic brain). Color code represents tuning curve EG of sound-responsive voxels. White outlines indicate voxels that showed a significant covariation with
elevation in at least one of the three sessions.
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The mean height of the peaks compared with other elevations
corresponded to �20% of the BOLD signal change of the global
decreasing tuning curve. No topographical pattern or gradient
was evident in the distribution of these peaks across the surface of
the auditory cortex. If the peaks relate to elevation perception, the

loss in elevation perception caused by the earmolds should be
reflected by a decrease in peak height from Session 1 to Session 2,
and adaptation to the molds should be reflected by an increase
from Session 2 to Session 3. This was observed. After insertion of
the molds, narrow tuning was no longer evident (Fig. 10B), and
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Figure 9. Behavioral and tuning curve results across sessions. A, Correlation between behavioral and tuning curve EG across all participants and sessions. The Spearman correlation
coefficient (bottom right inset) was calculated after excluding two outlier data points (unfilled dots; coefficient including outliers: r � �0.48, p � 0.008). Black dots indicate results of
Session 1. Light gray dots indicate results of Session 2. Dark gray dots indicate results of Session 3. Large dots indicate the mean of each session (outliers excluded). A–D, Data show clear
covariation of reported elevation perception with mean voxel tuning curve slope. The position of Session 3 approximately halfway in between Sessions 1 and 2 in D suggests a proportional
recovery of elevation perception and tuning curve shape during adaptation. B, Behavioral EG across participants who showed adaptation to the earmolds (n � 8). Error bars indicate the
SE across participants. C, Mean tuning curve EG across the same participants. The absolute EG dropped in Session 2 (shallower tuning curves) and partially recovered in Session 3. D, Mean
R 2 of the EG regression line across participants. R 2 dropped in Session 2 (tuning curves noisier) and partially recovered in Session 3. E, Mean elevation tuning curves. Tuning curves showed
a steep decrease toward higher elevations with free ears (Session 1, black). Tuning curves flattened when molds were inserted (Session 2, light gray) but recovered after adaptation to
the molds (Session 3, dark gray). Shaded areas represent the SE across participants.
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Figure 10. Mean tuning curves after subtracting the global mean. Mean tuning curves of voxels binned according to their tuning curve maximum, after subtracting the global mean tuning of each
participant. Shaded areas represent the SE across participants (n � 15). In each bin, corresponding tuning curves were found in all participants. To avoid selection bias, maxima were computed in
one-half of the data, and mean tuning curves were calculated in the other half of the data (and inversely). Black represents mean tuning curves. Vertical dotted line indicates the bin maximum. The
mean number of voxels across participants selected by cross-validation is listed in each plot. Whether the peaks at each selected elevation were significantly higher than the mean activation at other
elevations was tested by a one-tailed Wilcoxon signed rank test as follows: *p � 0.05; **p � 0.01; ***p � 0.001. The peaks were significant at each selected elevation in Session 1 (A). Only two
of seven peaks were significant in Session 2, after insertion of the molds (B). All but one peak were significant in Session 3, after adaptation to the molds (C).
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the height of the peaks decreased (mean standardized peak height
from Session 1 to Session 2: 0.2 � 0.03 to 0.1 � 0.03; one-tailed
Wilcoxon signed-rank test, p � 0.015, n � 15), and most of them
were no longer significantly higher than the mean activity at other
elevations. After adaptation, all peaks, except one, were signifi-
cantly above the mean activity (Fig. 10C), and peak height
increased significantly from Session 2 to Session 3 (mean stan-
dardized peak height: from 0.1 � 0.03 to 0.19 � 0.03; one-tailed
Wilcoxon signed-rank test, p � 0.011, n � 15).

Discussion
Behavioral adaptation to modified spectral cues
Consistent with previous studies, the insertion of earmolds pro-
duced a marked decrease in elevation performance (Hofman et
al., 1998; Carlile, 2014; Trapeau et al., 2016). Most participants
recovered a portion of their elevation perception after wearing
the molds during 7 d and taking part in daily training sessions. As
observed in previous earmold adaptation studies (Hofman et al.,
1998; Van Wanrooij and van Opstal, 2005; Carlile and Blackman,
2014; Trapeau et al., 2016), individual differences in adaptation
were large and ranged from full recovery to no adaptation.
Various factors might explain these differences, such as the
individual capacity for plasticity or differences in lifestyle that
may have led to different amounts of daily sound exposure or
multisensory interactions (Javer and Schwarz, 1995; Carlile,
2014). In addition, the acoustical effects of the earmolds vary
from one ear to another and acoustical differences between
directional transfer functions with and without molds explain
a portion of individual differences in the amount of adapta-
tion (Trapeau et al., 2016).

Only closed-field stimuli can be presented in typical human
neuroimaging setups, and the difficulty to achieve proper eleva-
tion perception for such stimuli hampered earlier attempts to
measure elevation tuning (Fujiki et al., 2002; Lewald et al., 2008).
To circumvent this problem, we trained participants in an audio-
visual sensory-motor task using the same earphones as in the
scanner, which allowed participants to achieve accurate percep-
tion of the fMRI stimuli.

Elevation tuning in auditory cortex
We measured fMRI responses to sounds perceived at different
elevations and computed voxelwise elevation tuning curves. Ele-
vation tuning curves were wide and approximated a linear de-
crease in activation with increasing elevation. Their slope was
correlated with elevation perception as measured by behavioral
responses: modifying spectral cues with earmolds, thereby reduc-
ing elevation perception, resulted in noisier and flatter tuning
curves; changes reflecting the perceptual adaptation to the mod-
ified cues were observed from Session 2 to Session 3, which were
identical in all aspects. After adaptation, the shape of the tuning
curves reapproached the one measured with free ears. The differ-
ence in the tuning observed for physically identical stimuli in
Sessions 2 and 3 indicates that voxel tuning functions depend on
listening experience with spectral cues and thus do not solely
represent physical features of the spectral cues. The change in
tuning covaried with changes in elevation perception between the
sessions, which may indicate that the tuning functions in low-
level auditory cortex underlie the perceived elevation of a sound
source. At the population level, cortical neurons may thus encode
perceived sound source elevation using the slope of the tuning
curves, as previously proposed for the coding of horizontal sound
direction in the human auditory cortex (Salminen et al., 2009,
2010; Magezi and Krumbholz, 2010; Trapeau and Schönwiesner,

2015; McLaughlin et al., 2016). A potential neural mechanism for
the observed voxel-level responses is a rate code.

Why would cortical neurons respond most strongly to lower
elevations? In cats, an early stage of spectral cue processing is
performed by notch-sensitive neurons of the dorsal cochlear nu-
cleus (Young et al., 1992; Imig et al., 2000) and by their projec-
tions to Type O units of the central nucleus of the inferior
colliculus (Davis et al., 2003). Deeper spectral notches at low
elevations might result in increased sensitivity of these cells to low
elevations and might have influenced the general cortical tuning
preference for low rather than high elevations during evolution.
Previous plots of directional transfer functions suggest deeper spec-
tral notches at low elevations than at high elevations (Middlebrooks,
1997, 1999; Cheng and Wakefield, 1999; Raykar et al., 2005; Tra-
peau et al., 2016). The acoustic EG computed from our stimuli
shows that low elevations contained deeper notches in frequency
bands previously identified as crucial for elevation perception
(Langendijk and Bronkhorst, 2002; Trapeau et al., 2016). These
acoustic features could conceivably drive stronger responses at
low elevations. However, such spectral features do not solely de-
termine the shape of cortical elevation tuning curves: swapping
stimuli between participants disrupted elevation perception
and led to tuning curves that no longer exhibited a linear
decrease with increasing elevation. Additionally, the adapta-
tion to modified spectral cues showed that differences in per-
ception of physically identical stimuli change the shape of
tuning curves in low-level auditory cortex. These results sug-
gest that the tuning curves observed in auditory cortex do not
encode acoustical elevation cues, but the source elevation
computed from these cues. This provides evidence for the
notion that low-level auditory cortex represents not only physi-
cal stimulus features but also the subjective perception of these
features (Staeren et al., 2009; Kilian-Hütten et al., 2011). A model
of elevation processing posits that spectral profiles of an incom-
ing sound are compared with templates for different elevations
(Hofman and van Opstal, 1998). In terms of this model, auditory
cortex activity may reflect the result of this comparison, and a
correct mapping would enable accurate perception. In turn, ex-
perience may reshape this mapping or templates.

Obscured by the main broad tuning, a secondary narrow tun-
ing was observed after subtracting each participant’s mean tuning
curve from the data. Voxels exhibiting significant secondary tun-
ing peaks were found at each elevation, and the height of these
peaks was approximately one-fifth of the size of the overall de-
crease with increasing elevation. With modified spectral cues,
secondary peaks were initially almost absent, but reappeared after
adaptation to the modified cues. Therefore, both broad tuning
aspect and secondary narrow tuning aspect of the elevation tun-
ing curves covary with elevation perception. This finding may
indicate that sound elevation is encoded by two complementary
tuning mechanisms. In gerbils, the representation of ITDs seems
to be transformed from broadly tuned channels in the midbrain
to a uniform sampling by sharply tuned responses in the primary
auditory cortex (Belliveau et al., 2014), and a representation of
ITDs involving multiple types of codes in human auditory cortex
has been recently speculated about (McLaughlin et al., 2016).
Two populations of neurons may be necessary for elevation en-
coding because pinna and head/torso contribute independent
spectral cues in different frequency ranges. Pinna cues lie �4 kHz,
whereas torso cues exist only �3 kHz (Asano et al., 1990; Algazi et
al., 2001). Different optimal coding strategies could then arise
from the different spectral cue frequency ranges (Harper and
McAlpine, 2004).
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Comprehensive data from animal models would aid in inter-
preting the voxel-level results in humans. No clear pattern for an
overall elevation tuning preference was observed among the few
elevation-sensitive neurons found in macaque primary auditory
cortex and caudomedial field (Recanzone, 2000; Recanzone et al.,
2000). One study in cats reported distributed elevation tuning
preference across neurons in nontonotopic auditory cortex, with
some evidence for an overall preference for upper frontal eleva-
tions (Xu et al., 1998). However, elevation encoding may differ
between cats and humans due to differences in body height, ear
shape, and ear mobility.

We observed experience-dependent changes in auditory cor-
tex, but this plasticity may emerge already in subcortical struc-
tures, where spectral cues are extracted. The corticofugal system
has been suggested to play a role in the modification of subcorti-
cal sensory maps in response to sensory experience (Yan and
Suga, 1998) and plays a critical role in experience-dependent
auditory plasticity (Suga et al., 2002). Bajo et al. (2010) demon-
strated that auditory corticocollicular lesions abolish experience-
dependent recalibration of horizontal sound localization. The
integrity of this descending pathway may be needed in the adap-
tation to modified spectral cues.

Limitations
The supine position in the scanner may have influenced our re-
sults. Body tilt affects horizontal sound localization judgments
(Comalli and Altshuler, 1971; Lackner, 1974) and sound location
is perceived in a world coordinate reference frame (Goossens and
van Opstal, 1999; Vliegen et al., 2004). At the level of the auditory
cortex, it is still unclear whether the representation is craniocen-
tric (Altmann et al., 2009) or both craniocentric and allocentric
(Schechtman et al., 2012; Town et al., 2017). In the latter case,
subsets of neurons representing sound location in a world coor-
dinate frame might have influenced the shape of the elevation
tuning curves.

We acquired a total of 52 one-hour sessions of fMRI data from
16 participants, considerably exceeding the amount of data in a
typical fMRI study. A higher number of participants would have
been useful to identify sources of the interindividual variability in
adaptation to our ear manipulation and the potential correlation
between behavioral and brain data within sessions but was tech-
nically and economically not feasible.

Outlook
Our results suggest that sound elevation is represented in the
auditory cortex by broad tuning functions preferring lower ele-
vations as well as secondary narrow tuning functions preferring
individual elevation directions. The shape of these tuning func-
tions covaried with the perception of the stimuli, highlighting the
link between low-level cortical activity and perception. Our re-
sults emphasize the complexity of cortical processing of sound
location. A distinct neural population or tuning might be needed
to represent sounds in the rear field. Regions involved in vertical
and horizontal auditory space processing seem to largely overlap
(compare with Trapeau and Schönwiesner, 2015), and there is
growing evidence for an integrated cortical processing of local-
ization cues (Pavani et al., 2002; Edmonds and Krumbholz,
2014). In animal models, single-unit recordings demonstrated
that cortical neurons are sensitive to multiple localization cues
(Brugge et al., 1994; Xu et al., 1998; Mrsic-Flogel et al., 2005).
Horizontal and vertical auditory space might be represented by
integrated codes, and future experiments should combine these
dimensions.
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