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Abstract 28 

Spatial hearing is a crucial capacity of the auditory system. While the encoding of horizontal 29 

sound direction has been extensively studied, very little is known about the representation of 30 

vertical sound direction in the auditory cortex. Using high-resolution functional magnetic 31 

resonance imaging, we measured voxel-wise sound elevation tuning curves in human auditory 32 

cortex and show that sound elevation is represented by broad tuning functions preferring lower 33 

elevations as well as secondary narrow tuning functions preferring individual elevation 34 

directions. We changed the ear shape of participants (male and female) with silicone molds for 35 

several days. This manipulation reduced or abolished the ability to discriminate sound elevation 36 

and flattened cortical tuning curves. Tuning curves recovered their original shape as participants 37 

adapted to the modified ears and regained elevation perception over time. These findings suggest 38 

that the elevation tuning observed in low-level auditory cortex did not arise from the physical 39 

features of the stimuli, but is contingent on experience with spectral cues and covaries with the 40 

change in perception. One explanation for this observation may be that the tuning in low-level 41 

auditory cortex underlies the subjective perception of sound elevation. 42 

 43 

Significance statement 44 

This study addresses two fundamental questions about the brain representation of sensory 45 

stimuli: how the vertical spatial axis of auditory space is represented in the auditory cortex, and 46 

whether low-level sensory cortex represents physical stimulus features or subjective perceptual 47 

attributes. Using high-resolution fMRI we show that vertical sound direction is represented by 48 

broad tuning functions preferring lower elevations as well as secondary narrow tuning functions 49 
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preferring individual elevation directions. In addition, we demonstrate that the shape of these 50 

tuning functions is contingent on experience with spectral cues and covaries with the change in 51 

perception, which may indicate that the tuning functions in low-level auditory cortex underlie the 52 

perceived elevation of a sound source. 53 

 54 
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Introduction 55 

Spatial hearing is the capacity of the auditory system to infer the location of a sound source 56 

from the complex acoustic signals that reach both ears. This ability is crucial for an efficient 57 

interaction with the environment, because it guides attention (Broadbent, 1954; Scharf, 1998) 58 

and improves the detection, segregation, and recognition of sounds (Dirks and Wilson, 1969; 59 

Bregman, 1994; Roman et al., 2001). Sound localization is achieved by extracting spatial cues 60 

from the acoustic signal that arise from the position and shape of the two ears.  The separation of 61 

the two ears produces interaural time (ITD) and level differences (ILD), which enable sound 62 

localization on the horizontal plane. The direction-dependent filtering of the pinnae and the 63 

upper body generates spectral cues, which allow sound localization on the vertical plane as well 64 

as disambiguating sounds that originate from the front and the back of the listener (Wightman 65 

and Kistler, 1989; Blauert, 1997). 66 

The cortical encoding of the location of sound sources has been mostly studied on the 67 

horizontal plane. There is a large body of evidence from both animal and human models, that 68 

horizontal sound direction is represented in the auditory cortex by a rate code and two opponent 69 

neural populations, each one broadly tuned to the contralateral hemifield (Recanzone et al., 2000; 70 

Stecker et al., 2005; Werner-Reiss and Groh, 2008; Salminen et al., 2009; Magezi and 71 

Krumbholz, 2010). Note, however, that single-unit recordings in animals often show a greater 72 

diversity of spatial sensitivity than can be captured by far-field measures such as EEG and MEG 73 

or by data pooled over many single-unit recordings (Xu et al., 1998; Mrsic-Flogel et al., 2005; 74 

Woods et al., 2006; Bizley et al., 2007; Middlebrooks and Bremen, 2013). These studies have 75 

shown sound elevation sensitivity in neurons in primary and higher-level auditory cortical areas, 76 
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but it is still unclear how the auditory cortex represents elevation. One fMRI study in humans 77 

(Zhang et al., 2015) presented stimuli at different elevations and computed an up vs. down 78 

contrast, but did not construct tuning curves. Their results suggested a non-topographic, 79 

distributed, representation of elevation in auditory cortex. Other neuroimaging attempts to study 80 

elevation coding were limited by poor behavioral discrimination of the different elevations 81 

presented through headphones (Fujiki et al., 2002; Lewald et al., 2008). 82 

We aimed to reveal the encoding of sound elevation in the human auditory cortex by 83 

extracting voxel-wise elevation tuning curves and to identify the relationship between these 84 

tuning curves and elevation perception by manipulating the acoustic cues for elevation 85 

perception. In a first fMRI session, sound stimuli recorded through the participants’ unmodified 86 

ears were presented. These stimuli included the participants’ native spectral cues and allowed us 87 

to measure encoding of sound elevation under natural conditions. In two subsequent sessions, 88 

stimuli carrying modified spectral cues were presented. Hofman and colleagues (1998) showed 89 

that adult humans can adapt to modified spectral cues. Audio-sensory-motor training accelerates 90 

this adaptation (Parseihian and Katz, 2012; Carlile et al., 2014; Trapeau et al., 2016). We 91 

modified spectral cues by fitting silicone earmolds to the outer ears of our participants. 92 

Participants wore these earmolds for one week and received daily training to allow them to adapt 93 

to the modified cues. Stimuli recorded through the modified ears were presented in two identical 94 

fMRI sessions, one before and one after this adaptation. Any change in tuning between the two 95 

sessions is therefore due to the recovery of elevation perception achieved during adaptation, 96 

rather than physical features of the spectral cues, which allows us to directly link auditory cortex 97 

tuning to elevation perception. 98 
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Methods 99 

Participants 100 

Sixteen volunteers took part in the experiment after having provided informed consent. The 101 

sample size was based on data from a previous study (Trapeau et al., 2016). One participant did 102 

not complete the experiment due to a computer error during the first scanning session. The 15 103 

remaining participants (9 male, 6 female) were between 22 and 41 years of age (26 years on 104 

average ± 4.7 standard deviation). They were right-handed as assessed by a questionnaire 105 

adapted from the Edinburgh Handedness Inventory (Oldfield, 1971), had no history of hearing 106 

disorder or neurological disease, and had normal or corrected-to-normal vision. Participants had 107 

hearing thresholds of 15 dB HL or lower, for octave frequencies between 0.125 and 8 kHz. They 108 

had unblocked ear canals, as determined by a non-diagnostic otoscopy. The experimental 109 

procedures conformed to the World Medical Association’s Declaration of Helsinki and were 110 

approved by McGill University's Research Ethics Board. 111 

Procedure overview 112 

Each participant completed three fMRI sessions. In each session, participants listened 113 

passively to individual binaural recordings of sounds emanating from different elevations. 114 

Stimuli played in fMRI session 1 were recorded from the participants’ unmodified ears and thus 115 

included their native spectral cues. Stimuli played in session 2 were recorded from participants’ 116 

ears with added silicone earmolds. These earmolds were applied to the conchae to modify 117 

spectral cues and consequently disrupt elevation perception. Session 3 was identical to session 2 118 

but took place after participants had worn the earmolds for one week. To track performance and 119 
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accelerate the adaptation process, participants performed daily sound localization tests and 120 

training sessions in the free-field and with earphones. 121 

Apparatus 122 

The molds were created by applying a fast-curing medical-grade silicone (SkinTite, Smooth-123 

On, Macungie, PA, USA) in a tapered layer of about 3 to 7 mm thickness on the cymba conchae 124 

and the cavum conchae of the external ear, keeping the ear canal unobstructed (Figure 1A). 125 

Behavioral testing, training, and binaural recordings were conducted in a hemi-anechoic 126 
room (2.5 × 5.5 × 2.5 m). Participants were seated in a comfortable chair with a neck rest, 127 
located in the centre of a spherical array of loudspeakers (Orb Audio, New York, NY, USA) with 128 
radius of 90 cm (Figure 1B). A LED was mounted at the center of each loudspeaker. In order to 129 
minimize location cues caused by differences in loudspeaker transfer functions, we measured 130 
these functions using a robotic arm that pointed a Brüel & Kjær 1⁄2-inch probe microphone at 131 
each loudspeaker from the center of the sphere and designed inverse finite impulse response 132 
filters to equalize amplitude and frequency responses across loudspeakers. 133 

An acoustically transparent black curtain was placed in front of the loudspeakers to avoid 134 

visual capture. A small label indicating the central location (0° in azimuth and elevation) was 135 

visible on the curtain and served as a fixation mark. 136 

--- Insert Figure 1 about here --- 137 

A laser pointer and an electromagnetic head-tracking sensor (Polhemus Fastrak, Colchester, 138 

VT, USA) were attached to a headband worn by the participant. The laser light reflected from the 139 

curtain served as visual feedback for the head position. Real-time head position and orientation 140 

were used to calculate azimuth and elevation of pointed directions. 141 

Individual binaural recordings were taken with miniature microphones (Sonion 66AF31, 142 

Roskilde, Denmark). Sound stimuli in the fMRI sessions were delivered through MR-compatible 143 

S14 insert earphones (Sensimetrics, Maiden, MA, USA). The same pair of earphones was used to 144 
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present stimuli in the closed-field behavioral task. Frequency response equalization of the insert 145 

earphones was achieved using the custom designed filters provided by Sensimetrics. No 146 

equalization was applied to the miniature microphones because their exact transfer function 147 

depends partly on the position in the ear canal and is difficult to correct. However, the probe 148 

microphones were audiological devices and had a sufficiently flat transfer function. The slight 149 

spectral coloration was not elevation dependent and did not hinder elevation perception. 150 

Sound localization tests, binaural recordings, and stimulus presentations during fMRI 151 

sessions were controlled with custom Matlab scripts (Mathworks, Natick, MA, USA). Stimuli 152 

and recordings were generated and processed digitally (48.8 kHz sampling rate, 24 bit amplitude 153 

resolution) using TDT System 3 hardware (Tucker Davis Technologies, Alachua, FL, USA). 154 

Detailed procedure 155 

Earmolds were fitted to the participants’ ears during their first visit. Fitting was done in 156 

silence, and the molds were removed immediately after the silicone had cured (4-5 min). 157 

Individual binaural recordings were then acquired using miniature microphones placed 2 mm 158 

inside of the entrance to the blocked ear canal. Participants were asked not to move during the 159 

recordings and keep the dot of the head-mounted laser on the fixation mark. Recordings were 160 

first acquired from free ears. Without removing the microphones, the earmolds were then 161 

inserted for a second recording and removed immediately afterwards. 162 

To minimize procedural learning during the experiment and to make sure that participants 163 

would have a good elevation perception of our stimuli before their first scan, participants 164 

completed three practice sessions. Each practice session took place on a different day, was done 165 

without molds, and consisted of a sound localization run, a training run, and a localization run 166 
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again for both free-field and earphone stimuli. In a previous study using the same equipment, no 167 

procedural learning was found for this localization task (Trapeau et al., 2016). 168 

The first fMRI scanning session was then performed, in which binaural recordings from free 169 

ears were presented. The second scanning session was performed on the next day. Participants 170 

wore the molds during this session and binaural recordings taken with molds were presented. 171 

Earmolds were inserted in silence right before the participants entered the scanner and were 172 

removed immediately after the end of the scanning sequence. 173 

From the next day onwards, participants wore the molds continuously. They were informed 174 

that the earmolds would “slightly modify their sound perception”, but did not know the specific 175 

effect of this modification. Once the molds were inserted, participants immediately performed 176 

two localization runs (one with earphones, the other in the free field), followed by two training 177 

runs (with earphones and free field). On each of the following seven days, participants completed 178 

a sound localization run, a training run, and a localization run again for both free-field and 179 

earphone stimuli. 180 

Participants were scanned for a third time after seven days wearing the molds. The third 181 

scanning session was identical to the second one. Participants continued wearing the molds until 182 

they performed a last localization run with the molds, less than 24 h after the last scanning 183 

session. 184 
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Stimuli 185 

All stimuli used in this experiment, including fMRI stimuli, consisted of broadband pulsed 186 

pink noise (25 ms pulses interleaved with 25 ms silence). Stimuli were presented at 55 dB SPL in 187 

all conditions to optimize elevation perception (Vliegen and Van Opstal, 2004). 188 

During the free-field sound localization task and training, the pulsed pink noise was 189 

presented directly through the loudspeakers. During the closed-field sound localization task and 190 

training, as well as during fMRI sessions, stimuli were presented via the same pair of MRI-191 

compatible earphones (Sensimetrics S14). Stimuli presented via earphones were individual 192 

binaural recordings of the pulsed pink noise presented from loudspeakers at various locations. 193 

The locations of the stimuli presented in the different tasks are displayed in Figure 2. 194 

--- Insert Figure 2 about here --- 195 

Seven elevations were presented during the fMRI sessions (-45° to +45° in 15° steps). 196 

Because elevation perception is more accurate for azimuths away from the median plane 197 

(Wightman and Kistler, 1989; Makous and Middlebrooks, 1990; Carlile et al., 1997), and for 198 

sounds in the left hemifield (Burke et al., 1994), our fMRI stimuli were recorded at 22.5° 199 

azimuth in the left hemifield (Figure 2B). To ensure identical binaural cues at each elevation, we 200 

matched ITD across elevations by shifting the left and right channels to match the ITD measured 201 

at 0° elevation (maximum ITD correction: ~80 μs), and we matched ILD across elevations by 202 

normalizing broadband RMS amplitude of the left and right channel to the amplitudes measured 203 

at 0° elevation (maximum ILD correction: ~2 dB). The overall intensity at each elevation and for 204 

each set of recordings (free vs. molds) was also normalized to the same RMS amplitude to 205 

remove potential intensity cues (maximum overall intensity correction: ~2 dB). The same 206 
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treatment was applied to the recordings with earmolds. To check that earmolds did not introduce 207 

physiologically implausible distortions in the stimulus spectra we plotted fMRI stimulus spectra 208 

and difference spectra for both the free ears and earmold conditions (Figure 3A). Earmolds 209 

mostly changed the spectra for frequencies above 6 kHz, while lower frequencies were 210 

practically unaffected. Removing the common, non-directional, portion of this limited set of 211 

transfer functions helps to compare spectral differences across elevations (Figure 3B). See 212 

Trapeau et al. (2016) for a more detailed analysis of the acoustic properties of the earmolds. 213 

--- Insert Figure 3 about here --- 214 

The duration of the stimulus used in both sound localization tasks (free-field and closed-215 

field), as well as in the closed-field training task, was 225 ms, i.e. 5 pulses. It was 125 ms (3 216 

pulses) in the free-field training task and 4350 ms (87 pulses) during the fMRI sessions. 217 

Localization tasks 218 

Free-field localization task 219 

The free-field localization task was similar to the one described by Trapeau and colleagues 220 

(2015). In each trial a 225 ms pulsed pink noise was presented from one of 23 loudspeakers 221 

covering directions from -45° to +45° in azimuth and elevation (see Figure 2A for speaker 222 

locations). Each sound direction was repeated five times during a run, in pseudorandom order. 223 

Participants responded by turning their head and thus pointing the head-mounted laser toward the 224 

perceived location. At the beginning of a run, participants sat so that the head was centered in the 225 

loudspeaker array and the laser dot pointed to the central location. This initial head position was 226 

recorded and the participant had to return to this position with a tolerance of 2 cm in head 227 
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location and 2° in pointed angle before each trial. If the head was correctly placed when the 228 

button was pressed, a stimulus was played from one of the speakers. If the head was misplaced, a 229 

brief warning tone was played from a speaker located above the participant’s head (Az: 0°, El: 230 

82.5°). 231 

Closed-field localization task 232 

The procedure in the closed-field localization task was the same as in free-field, except that 233 

stimuli were presented via MRI-compatible earphones instead of loudspeakers. Stimuli were 234 

individual binaural recordings of the free-field stimulus presented from 31 different locations 235 

(see Figure 2B for stimulus locations). 236 

Statistical analysis 237 

Vertical localization performance was quantified by the elevation gain (EG), defined as the 238 

slope of a linear regression line of perceived versus physical elevations (Hofman et al., 1998). 239 

Perfect localization corresponds to an EG of 1, while random elevation responses result in an EG 240 

of 0. 241 

Behavioral EG was calculated on all locations except when reporting the closed-field EG 242 

corresponding to a scanning session, where it was calculated using only the locations presented 243 

in the scanner, i.e. -45° to 45° elevations at 22.5° azimuth in the left hemifield (Figure 2B). No 244 

behavioral EG was measured in the scanner; these measurements were taken before or after the 245 

scanning sessions, as indicated in the timeline in Figure 4D. The closed-field EG reported for the 246 

first fMRI session was thus computed from the data collected during practice day 3 in Figure 4D 247 

(using trials with stimuli at 22.5° azimuth). The closed-field EG reported for the second fMRI 248 

session (in which binaural recordings with molds were presented) was computed from the data 249 



 

13/44 

collected during adaptation day 0, and the closed-field EG reported for the third fMRI session 250 

was computed as weighted average of data collected during adaptation days 7 and 8 (because 251 

comparable data was available from before and after the session). The average was weighted by 252 

the time separating the two localization tests from the scanning session. Throughout the analysis, 253 

paired comparisons were statistically assessed using Wilcoxon signed- rank tests, p-values 254 

smaller than 0.05 were regarded as significant. 255 

Training tasks 256 

Both training tasks involved auditory and sensory-motor interactions, which has been shown 257 

to accelerate the adaptation process when compared to tasks that comprise visual feedback only 258 

(Carlile et al., 2014). 259 

Free-field training task 260 

The free-field training sessions were 10 min long and the procedure was inspired by 261 

Parseihian and Katz (2012). A continuous train of stimuli (each stimulus was 125 ms and 262 

consisted of 3 pulses of pink noise) was presented from a random location in the frontal field 263 

(between ±45° elevation and ±90° azimuth, 61 loudspeakers). The interstimulus interval (ISI) 264 

depended on the angular distance between the sound direction and the participant’s head 265 

direction (measured continuously); the smaller the difference, the shorter the ISI - an effect 266 

similar to a Geiger counter. Participants were instructed to point their head toward the sound 267 

source location as fast as possible (no button needed to be pressed), which allowed active 268 

exploration of the auditory space and aids adaptation (Parseihian and Katz, 2012; Carlile et al., 269 

2014). Once the participants kept their head in an area of 6° radius around the target location for 270 

500 ms, the stimulus was considered found and the location was switched to a random new 271 
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loudspeaker with the constraint that the new location was at least 45° away from the previous 272 

one. Participants were instructed to find as many locations as possible during the training run. 273 

Closed-field training task 274 

The closed-field training consisted of paired auditory and visual stimuli. The auditory stimuli 275 

were identical to the ones used in the closed-field localization task (one stimulus consisted of 5 276 

pulses of pink noise and had a total duration of 225 ms), and were also presented through MRI-277 

compatible earphones. A trial consisted in the presentation of five such stimuli (25 pulses in 278 

total) from a given location, each stimulus being separated by a 275 ms ISI. Trials were 279 

separated by 1 s pauses without any stimulation. Each trial corresponded to a pseudorandom 280 

location in the frontal field (Figure 2C). The visual stimuli were LEDs blinking in synchrony 281 

with the acoustic stimuli and at the location corresponding to the sound source in the binaural 282 

recording in each stimulus presentation. Because binaural recordings were taken while 283 

participant’s head pointed at the central location, participants were asked to keep their head (and 284 

the laser dot) pointed to this position during stimulus presentation. The task was automatically 285 

paused when the head position or orientation was incorrect. To introduce sensory-motor 286 

interactions, participants were asked to shift their gaze toward the blinking LED. 287 

To ensure that participants attended the sound stimuli, they were asked to detect decreases in 288 

sound intensity that occurred infrequently (28%) and randomly in the third, fourth, or fifth noise 289 

burst (Recanzone, 1998). Participants indicated a detection by pressing a button, which paused 290 

the task. To add a sensory-motor component to the task, participants pointed their head toward 291 

the position of the detected deviant sound (no sound was played during head motion). Once their 292 

head direction was held for 500 ms in a 6° radius area around the target location, the target was 293 
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considered found and feedback was given to the participant by briefly blinking the LED at the 294 

target location. The task was restarted when the head position returned at the central location. 295 

During one training run, each location was presented seven times and a decrease in intensity 296 

occurred twice per location. One run took about 8 minutes to complete. The amount of decrease 297 

in intensity was adjusted by a 1-up 2-down staircase procedure so that participants achieved a hit 298 

rate of 70.71%. The initial intensity decrement was 10 dB, and participants typically ended 299 

between 2 and 4 dB. 300 

FMRI data acquisition 301 

Imaging protocol 302 

Imaging was performed on a 3 T MRI scanner (Trio, Siemens Healthcare, Erlangen, 303 

Germany), equipped with a 12 channel matrix head-coil. For each participant and each session, a 304 

high-resolution (1 × 1 × 1 mm) whole-brain T1-weighted structural scan (magnetization-305 

prepared rapid gradient echo sequence) was obtained for anatomical registration. Functional 306 

imaging was performed using an echo-planar imaging sequence and sparse sampling (Hall et al., 307 

1999) to minimize the effect of scanner noise artifacts (gradient echo; repetition time (TR) = 308 

8.4 s, acquisition time = 1 s, echo time = 36 ms; flip angle = 90°). Each functional volume 309 

comprised 13 slices with an in-plane resolution of 1.5 × 1.5 mm and a thickness of 2.5 mm (field 310 

of view = 192 mm). The voxel volume was thus only 5.625 mm3, about a fifth of a more 311 

commonly used 3 × 3 × 3 mm voxel (27 mm3). The slices were oriented parallel to the average 312 

angle of left and right lateral sulci (measured on the structural scan) to fully cover the superior 313 

temporal plane in both hemispheres. As a result, the functional volumes included Heschl’s gyrus, 314 

planum temporale, planum polare, and the superior temporal gyrus and sulcus. 315 
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Procedure 316 

During the fMRI measurements, the participants listened to the sound stimuli while watching 317 

a silent nature documentary. Participants were instructed to be mindful of the sound stimulation, 318 

but no task was performed in the scanner. 319 

Each session was divided into two runs of 154 acquisitions including one initial dummy 320 

acquisition, for a total of 308 acquisitions per session and per subject. Each acquisition was 321 

directly preceded by either a 4350 ms long stimulus (positioned in the TR of 8.4 s so that the 322 

maximum response is measured by the subsequent volume acquisition) or silence. In a session, 323 

each of the 7 sound elevations was presented 34 times, interleaved with 68 silent trials in total. 324 

Spatial stimuli and silent trials were presented in a pseudorandom order, so that the angular 325 

difference between any two subsequent stimuli was greater than 30° and silent trials were not 326 

presented in direct succession. Stimulus sequences in the three scanning sessions were identical 327 

for each participant, but differed across participants. 328 

FMRI data analysis 329 

The functional data were preprocessed using the MINC software package (McConnel Brain 330 

Imaging Center, Montreal Neurological Institute, Montreal, Canada). Preprocessing included 331 

head motion correction and spatial smoothing with a 3 mm full-width half-maximum 332 

3-dimensional Gaussian kernel. Each run was linearly registered to the structural scan of the first 333 

session and to the ICBM-152 template for group averaging. Group averaging was only used for 334 

visualization of the approximate location of active voxels at the group level, and to estimate 335 

tuning functions for regions outside of the auditory cortex. General linear model estimates of 336 

responses to sound stimuli vs. silence were computed using fMRISTAT (Worsley et al., 2002). A 337 
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mask of sound responsive voxels (all sounds vs. silence and each elevation vs. silence) in each 338 

session was computed for each participant and all further analysis was restricted to voxels in the 339 

conjunction of the masks from the three sessions. Voxel significance was assessed by 340 

thresholding T-maps at p < 0.05, corrected for multiple comparisons using Gaussian Random 341 

Field Theory (Worsley et al., 1996). Because our stimuli were presented in the left hemifield and 342 

due to the mostly contralateral representation of auditory space (Pavani et al., 2002; Krumbholz 343 

et al., 2005; Palomäki et al., 2005; Woods et al., 2009; Trapeau and Schönwiesner, 2015), we 344 

analyzed data only in the right hemisphere. 345 

We computed voxel-wise elevation tuning curves by plotting the response size in each 346 

elevation vs. silence contrast. Because we were interested in the shape rather than the overall 347 

magnitude of the tuning curves, tuning curves were standardized by subtracting the mean and 348 

dividing by the standard deviation (z-scores). We determined the elevation preference of each 349 

voxel by computing three measures: the centre of gravity of the voxel tuning curve (COG), the 350 

maximum of the tuning curve and the slope of the linear regression of standardized activation vs. 351 

standardized elevation (analogous to the behavioral EG, we refer to this slope as the tuning curve 352 

EG). The COG is a simple noise-robust non-parametric method (Schönwiesner et al., 2015), 353 

computed as follows: 354 

 

where n is the number of presented elevations (7 in the current experiment), ei is the 355 
elevation value, and ri is the respective response amplitudes in percent signal change. r is the 356 
average response amplitude across elevations. The maximum of the tuning curve is less robust to 357 
noise, but avoids compression at the highest and lowest elevations. It is therefore more 358 
appropriate when plotting sharp tuning functions across elevations and, after verifying that both 359 
methods yield similar results, the maximum was used in the analysis of sharp tuning. To avoid 360 
selection bias in the mean tuning curves, we selected voxels according to their COG, maximum 361 
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or EG in one of the two functional runs and extracted tuning curves from the other run (and 362 
inversely; cross-validation). 363 

For all neuroimaging data averaged across participants, standard error was obtained by 364 

bootstrapping the data 10000 times, using each participant’s mean response. 365 

FMRI measures a hemodynamic response, which fortunately is very tightly coupled to neural 366 

responses. The BOLD signal correlates directly with the sustained local field potential (and to a 367 

lesser degree with spiking activity) as recorded in-vivo with microelectrodes during fMRI 368 

measurements (Logothetis et al., 2001; Ekstrom, 2010). This correlation has also been shown in 369 

low-level auditory cortex (Mukamel et al., 2005; Nir et al., 2007) and holds for awake behaving 370 

primates viewing visual stimuli (Goense and Logothetis, 2008). Note that sustained local field 371 

potentials reflect mostly intracortical processing. These data are the basis for inferences on 372 

neural tuning functions from fMRI recordings. 373 

Results 374 

Behavioral results 375 

Participants had normal elevation perception with a mean elevation gain (EG) of 0.75 ± 0.05 376 

(mean ± standard error) in the first free-field test. Figures 4A-4C shows behavioral results from a 377 

representative participant. The three practice sessions slightly increased free-field EG 378 

(0.81 ± 0.04). The practice sessions were especially important for the closed-field condition, 379 

because participants required training to perform as well in the less natural closed-field as in the 380 

free-field. The average closed-field EG in the first practice session was 0.42 ± 0.06, which 381 

improved to free-field performance by the third session (0.81 ± 0.05). The poor results of the 382 

first session were mainly due to reduced externalization of the stimuli (as reported by the 383 
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participants). The first practice session drastically helped to achieve an externalized perception 384 

of the stimuli and practically all of the increase in performance happened in the first practice 385 

session. Performance was stable from the second to the third practice session (Figure 4D). 386 

According to participant reports, stimuli were mainly heard as coming from the earphones before 387 

the first training and became clearly externalized during training. The large and fast increase in 388 

performance is likely due to the acquisition of an externalized percept during the first training. 389 

The insertion of the earmolds produced a marked reduction in the free-field EG (0.38 ± 0.05;  390 

one-tailed Wilcoxon signed-rank test: p = 3 x 10-5). The same reduced EG (0.34 ± 0.06; 391 

p = 6 x 10-5) was observed in the closed-field when presenting individual binaural recordings 392 

taken with earmolds . After seven days of wearing the molds continuously and undergoing short 393 

daily training sessions, the mean EG recovered to 0.6 ± 0.06 (p = 4 x 10-4) in the free- field and 394 

to 0.52 ± 0.05 (p = 1.5 x 10-4) in the closed field (Figure 4D). Individual differences in adaptation 395 

were large and ranged from full recovery to no adaptation. 396 

Because in the fMRI scanner, sounds were presented via earphones from a subset of 397 

locations, we also calculated EG values in the closed field based only on those locations (seven 398 

vertical directions at 22.5° azimuth in the left hemifield). These EG values were comparable to 399 

the free- and closed-field values in the first session (0.86 ± 0.06) and showed a similar reduction 400 

(0.42 ± 0.07; p = 2 x 10-4) and recovery (0.56 ± 0.07; p = 0.0177) in the second and third 401 

scanning session (red diamonds in Figure 4D). 402 

--- Insert Figure 4 about here --- 403 
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Elevation tuning curves with free ears 404 

Sound stimuli evoked significant activation in the auditory cortex of all participants in the 405 

three scanning sessions. We computed elevation tuning curves for all sound responsive voxels 406 

and observed signal changes that co-varied with elevation. The average tuning curve across 407 

voxels and participants showed a decrease of activation level with increasing elevation (Figure 408 

5A). This decrease was observed in all participants, although the shape and slope of the mean 409 

tuning curves differed between participants. The same response pattern was found in both 410 

hemispheres, but as expected, the activation was stronger and more widespread in the right 411 

hemisphere, contralateral to the sound sources, and we thus only report data from that 412 

hemisphere. 413 

The average tuning curve indicated that the majority of voxels may represent increasing 414 

elevation as an approximately linear decrease in activity. To determine whether there were any 415 

subpopulations of voxels with different tuning, such as narrow tuning curves selective for 416 

different sound directions, we plotted the mean tuning curve across all voxels that preferred a 417 

given elevation (quantified as the COG and the maximum of the tuning curve) or showed similar 418 

EG. Tuning curves were cross-validated to avoid selection bias. All resulting tuning curves had 419 

broad negative slopes (Figures 5B-5M). Cross-validation showed that single-voxel elevation 420 

preferences to mid- or high-elevations were not repeatable across runs and thus due to noise. 421 

This is also supported by the distributions of the COG and EG across all sound responsive voxels 422 

and participants, which exhibited only one distinct population, centered (mode) at -15.12° COG 423 

and -0.84 EG (Figures 5N and 5O). We also applied a dimensionality-reduction technique that 424 

excels at clustering high-dimensional data (t-SNE, Van der Maaten and Hinton, 2008). While 425 
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this procedure accurately separated tuning curves of voxels tuned to the left and right hemifield 426 

from a previous study on horizontal sound directions, it did not identify distinct subgroups in the 427 

present elevation tuning curves. 428 

--- Insert Figure 5 about here --- 429 

The shape of the voxel-wise elevation tuning curves could be related to elevation perception, 430 

or to acoustical properties of the stimuli that change with elevation, or to a mixture of both. To 431 

address this question we first quantified systematic changes with elevation of spectral amplitude 432 

in different frequency bands of the stimuli presented in the MRI scanner. We computed a linear 433 

regression coefficient between elevation and the mean spectral amplitude per octave band, which 434 

results in a frequency-dependent “acoustic elevation gain” (Figure 6A). We found strong positive 435 

correlations in octave bands between 4 and 8 kHz. In these bands, spectral amplitude covaried 436 

linearly with elevation. The earmolds slightly shifted these positive correlations toward lower 437 

frequencies, but did not reduce them. Negative covariations at low frequencies (<1 kHz) 438 

probably reflect elevation cues from torso and head and was unaffected by the earmolds. 439 

Such acoustic changes might have contributed to the observed voxel tuning functions. To 440 

address this important caveat we conducted a control experiment. Two pairs of participants 441 

performed an additional fMRI session in which we swapped the binaural recordings for each pair 442 

of participants. This allowed us to compare functional responses of a same group of participants 443 

to a same set of stimuli, in two different conditions: when stimuli matched participants spectral 444 

cues and led to full elevation perception (own ears); when stimuli were swapped between 445 

participants and elevation perception was reduced (swapped ears). To avoid any learning of the 446 

swapped spectral cues prior to the scanning session, behavioral performance with swapped 447 
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stimuli was assessed after the scanning session. All control participants showed reduced 448 

elevation perception with swapped stimuli (EG = 0.38 ± 0.04). Their performance was higher for 449 

locations corresponding to stimuli presented in the scanner (EG = 0.52 ± 0.12), than for other 450 

locations (EG = 0.34 ± 0.04). One participant in particular had a very large EG of 0.82 for the 451 

locations presented in the scanner compared to other locations (EG = 0.38) and was excluded 452 

from the analysis. The mean EG for the remaining participants at the locations presented in the 453 

scanner was 0.42 ± 0.11. 454 

With stimuli corresponding to their own ears, elevation tuning curves of the control 455 

participants, clearly displayed a linear decrease with increasing elevation (Figure 6B). With 456 

swapped stimuli, the shape of the tuning curves did not exhibit this pattern (Figure 6C). Mean 457 

tuning curves were no longer monotonic and were much flatter (tuning curve EG with own ears 458 

= -0.56 ± 0.03; tuning curve EG with swapped ears = -0.27 ± 0.07). 459 

--- Insert Figure 6 about here --- 460 

The better behavioral performance at locations previously heard in the scanner suggests that 461 

some adaptation occurred during the 45 minutes of passive listening in the scanner. We analyzed 462 

the time course of the tuning curve shape during the scanning session by extracting average 463 

tuning curves across auditory cortex in a moving time window of about 10 minutes (7 trials per 464 

elevation). Tuning curve EG increased over the course of the experiment from essentially zero at 465 

the beginning to around 0.3 for the final stimulus presentations (Figure 7). This suggests that the 466 

remaining amount of tuning curve EG observed with the swapped recordings is due to adaptation 467 

during the measurement, and that the tuning curve EG is close to zero when elevation perception 468 

is entirely absent (i.e. at the beginning of the scanning session). 469 
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--- Insert Figure 7 about here --- 470 

Because the prevalent shape of tuning in auditory cortex appeared to be a linear decrease 471 

with increasing elevation, we modeled a linear effect of elevation to highlight areas of auditory 472 

cortex exhibiting that tuning. We selected voxels that exhibited a significantly positive or 473 

negative effect in this contrast in at least one of the three sessions. At this stage of the analysis, 474 

one participant had to be excluded because of a malfunction of the earphones during the second 475 

scanning session. Ten out of 14 participants displayed significant linear covariation of single-476 

voxel activity and sound elevation (Figure 8). 477 

--- Insert Figure 8 about here --- 478 

Activation decreased with increasing elevation in all significantly active voxels in this 479 

contrast. We found no voxels whose activity increased with elevation. The mean tuning of voxels 480 

in this contrast had the same shape as the one observed in all sound-responsive voxels, but was 481 

less noisy. 482 

Interindividual variability of the mapping of elevation preference in the auditory cortex was 483 

large, which was expected by the great anatomical variability of auditory cortices across 484 

individuals (Rademacher et al., 2001) and the functional variability reported for other types of 485 

mappings (for instance Humphries et al., 2010; Griffiths and Hall, 2012; Trapeau and 486 

Schönwiesner, 2015). 487 

There is a known relation between frequency and elevation such that sounds at higher 488 

elevations tend to contain more power at high frequencies (Blauert, 1997; Parise et al., 2014). 489 

We tested whether elevation preference correlated with frequency preference by comparing 490 
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individual elevation preference maps and a published average map for frequency preference 491 

(Schönwiesner et al., 2015). The mean correlation between individual maps of elevation COG 492 

and the average map of frequency COG did not differ significantly from zero (p = 0.56, 493 

Wilcoxon signed rank test of Spearman correlation coefficients across participants). In addition, 494 

the mean frequency preference of voxels that showed a significant covariation with elevation 495 

(Figure 8, white outline) did not differ significantly from the frequency preference of other 496 

sound-responsive voxels (sounds-vs-silence contrast, colored voxels in Figure 8 excluding white 497 

outline; p=0.12, Wilcoxon signed rank test of mean frequency tuning of the two groups of voxels 498 

across participants). 499 

Effect of the molds and adaptation on elevation tuning 500 

The above results demonstrate a relationship between physical sound position on the vertical 501 

axis and auditory cortex activity. Our manipulation of spectral cues and elevation perception 502 

allowed us to go one step further and to relate the shape of these tuning curves directly to 503 

elevation perception. 504 

If voxel activity in low-level auditory cortex relates to the perception of sound source 505 

elevation, then we predict that our measure of elevation perception (behavioral EG) should 506 

correlate with the equivalent brain measure (tuning curve EG) across all participants and 507 

sessions. Behavioral EG correlated significantly with tuning curve EG (in voxels that showed a 508 

significant covariation with elevation - the contrast used in the previous section) across 509 

individuals and sessions (Figure 9A; spearman correlation coefficient: R = -0.44, p = 0.019), 510 

indicating that changes in tuning curves covary with changes in reported stimulus elevation 511 

across sessions. We did not find significant correlations between these measures within sessions 512 
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or between behavioral adaptation and individual differences in neural tuning, perhaps due to 513 

insufficient within-session variance or statistical power. 514 

On the basis of the measured tuning curves, we hypothesized that auditory cortex encodes the 515 

perception of vertical sound location by a decrease in activity with increasing elevation. Under 516 

this hypothesis, we predict less informative (flatter and/or noisier) tuning curves when elevation 517 

perception is reduced by the earmolds, and a recovery of the tuning curve shape when 518 

participants adapt to the earmolds and regain elevation perception. Steepness of the tuning curves 519 

was quantified by their EG, and noisiness was quantified by the R2 of the EG regression line, in 520 

voxels that showed a significant covariation with elevation. Results showed a significant 521 

flattening of the participants’ mean tuning curve from the first to the second session (mean 522 

tuning curve EG from session 1 to session 2: 0.73 ± 0.03 to 0.49 ± 0.06; one-tailed Wilcoxon 523 

signed-rank test, p = 0.0098, n = 10). Noisiness also increased from session 1 to 2, as shown by 524 

the reduction of R2 (0.56 ± 0.04 for session 1, 0.33 ± 0.03 for session 2; p = 0.0068, n = 10).  525 

To observe the effects of behavioral adaptation on the shape of elevation tuning curves, we 526 

then examined differences between sessions 2 and 3. Two of our participants showed no 527 

behavioral adaptation to the earmolds and were therefore excluded from the following 528 

comparison (the behavioral EG across sessions of the remaining participants is shown Figure 529 

9B). From session 2 to session 3, tuning curves changed in the predicted direction, i.e. the 530 

opposite direction of the changes observed between sessions 1 and 2. Tuning curve slope 531 

increased (mean tuning curve EG from session 2 to session 3: 0.5 ± 0.07 to 0.67 ± 0.03; p = 532 

0.0273, n = 8; Figure 9C) and the curves were less noisy in session 3 (R2 from session 2 to 533 

session 3: 0.33 ± 0.04 to 0.46 ± 0.04; p = 0.0195, n = 8; Figure 9D). These differences between 534 
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the sessions are also visible in the mean tuning curves across participants. The mean tuning curve 535 

with molds (session 2) was flatter and less monotonic than the one with native ears (session 1), 536 

and recovered after adaptation to the molds (session 3, Figure 9E). 537 

--- Insert Figure 9 about here --- 538 

Secondary narrow tuning to elevation 539 

Other features of the response, apart from the overall slope of the tuning functions, may 540 

change with sound elevation. To identify such changes, we subtracted the mean tuning function 541 

of each participant from all voxel tuning functions and examined the remainder separately in 542 

voxels that responded maximally to each of the seven elevations. Without subtracting the mean 543 

tuning, local maxima in the cross-validated tuning function are obscured by the overall 544 

decreasing tuning curve (Figure 5G-M). Cross-validated mean tuning curves after subtracting the 545 

mean had narrow peaks at each selected maximum. Each of these peaks was significantly higher 546 

than the mean activation at other elevations (as tested by a one-tailed Wilcoxon signed rank test, 547 

Figure 10A). The mean height of the peaks compared to other elevations corresponded to ~20 % 548 

of the BOLD signal change of the global decreasing tuning curve. No topographical pattern or 549 

gradient was evident in the distribution of these peaks across the surface of the auditory cortex. If 550 

the peaks relate to elevation perception, the loss in elevation perception caused by the earmolds 551 

should be reflected by a decrease in peak height from session 1 to 2, and adaptation to the molds 552 

should be reflected by an increase from session 2 to 3. This was observed. After insertion of the 553 

molds, narrow tuning was no longer evident (Figure 10B) and the height of the peaks decreased 554 

(mean standardized peak height from session 1 to session 2: 0.2 ± 0.03 to 0.1 ± 0.03; one-tailed 555 

Wilcoxon signed-rank test, p = 0.015, n = 15) and most of them were no longer significantly 556 
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higher than the mean activity at other elevations. After adaptation, all peaks, except one, were 557 

significantly above the mean activity (Figure 10C), and peak height increased significantly from 558 

session 2 to 3 (mean standardized peak height: from 0.1 ± 0.03 to 0.19 ± 0.03; one-tailed 559 

Wilcoxon signed-rank test, p = 0.011, n = 15). 560 

--- Insert Figure 10 about here --- 561 

Discussion 562 

Behavioral adaptation to modified spectral cues 563 

Consistent with previous studies, the insertion of earmolds produced a marked decrease in 564 

elevation performance (Hofman et al., 1998; Carlile, 2014; Trapeau et al., 2016). Most 565 

participants recovered a portion of their elevation perception after wearing the molds during 566 

seven days and taking part in daily training sessions. As observed in previous earmold adaptation 567 

studies (Hofman et al., 1998; Van Wanrooij and Van Opstal, 2005; Carlile and Blackman, 2013; 568 

Trapeau et al., 2016), individual differences in adaptation were large and ranged from full 569 

recovery to no adaptation. Various factors might explain these differences, such as the individual 570 

capacity for plasticity or differences in lifestyle that may have lead to different amounts of daily 571 

sound exposure or multisensory interactions (Javer and Schwarz, 1995; Carlile, 2014). In 572 

addition, the acoustical effects of the earmolds vary from one ear to another and acoustical 573 

differences between directional transfer functions with and without molds explain a portion of 574 

individual differences in the amount of adaptation (Trapeau et al., 2016). 575 

Only closed-field stimuli can be presented in typical human neuroimaging setups, and the 576 

difficulty to achieve proper elevation perception for such stimuli hampered earlier attempts to 577 



 

28/44 

measure elevation tuning (Fujiki et al., 2002; Lewald et al., 2008). To circumvent this problem 578 

we trained participants in an audio-visual sensory-motor task using the same earphones as in the 579 

scanner, which allowed participants to achieve accurate perception of the fMRI stimuli. 580 

Elevation tuning in auditory cortex 581 

We measured fMRI responses to sounds perceived at different elevations and computed 582 

voxel-wise elevation tuning curves. Elevation tuning curves were wide and approximated a 583 

linear decrease in activation with increasing elevation. Their slope was correlated with elevation 584 

perception as measured by behavioral responses: modifying spectral cues with earmolds, thereby 585 

reducing elevation perception, resulted in noisier and flatter tuning curves; changes reflecting the 586 

perceptual adaptation to the modified cues were observed from session 2 to 3, which were 587 

identical in all aspects. After adaptation, the shape of the tuning curves re-approached the one 588 

measured with free ears. The difference in the tuning observed for physically identical stimuli in 589 

sessions 2 and 3 indicates that voxel tuning functions depend on listening experience with 590 

spectral cues and thus do not solely represent physical features of the spectral cues. The change 591 

in tuning covaried with changes in elevation perception between the sessions, which may 592 

indicate that the tuning functions in low-level auditory cortex underlie the perceived elevation of 593 

a sound source. At the population level, cortical neurons may thus encode perceived sound 594 

source elevation using the slope of the tuning curves, as previously proposed for the coding of 595 

horizontal sound direction in the human auditory cortex (Salminen et al., 2009, 2010; Magezi 596 

and Krumbholz, 2010; Trapeau and Schönwiesner, 2015; McLaughlin et al., 2016). A potential 597 

neural mechanism for the observed voxel-level responses is a rate code.  598 
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Why would cortical neurons respond most strongly to lower elevations? In cats, an early 599 

stage of spectral cues processing is carried out by notch-sensitive neurons of the dorsal cochlear 600 

nucleus (Young et al., 1992; Imig et al., 2000) and by their projections to type O units of the 601 

central nucleus of the inferior colliculus (Davis et al., 2003). Deeper spectral notches at low 602 

elevations might result in increased sensitivity of these cells to low elevations and might have 603 

influenced the general cortical tuning preference for low rather than high elevations during 604 

evolution. Previous plots of directional transfer functions suggest deeper spectral notches at low 605 

elevations than at high elevations (Middlebrooks, 1997, 1999; Cheng and Wakefield, 1999; 606 

Raykar et al., 2005; Trapeau et al., 2016). The acoustic elevation gain computed from our stimuli 607 

shows that low elevations contained deeper notches in frequency bands previously identified as 608 

crucial for elevation perception (Langendijk and Bronkhorst, 2002; Trapeau et al., 2016). These 609 

acoustic features could conceivably drive stronger responses at low elevations. However, such 610 

spectral features do not solely determine the shape of cortical elevation tuning curves: swapping 611 

stimuli between participants disrupted elevation perception and led to tuning curves that no 612 

longer exhibited a linear decrease with increasing elevation. Additionally, the adaptation to 613 

modified spectral cues showed that differences in perception of physically identical stimuli 614 

change the shape of tuning curves in low-level auditory cortex. These results suggest that the 615 

tuning curves observed in auditory cortex do not encode acoustical elevation cues, but the source 616 

elevation computed from these cues. This provides evidence for the notion that low-level 617 

auditory cortex represents not only physical stimulus features, but also the subjective perception 618 

of these features (Staeren et al., 2009; Kilian-Hütten et al., 2011). A model of elevation 619 

processing posits that spectral profiles of an incoming sound are compared to templates for 620 
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different elevations (Hofman and Van Opstal, 1998). In terms of this model, auditory cortex 621 

activity may reflect the result of this comparison, and a correct mapping would enable accurate 622 

perception. In turn, experience may reshape this mapping or templates. 623 

Obscured by the main broad tuning, a secondary narrow tuning was observed after 624 

subtracting each participant’s mean tuning curve from the data. Voxels exhibiting significant 625 

secondary tuning peaks were found at each elevation and the height of these peaks was 626 

approximately a fifth of the size of the overall decrease with increasing elevation. With modified 627 

spectral cues, secondary peaks were initially almost absent, but reappeared after adaptation to the 628 

modified cues. Therefore, both broad tuning aspect and secondary narrow tuning aspect of the 629 

elevation tuning curves covary with elevation perception. This finding may indicate that sound 630 

elevation is encoded by two complementary tuning mechanisms. In gerbils, the representation of 631 

ITDs seems to be transformed from broadly-tuned channels in the midbrain to a uniform 632 

sampling by sharply-tuned responses in the primary auditory cortex (Belliveau et al., 2014), and 633 

a representation of ITDs involving multiple types of codes in human auditory cortex has been 634 

recently speculated about (McLaughlin et al., 2016). Two populations of neurons may be 635 

necessary for elevation encoding because pinna and head/torso contribute independent spectral 636 

cues in different frequency ranges. Pinna cues lie above 4 kHz, whereas torso cues exist only 637 

below 3 kHz (Asano et al., 1990; Algazi et al., 2001). Different optimal coding strategies could 638 

then arise from the different spectral cue frequency ranges (Harper and McAlpine, 2004). 639 

Comprehensive data from animal models would aid in interpreting the voxel-level results in 640 

humans. No clear pattern for an overall elevation tuning preference was observed among the few 641 

elevation sensitive neurons found in macaque primary auditory cortex and caudomedial field 642 
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(Recanzone, 2000; Recanzone et al., 2000). One study in cats reported distributed elevation 643 

tuning preference across neurons in nontonotopic auditory cortex, with some evidence for an 644 

overall preference for upper frontal elevations (Xu et al., 1998). However, elevation encoding 645 

may differ between cats and humans due to differences in body height, ear shape, and ear 646 

mobility.  647 

We observed experience-dependent changes in auditory cortex, but this plasticity may 648 

emerge already in subcortical structures, where spectral cues are extracted. The corticofugal 649 

system has been suggested to play a role in the modification of subcortical sensory maps in 650 

response to sensory experience (Yan and Suga, 1998) and plays a critical role in experience-651 

dependent auditory plasticity (Suga et al., 2002). Bajo and colleagues (2009) demonstrated that 652 

auditory corticocollicular lesions abolish experience-dependent recalibration of horizontal sound 653 

localization. The integrity of this descending pathway may be needed in the adaptation to 654 

modified spectral cues. 655 

Limitations 656 

The supine position in the scanner may have influenced our results. Body tilt affects 657 

horizontal sound localization judgments (Comalli and Altshuler, 1971; Lackner, 1974) and sound 658 

location is perceived in a world coordinate reference frame (Goossens and Van Opstal, 1999; 659 

Vliegen et al., 2004). At the level of the auditory cortex it is still unclear whether the 660 

representation is craniocentric (Altmann et al., 2009), or both craniocentric and allocentric 661 

(Schechtman et al., 2012; Town et al., 2017). In the latter case, subsets of neurons representing 662 

sound location in a world coordinate frame might have influenced the shape of the elevation 663 

tuning curves. 664 
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We acquired a total of 52 one-hour sessions of fMRI data from 16 participants, considerably 665 

exceeding the amount of data in a typical fMRI study. A higher number of participants would 666 

have been useful to identify sources of the interindividual variability in adaptation to our ear 667 

manipulation and the potential correlation between behavioral and brain data within sessions, but 668 

was technically and economically not feasible. 669 

Outlook 670 

Our results suggest that sound elevation is represented in the auditory cortex by broad tuning 671 

functions preferring lower elevations as well as secondary narrow tuning functions preferring 672 

individual elevation directions. The shape of these tuning functions covaried with the perception 673 

of the stimuli, highlighting the link between low-level cortical activity and perception. Our 674 

results emphasize the complexity of cortical processing of sound location. A distinct neural 675 

population or tuning might be needed to represent sounds in the rear field. Regions involved in 676 

vertical and horizontal auditory space processing seem to largely overlap (compare with Trapeau 677 

& Schönwiesner, 2015), and there is growing evidence for an integrated cortical processing of 678 

localization cues (Pavani et al., 2002; Edmonds and Krumbholz, 2014). In animal models, single-679 

unit recordings demonstrated that cortical neurons are sensitive to multiple localization cues 680 

(Brugge et al., 1994; Xu et al., 1998; Mrsic-Flogel et al., 2005). Horizontal and vertical auditory 681 

space might be represented by integrated codes, and future experiments should combine these 682 

dimensions. 683 
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Figure captions 883 

Figure 1. Silicone mold and array of loudspeakers. (A) Example of a silicone mold in a 884 

participant’s right ear. (B) Spherical array of loudspeakers used for behavioral testing.  885 

 886 

Figure 2. Stimuli locations in the different tasks. (A) Speaker arrangement during the free-887 

field localization task. (B) Stimulus locations during the closed-field localization task. (C) 888 

Stimulus locations during the closed-field training. 889 

 890 

Figure 3. Spectra and difference spectra of fMRI stimuli. Solid lines represent the free 891 

ears condition, dotted lines represent the earmolds condition. (A) Spectra of the fMRI stimuli at 892 

each elevation for one randomly picked participant. Spectra have been computed from KEMAR 893 

recordings of the stimuli delivered through the pair of Sensimetrics S14 earphones used during 894 

the experiment. (B) Difference spectra at each elevation for the same participant. Each transfer 895 

function was divided by the average of the transfer functions across elevations. Black dashed 896 

lines represent a 0 dB gain. Earmolds mostly changed the spectra for frequencies above 6 kHz, 897 

while lower frequencies were practically unaffected.  898 

 899 

Figure 4. Sound localization performance. Left panels: closed-field sound localization 900 

performance of a representative participant. Each dot represents one response (perceived 901 

elevation vs. target elevation). Red dots highlight targets at 22.5° azimuth in the left hemifield 902 

(locations presented in the scanner). Black and red lines are linear fits of the responses for all 903 
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locations and for locations at 22.5° azimuth in the left hemifield, respectively. The EG is the 904 

slope of these regression lines. (A) Baseline performance with free ears (practice day 3). (B) 905 

First performance with molds (pre-adaptation). (C) Last performance with molds (post-906 

adaptation). (D) Time course of EG averaged across all participants (n = 15), shown for the 907 

practice period (ears free), and for the adaptation period (with molds). Dashed lines represent the 908 

free-field EG, solid lines represent the closed-field EG, error bars indicate standard error. EG 909 

was calculated from all target locations. Red diamond symbols represent the closed-field EG 910 

calculated using only the locations corresponding to the fMRI stimuli, i.e. seven elevations from 911 

-45° to +45° at 22.5° azimuth in the left hemifield. 912 

 913 

Figure 5. Mean elevation tuning curve of all sound-responsive voxels in the right 914 

hemisphere. (A–M) Mean elevation tuning curves. Shaded areas indicate the standard error 915 

across participants (n = 15, except panel F: n = 14). (A) Mean elevation tuning curve of all 916 

sound-responsive voxels (solid black line) and a linear regression of measured activity against 917 

stimulus direction (dashed line). The slope of the regression line corresponds to the elevation 918 

gain (EG) of the mean tuning curve. (B–M) Mean tuning curves (cross-validated) of voxels 919 

binned according to their tuning curve COG, EG or maximum. The mean number of voxels 920 

across participants selected by cross-validation for COG, EG and maximum is listed in each plot. 921 

In each bin, corresponding tuning curves were found in all participants, except panel F (COG = 922 

30°; EG = 1), in which corresponding tuning curves were found in 14/15 participants. In panels 923 

B–F, mean tuning curves of voxels by COG are shown in black and mean tuning curves of 924 

voxels selected by EG are shown in grey. In panels G–M, mean tuning curves are shown in 925 
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black. Cross-validated activity did not peak at selected COGs, maxima (vertical dotted lines) or 926 

follow the selected EGs (angled dotted lines), but rather decreased with increasing elevation in 927 

all voxels. (N) Distribution of tuning curve COG. (O) Distribution of tuning curve EG. 928 

 929 

Figure 6. Acoustic elevation gain and mean elevation tuning curves in control 930 

experiment. (A) Frequency-dependent acoustic elevation gain. Each point represents the mean 931 

slope across participants (n = 15, shaded areas indicate the standard error across participants) of 932 

the linear regression between standardized elevations and the standardized spectral amplitudes of 933 

the difference spectrum at each elevation computed in a 1-octave window. The acoustic EG was 934 

computed separately for recordings with free ears (green line) and earmolds (orange line). Strong 935 

positive correlations are visible between 4 and 8 kHz. (B-C) Mean elevation tuning curves of all 936 

sound-responsive voxels in the right hemisphere, averaged across the three control participants. 937 

(B) For stimuli corresponding to the participants own ears, the mean tuning curve displayed a 938 

linear decrease with increasing elevation. (C) Mean tuning curves were no longer monotonic and 939 

much flatter when stimuli corresponding to someone else’s ears were presented. 940 

 941 

Figure 7. Evolution of the mean elevation tuning curve and of the tuning curve EG with 942 

swapped stimuli. Mean tuning curves were extracted from the functional data of the control 943 

experiment in a moving time window of about 10 minutes (7 trials per elevation), yielding 22 944 

windows for the 45-minute scanning session. The top panels show the mean tuning curves at 945 

window number 3, 11, and 20. The lower panel shows the time course of the individual (grey 946 
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lines) and mean (bold black line) tuning curve EG during the session. Tuning curve EG increased 947 

over the course of the experiment from essentially zero at the beginning to around 0.3 for the 948 

final stimulus presentations. 949 

 950 

Figure 8. Distribution of tuning curve elevation gain across auditory cortex. Fixed-951 

effects group average data (labeled Group) and individual data (labeled 1-10) are shown. Slices 952 

are oriented to run parallel to the lateral sulcus (see red line on insert schematic brain). The color 953 

code indicates tuning curve EG of sound-responsive voxels. The white outlines delineate voxels 954 

that showed a significant covariation with elevation in at least one of the three sessions. 955 

 956 

Figure 9. Behavioral and tuning curve results across sessions. (A) Correlation between 957 

behavioral and tuning curve EG across all participants and sessions. The Spearman correlation 958 

coefficient (lower right inset) was calculated after excluding two outlier data points (unfilled 959 

dots; coefficient including outliers:  R = -0.48, p = 0.008). Black dots indicate results of session 960 

1, light grey dots indicate results of session 2, and dark grey dots indicate results of session 3. 961 

Large dots represent the mean of each session (outliers excluded). Data in panels A-D shows 962 

clear covariation of reported elevation perception with mean voxel tuning curve slope. The 963 

position of session 3 about halfway in between sessions 1 and 2 in panel D suggests a  964 

proportional recovery of elevation perception and tuning curve shape during adaptation. (B) 965 

Behavioral EG across participants who showed adaptation to the earmolds (n = 8). Error bars 966 

indicate the standard error across participants. (C) Mean tuning curve EG across the same 967 
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participants. The absolute EG dropped in session 2 (shallower tuning curves) and partially 968 

recovered in session 3. (D) Mean R2 of the EG regression line across participants. R2 dropped in 969 

session 2 (tuning curves noisier) and partially recovered in session 3. (E) Mean elevation tuning 970 

curves. Tuning curves showed a steep decrease towards higher elevations with free ears (session 971 

1, black). Tuning curves flattened when molds were inserted (session 2, light grey), but 972 

recovered after adaptation to the molds (session 3, dark grey). Shaded areas indicate the standard 973 

error across participants. 974 

 975 

Figure 10. Mean tuning curves after subtracting the global mean. Mean tuning curves of 976 

voxels binned according to their tuning curve maximum, after subtracting the global mean tuning 977 

of each participant. Shaded areas indicate the standard error across participants (n = 15). In each 978 

bin, corresponding tuning curves were found in all participants. To avoid selection bias, maxima 979 

were computed in one half of the data and mean tuning curves were calculated in the other half 980 

of the data (and inversely). In each plot, mean tuning curves are shown in black and the bin 981 

maximum is indicated by a vertical dotted line. The mean number of voxels across participants 982 

selected by cross-validation is listed in each plot. Whether the peaks at each selected elevation 983 

were significantly higher than the mean activation at other elevations was tested by a one-tailed 984 

Wilcoxon signed rank test, and the number of stars above each peak indicate p-values below 0.05 985 

(*), 0.01 (**), and 0.001 (***). The peaks were significant at each selected elevation in session 1 986 

(A). Only two out of seven peaks were significant in session 2, after insertion of the molds (B). 987 

All but one peak were significant in session 3, after adaptation to the molds (C). 988 

 989 






















