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Cortex is Based on Both Head-Independent and
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Eitan Schechtman,1 Talia Shrem,2 and Leon Y. Deouell1,2

1Edmond and Lily Safra Center for Brain Sciences, and 2Department of Psychology, The Hebrew University of Jerusalem, Jerusalem 91905, Israel

In humans, whose ears are fixed on the head, auditory stimuli are initially registered in space relative to the head. Eventually, locations of
sound sources need to be encoded also relative to the body, or in absolute allocentric space, to allow orientation toward the sounds
sources and consequent action. We can therefore distinguish between two spatial representation systems: a basic head-centered coordi-
nate system and a more complex head-independent system. In an ERP experiment, we attempted to reveal which of these two coordinate
systems is represented in the human auditory cortex. We dissociated the two systems using the mismatch negativity (MMN), a well
studied EEG effect evoked by acoustic deviations. Contrary to previous findings suggesting that only primary head-related information is
present at this early stage of processing, we observed significant MMN effects for both head-independent and head-centered deviant
stimuli. Our findings thus reveal that both primary head-related and secondary body- or world-related reference frames are represented
at this stage of auditory processing.

Introduction
Sounds reach the ears from any direction, only mildly obstructed
by intervening objects. Hence, the auditory system is optimal for
monitoring the environment and orienting other senses toward
salient events (Arnott and Alain, 2011). As auditory spatial infor-
mation is extracted from the comparison between left- and right-
ear signals (for azimuth) and by the spectral filtering properties of
the fixed pinnae (for elevation) (Blauert, 1997), initial encoding
of space in humans must be anchored to the head [head-centered
(HC)]. Yet behavioral studies have shown that the human ner-
vous system eventually compensates for head motion, producing
a veridical head-independent (HI) stable representation of audi-
tory sources, which allows proper direction of motor responses,
including gaze shifts (Goossens and van Opstal, 1999; Vliegen et
al., 2004; Van Grootel et al., 2011). Is this representation a late,
higher-order/cognitive effect or does it emerge early in auditory
processing?

Two contrasting answers were recently reported in this
journal. Van Grootel et al. (2011) modeled the HC and HI
frameworks using patterns of gaze shifts. Elegantly using the
fact that pure tones’ perceived elevation is unrelated to the
true elevation, their results reaffirmed the emergence of an HI
representation, and moreover, localized it to tonotopic, likely

brainstem, regions. These results stand in striking contrast to
those of a recent EEG study that failed to find evidence for HI
(allocentric) representation at the level of auditory cortex
(Altmann et al., 2009).

Altmann et al.’s (2009) subjects listened, through head-
phones, to a sequence of sounds virtually located straight ahead,
and then rotated their heads by 30°. This was followed by another
sound, which was either located in the exact same position in
absolute space as the previous sounds, yet was now at an angle to
the new head orientation (egocentric deviant), or was relocated
by 30° along with the head, so that it was in the same position
relative to the new head orientation, but now deviated in its ab-
solute location (allocentric deviant). Only the egocentric HC de-
viant elicited the mismatch negativity (MMN) event-related
potential, which indexes neural detection of deviations in the
acoustic environment. Thus, the conclusion was that only head-
centered representations were present at the auditory cortex
probed by MMN.

We surmised that the absence of MMN to allocentric, head-
independent deviance was due to specific features of Altmann et
al.’s (2009) study, mainly the fact that the sounds were produced
through headphones rather than in real space. Using nonindi-
vidualized virtual auditory space produced over headphones,
sounds may appear lateralized, but within the head rather than in
external space (Plenge, 1974; Møller et al., 1996; Hammershøi
and Møller, 2002). This would naturally mitigate the effect of an
HI reference frame. We thus used Altmann et al.’s (2009) essen-
tial design, using sounds elicited by loudspeakers in free field
around the subjects. As described below, several other changes to
the design were also introduced to control for alternative inter-
pretations. We found that both HC and HI spatial changes elicit
the MMN, resolving the discrepancy.
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Materials and Methods
Subjects. The participants in the main experiment were 17 students from
the Hebrew University of Jerusalem (10 male; 16 right-handed) aged
19 –26 years (mean age, 23.1 years; SD, 2.18 years), with reportedly nor-
mal hearing and no history of neurological disorders. The students were
paid or given course credits for participation in the study. The experi-
ment was approved by the ethical committee of the faculty of social
science at the Hebrew University of Jerusalem, and informed consent was
obtained after the experimental procedures were explained. One partic-
ipant’s data were excluded from analysis due to excessive artifacts.

Stimuli and apparatus. Subjects sat in a comfortable reclining armchair
in a dimly lit, sound-attenuated and echo-reduced chamber (C-26;
Eckel). They were surrounded by three loudspeakers (model 821615
midrange 122M; Peerless) mounted on a semicircular bar with a fixed
radius of 90 cm. One was placed at an angle of 30° to the right of the
subjects’ midsagittal plane [right speaker (RS)], another 30° to the left of
the midsagittal plane [left speaker (LS)], and a third central speaker (CS)
straight ahead of the subjects on their midsagittal plane. LS was not active
in the experiment and was present for symmetry and for mounting the
LED. Attached to the top of the speakers were three identical green LEDs
(RL, LL, and CL, respectively; Fig. 1b). All the auditory stimuli used in
this experiment were acoustically identical (in frequency, intensity, and
duration) and differed only in the position in space from which they were
produced. Stimuli were composed of frozen band-passed noise (250 –
4000 Hz) with duration of 50 ms.

Procedure. Throughout the experimental blocks, the subjects’ only in-
structions were to look at the currently lit LED (only one was lit at each
time) and to reorient their head to face the lit LED at all times, ignoring
any auditory stimuli. They were asked to avoid reorienting their eyes with
no head movement (i.e., making saccades) and to refrain from body
motion and massive blinking. Being in a semi-reclined position, the arm-
chair used in the experiment did not allow trunk reorientation in any
simple way. A camera located above the subjects’ head was used to mon-
itor the head and body position during the experiment (Fig. 1).

The experiment included five identical blocks, each lasting �10 min
and 40 s, and including 80 trials. Short subject-paced breaks were pro-
vided between blocks. Each trial began with the activation of the CL and
with subjects orienting their head to face it. This was followed by a se-
quence of three or four sounds from the RS (“standards”), with a fixed

stimulus onset asynchrony (SOA) of 1700 ms (Fig. 1a). In each sequence,
350 ms after the last standard (LastStd), the CL turned off and the LL
turned on, and subjects turned their heads to face it. After 1350 ms, the
deviant stimulus was produced from one of the speakers. In the head-
independent deviant (HI-Dev) condition (Fig. 1b, right), this stimulus
was produced from the CS. Thus, the sound’s angle relative to the head
was the same as in the standard sounds, but its position in space was
different. In the head-centered deviant (HC-Dev) condition, this stimu-
lus was produced from RS (Fig. 1b, left). That is, the sound’s angle relative
to the head was now 60° instead of 30°, but its absolute position in space
was the same as for the standards. Three hundred milliseconds after
deviant onset, LL turned off and CL turned on again, indicating the onset
of a new trial. Each run consisted of 200 HC-Dev trials and 200 HI-Dev
trials. Half of the deviants in each condition were preceded by three
standards and half by four standards. All trial types were randomly mixed
within blocks.

Note that this design follows the principles of Altmann et al.’s (2009),
but it is not identical. In that study, in HI deviant trials [called “allocen-
tric” by Altmann et al. (2009)], as in the standard trials, the visual and
auditory stimuli were at the same position in space (straight ahead),
whereas in an HC (“egocentric”) trial, they were at different positions
(the LED was now on the left while the sound remained central). Thus,
the egocentric HC MMN could have reflected a cross-modal change,
rather than a merely spatial change (Fort et al., 2002). Therefore, in the
present study, the visual and auditory stimuli were always disparate to
mitigate cross-modal deviation.

EEG acquisition and postprocessing. The EEG was recorded using an
Active 2 system (Biosemi) from 64 preamplified electrodes mounted on
an elastic cap according to the extended 10-20 system, with the addition
of two mastoid electrodes and a nose electrode. Eye movements were
recorded using two electrodes at the outer canthi of the right and left eyes
and two above and below the center of the right eye. The EEG was con-
tinuously sampled at 256 Hz and stored for off-line analysis. All data were
digitally filtered (zero-phase 24 dB/octave Butterworth filter) with a
bandpass of 1–12 Hz. The data were referenced offline to the nose chan-
nel. Ocular artifacts (blinks and saccades) were removed using the inde-
pendent component analysis method (Jung et al., 2000) implemented
using Vision Analyzer 1.05 (Brain Products). Segments contaminated by
other artifacts were discarded (rejection criteria: �100 mV absolute dif-

Figure 1. Experimental design. a, Example of the timeline for a single trial. Note that although the figure describes a trial with three standard stimuli (Stim), half of the trials included four standard
stimuli. b, Illustration of the setup and three stimuli. Standard stimuli: the eyes and head are oriented toward an LED straight ahead (gray dot, labeled CL). The sound is emitted by the speaker 30°
to the right of the midline (RS). HC-deviant: the head and eyes point toward a LED 30° to the left of the midline (LL), the sound is emitted by RS. HI-deviant: the head and eyes point toward an LED
30° to the left of the midline, the sound is emitted by the CS. The insets show the top view of a single subject’s head during the standard (bottom) and deviant (top) stimuli, as captured by the
overhead video camera during the experiment.
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ference between samples within segments of 200 ms; absolute amplitude
�100 mV). Only trials in which subjects moved their head on time after
the LED cues to the correct orientation were analyzed. Head movement
was detected in the EEG data based on head and eye movement artifacts
[the EEG threshold was set as (right horizontal EOG) � (left horizontal
EOG) �45 mV]. These criteria were verified using samples of each sub-
ject’s overhead video recording (Fig. 1).

The EEG data were parsed into 500 ms segments starting 100 ms before
stimulus onset. The voltage was measured relative to the mean of the 100
ms prestimulus period (baseline correction). To measure the response to
the standard stimuli, we considered the EEG signal of the second to last
(STL) standard stimulus, i.e., the third stimulus in four standard stimuli
trials and the second stimulus in three standard stimuli trials. MMN
amplitudes were measured by comparing the ERPs elicited by the STL
standard stimulus in each trial to that elicited by each type of deviant
stimulus (HI-Dev or HC-Dev). We report here the results using the STL
stimuli and not the last standard (LastStd) stimuli to avoid the possible
contamination by head motion (which always followed the LastStd) on
the ERP waveform. However, we conducted all statistical analyses on
both STL and LastStd data and found similarly significant results. Note
that the STL (as well as the LastStd) was identical across conditions, and
that the subject did not know at the time of its onset which deviant will
ensue.

ERP statistical analysis. The MMN was calculated for each subject as
the average amplitude of the difference wave between the responses to
STL and the response to the deviant in each condition at electrode Fz,
160 –220 ms after the stimulus onset. Fz was chosen a priori based on
established MMN literature, and the time window was chosen to span the
peak negativity between 100 and 200 ms, as observed in across-subject
grand averaging across the HI-Dev and HC-Dev difference waves. To
establish the presence of the MMN, MMNs for each condition were
compared with zero using one-tailed t tests.

The above analysis, which is the standard in most neuroimaging stud-
ies, uses only one statistic (Student’s t) per condition, considering only
the variability between subjects’ mean MMNs. It does not consider the
variability between trials within a subject, which could be substantial, nor
the number of artifact-free trials in every subject. Since establishing the
presence of MMN in each condition is critical in this study, we further
introduce a complementary statistical approach, which takes into ac-
count intrasubject, and not merely intersubject, variability. To do so, we
used a method akin to a meta-analytic approach, where each subject is
considered as an experiment. We first calculated a p value for each subject
and for each condition using one-tailed paired t tests, which compared,
within subject, each trial’s STL amplitude with that trial’s deviant ampli-
tude (HI-Dev or HC-Dev), at the time of the peak of the grand average
MMN. Trials in which either the STL or the deviant waveform were
contaminated by an artifact were not included in this analysis. The p
values obtained for each subject and each condition were combined into
one p value using Fisher’s combined test, frequently used for meta-
analyses (Hedges and Olkin, 1985):

�2 � �2�
k�1

n

log �Pk�

where n is the number of subjects and pk is the p value calculated for the
k th subject. Log is the natural logarithm. The results belong to a � 2

distribution with 2*n degrees of freedom. Since each subject’s p value is
affected by the size of the effect, by the within-subject variance, and by the
degrees of freedom (determined by the number of trials entering the
analysis), this method intrinsically gives appropriate weights to the re-
sults obtained from different subjects. We will refer to this method of
performing within-subject t tests and combining their p values as the
Subject Variance Inclusion Test (SVIT).

This method was also used to calculate the significance of the differ-
ence between the effects of the two deviants, but this time, since deviant
trials cannot be paired, a single nonpaired two-tailed test was used within
each subject, and subsequently combined using the SVIT approach.

Scalp distribution calculations. To check whether the MMN effects for
the HI-Dev and HC-Dev conditions resulted from different intracranial

source configurations, we compared the scalp distributions of the differ-
ence waves at the peak of both MMNs. For this analysis, we clustered the
electrodes into 3 � 3 regions [left anterior region (electrodes F7, F3, and
AF3), medial anterior region (electrodes FC2, FC1, and Fz), right ante-
rior region (electrodes F8, F4, and AF4), left central region (electrodes
CP5, C3, C5, and Fc5), medial central region (electrodes CP1, CP2, and
Cz), right central region (electrodes CP6, C6, C4, and FC6), left posterior
region (electrodes O1, P7, and P3), medial posterior region (electrodes
Oz, PO4, PO3, and Pz), and right posterior region (electrodes O2, P8, and
P4)] (cf. Bell et al., 2010) and tested the interaction between regions and
conditions after scaling the amplitudes (McCarthy and Wood, 1985).

Control experiments. A cardinal aspect of our experiment is that sounds
were produced from real loudspeakers located in space, rather than vir-
tually over headphones. However, this leaves possible alternative expla-
nations for any MMN effect found in the HI-Dev condition.

In this setting, the deviant stimulus was produced by one loudspeaker—
CS—whereas the standard stimulus was produced by a different loudspeak-
er—RS (Fig. 1b). Therefore, one alternative explanation is that if the speakers
had different frequency responses, the MMN could be a response to deviance
in frequency or intensity of the sounds, rather than to deviance in spatial
location of the sound source. We examined this possible alternative expla-
nation in three different ways.

First, we compared the power spectrum of the speakers using an om-
nidirectional microphone (model 46AE; G.R.A.S.) located at identical
distances from the two examined speakers, and at the same location
where the middle of the subject’s head would be. Specifically, we exam-
ined whether there are systematic differences between the two speakers.

Second, we conducted a behavioral discrimination experiment to
check whether subjects could detect any differences between sounds
emitted by the different speakers if the two speakers were in the same
location in space (i.e., eliminating the spatial difference). To do so, a
single subject was equipped with two miniature electret microphones
(KE4 –211-2; Sennheiser) embedded in ear plugs. The microphones were
placed in the external auditory canal, pointing outwards, with their front
end aligned with the external auditory meatus. The same 250 – 4000 Hz
bandpassed noise stimulus used in the main experiment was played 250
times from one speaker, placed straight ahead from the subject, and
recorded stereophonically at 44.1 Khz/16 bit through the microphones
(DMP3 preamplifier; M-Audio; Audigy 2 ZS sound card; Creative).
Without moving the subject, the same was repeated with the other
speaker positioned in the exact same straight-ahead place. Recorded this
way, the stereophonic sounds genuinely reflected the sound pressure at
the external auditory meati of the subjects, with all individual binaural
and pinna-related spatial cues embedded (Møller et al., 1996; Hammer-
shøi and Møller, 2002; cf. Deouell et al., 2007). Five subjects (n � 5, four
male, with reported normal hearing) listened to 80 pairs of sounds
through headphones (HD 25; Sennheiser), which were calibrated in
closed loop with the microphones using a graphical equalizer to genu-
inely reproduce the recorded sounds. The subjects determined whether
the two are similar (“belong to the same group”) or different (“belong to
different groups”). Half of the pairs were similar (i.e., the members of the
pair were each chosen randomly from the pool of recordings of the same
speaker) and half different (chosen randomly, each from the pool of a
different speaker). Subjects’ responses were statistically compared with
chance selection using a one-way t test.

Third, we tested whether any as yet undetected differences between the
loudspeakers could elicit an MMN effect when the two loudspeakers
were in the same location in space (“Loudspeaker MMN Control”). We
again used individualized in-ear recorded stimuli (see above) in a typical
MMN design. Three types of stimuli were recorded: (1) standards: 250 –
4000 Hz bandpassed noise recorded from one of the two speakers placed
straight ahead from the subject, (2) spectral deviants: 1000 – 4000 Hz
bandpassed noise recorded from the same speaker, and (3) loudspeaker
deviants: 250 – 4000 Hz bandpassed noise recorded from the other
speaker positioned at the same location in space as was the standard
stimulus. After performing the in-ear recordings as described above,
subjects (n � 9, six male, 23 � 2.18 years old, with reported normal
hearing) were seated comfortably in an acoustic room and watched a
silent movie, while sounds were played by the microphone-calibrated
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headphones. The subjects were instructed to disregard the sounds and
focus on the movie. The EEG acquisition process and the postprocessing
procedure were similar to those of the main experiment. Each block
consisted of 2400 stimuli (SOA � 400 � 50 ms). In each block, 80% of
the stimuli were standards and 20% were deviants— either loudspeaker
deviants (in the first block) or spectral deviants (in the second block).
Stimuli were mixed in random order with the restriction that at least
three standards preceded a deviant. Since our prediction was that no
MMN would be elicited by the mere exchange of loudspeakers, the spec-
tral deviation condition was used to confirm that the tested subjects
indeed showed MMN responses to another auditory deviation. One sub-
ject did not show a clear MMN response to the spectral deviance and so
was excluded from further analysis.

A further putative concern was that since the standards and the HI
deviant in the main experiment were presented at different angles to the
subject’s body, the interactions of the sound with the body, as well as
objects in the acoustic chamber (e.g., chair), could induce subtle spectral
or phase differences that may elicit an MMN. To examine the possibility
that such differences, rather than perceived spatial change, could be re-
sponsible for the MMN elicited in the HI condition, we conducted an-
other control MMN experiment (“Body-interaction MMN Control”).
The stimuli used in this control were three types of sounds recorded from
each subject’s ears (in the manner described above) in the same room and
setup as in the main experiment: (1) simulated standard sounds (sSTD):
the subject faced the central speaker and the sounds (250 – 4000 Hz
noise) were presented from a speaker 30° to the right, just like in the
standard condition of the main experiment; (2) simulated HI (sHI) de-
viants: the subject faced 30° to the left and the same sounds were pre-
sented by the central speaker, just like in the HI condition of the main
experiment; and (3) spectral deviant sounds: the subject faced the central
speaker and narrower band noise (1000 – 4000 Hz) was presented from
the speaker 30° to the right. These individualized recorded stimuli were
then played via calibrated headphones in the body-interaction MMN
control experiment. While EEG was recorded, the subjects watched a
silent movie presented on the straight-ahead screen and were instructed
to ignore the sounds and refrain from head motion. In the first block,
sSTD served as frequent (probability � 0.8) standard and sHI served as
deviants (probability � 0.2). The differences between the recorded sSTD
and sHI presumably encompassed all the acoustic differences between
the standard and HI-Dev of the main experiment, but since the head was
static in the control experiment, no HI spatial deviance was present.
MMNs elicited under these conditions would imply that the subtle phys-
ical differences indeed account for at least some of the effect found in the
original experiment’s HI-Dev condition. In the second block, sSTD was
again used as the frequent standard and the spectral deviant sound was
used as a deviant. The purpose of this block was to confirm that the tested
subjects indeed showed MMN responses when clear spectral changes
were introduced (see the description of the loudspeaker MMN control
experiment, above), and to allow the characterization of this group’s
spectral MMN in time and space for comparison with the sHI condition.
Twelve subjects participated (25.6 � 8.43 years old, five male, with re-
ported normal hearing; an additional subject was omitted due to record-
ing problems). The procedure, deviant probabilities, analyses, and
rejection criteria were similar to those of the previously described loud-
speaker MMN control experiment.

Results
The grand average waveforms of STL standards, HI-Dev and HC-
Dev, and the difference waves are illustrated in Figure 2, a and c.
After rejection of contaminated trials, an average of 154 trials was
analyzed per subject per condition (range: 87–193). For both
head-centered and head-independent conditions, the grand av-
erages show a mismatch negativity starting at �100 ms and peak-
ing close to 170 ms. The topographies of the effects are typical of
the MMN, showing a frontal negativity with slight rightward ten-
dency and a reversal of polarity at the mastoids (Fig. 2).

Both head-related and head-independent deviations elicit
an MMN
Traditional analysis
Both egocentric and allocentric conditions elicited a significant
MMN (one-tailed t test against zero: HI-Dev, t(15) � 5.00, p 	
0.0001; HC-Dev, t(15) � 2.50, p 	 0.02).

SVIT analysis
The SVIT method took into account the differences between con-
ditions within subjects. Using Fisher’s combined test, we found
that both the HI-Dev and the HC-Dev significantly differed from
the STL standard (HI-Dev, � 2

32 � 109.41, p 	 0.00001; HC-Dev,
� 2

32 � 68.63, p 	 0.0005).

Comparison of effect sizes between the two conditions
The MMN elicited by the HI-Dev was somewhat larger on aver-
age than the MMN elicited by the HC-Dev. The difference proved
significant in a traditional two-tailed paired-samples t test (t(15)

� 2.86, p 	 0.02) but not when using the SVIT statistical method
(� 2

32 � 34.94, p � 0.33). Further inspection of this result shows
that none of the subjects individually showed a significant differ-
ence between the effects of the two conditions, possibly because
of the very large variation of effect sizes within each subject.

Comparison of the scalp distribution between the two conditions
Using ANOVA of region X condition, we expected to find a sig-
nificant interaction effect if there were differences in intracranial
source configurations between the conditions. We found a main
effect for region (p 	 0. 0001), which is a trivial result of the
nonuniform scalp distribution (Fig. 2b,d), a main effect for con-
dition (p 	 0.02), and no interaction effect (p � 0.99). This
implies that scalp distributions were not affected by the type of
deviance.

The main finding of our experiment is that the head-
independent deviants elicit a significant MMN. However, since
the sounds were played in real space (rather than by headphones),
we note that the standard and the deviant sounds in the HI-Dev
condition might have differed in their physical properties, either
as a result of the use of two separate loudspeakers (RS and CS) or
as a result of sound– body interactions. These two alternative
explanations were examined in separate control experiments (see
Materials and Methods, above).

Is head-independent MMN due to physical difference
between loudspeakers?
Could the MMN elicited in the HI condition be explained by
subtle differences between the sounds emitted by the two loud-
speakers, due to their physical characteristics (i.e., independent of
the spatial locations)? We addressed this question in three ways
(see Materials and Methods, above). First, we found that the
interspeaker power differences across the spectrum were minute,
below the measurement accuracy of 0.2 dB SPL (the spectra will
be provided upon request). Second, we found that subjects could
not tell the two speakers from one another: the discrimination
between similar (same speaker) and dissimilar (different speak-
ers) pairs was not different from chance (47.85 � 2.9% correct
classification, t(4) � �1.67 p � 0.9). Finally, we found that rare
stimuli from one loudspeaker do not elicit a significant MMN
effect when played in the context of standards from the other
loudspeaker when the two loudspeakers do not differ in location
(loudspeaker MMN control; t(7) � �0.68, p � 0.74 using the
common statistical method; p � 0.55 using the SVIT method;
Fig. 3). In contrast, spectral deviants elicited a significant MMN
response in the same subjects (p 	 0.005 using the common
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statistical method; p 	 0.00001 using the SVIT method). Taken
together, it seems unlikely that the HI-Dev MMN was due to
differences in loudspeaker characteristics.

Is head-independent MMN due to sound interaction with
the body?
The body-interaction MMN control addressed the possibility
that the HI MMN in the main experiment was elicited by spectral
or phase differences due to interactions of sounds emitted from
different locations in space with the body (or environment). Rare
stimuli recorded under conditions identical to those of the HI-
Dev condition were played in the context of frequent stimuli
recorded under conditions identical to those of the standards of
the main experiment, and did not elicit a significant MMN effect
(t(11) � �1.14, p � 0.14; Fig. 4). While the deviants did elicit a
very small and short-lived negativity relative to the standards
(Fig. 4), which passed the threshold of the SVIT analysis (p 	
0.01), inspection of the scalp distribution of this effect, on the
group average as well as in each subject separately, clearly showed
that this difference does not fit an MMN topography in any way
(Fig. 4). In comparison, the spectral deviant condition showed a
pronounced MMN (t(11) � �7.47, p 	 0.00001 using the tradi-

tional method; p 	 0.00001 using the SVIT), with typical scalp
distributions in all subjects, indicating that these subjects do gen-
erate a typical MMN scalp distribution under the appropriate
conditions. Thus, it seems that any physical differences that
may exist between the HI-Dev and the standard due to inter-
actions with the environment in the main experiment are not
large enough to elicit the robust HI MMN seen in the main
experiment.

Discussion
Head-centered and head-independent representations in the
auditory cortex
To maintain perceptual constancy and allow proper motor plan-
ning, moving organisms need to take into account changes in the
spatial relations between their sensory organs, their bodies, and
the environment. In audition, this entails a transformation from
a primary head-anchored spatial representation to secondary
body-centered or world-centered representations. Behaviorally,
real or illusory unilateral lengthening of neck muscles, indicating
contralateral head rotation, affects the subjective localization of
both visual (Biguer et al., 1988) and auditory stimuli (Lewald and
Ehrenstein, 1998; Lewald et al., 1999; Van Grootel et al., 2011).

Figure 2. Grand average (N � 16) of HC-deviant and HI-deviant MMNs. a, c, Response waveform for the second-to-last standard, the deviant, and their difference wave, which illustrates the
MMN effect, as recorded in electrode Fz. Time 0 represents stimulus onset. Error bars on difference wave represent SEMs across subjects. b, d, Scalp distribution of the difference wave at the peak of
the MMN. The white asterisk represents electrode Fz.

Schechtman et al. • Head-Independent Space in Auditory Cortex J. Neurosci., September 26, 2012 • 32(39):13501–13509 • 13505



This suggests that head position is taken into account in deter-
mining the position of objects relative to the world or to the body.
Furthermore, recent psychophysical results suggest that this
head-independent representation involves tonotopic stages of
auditory processing (Van Grootel et al., 2011). However, a recent
electrophysiological study failed to obtain evidence for a head-
independent representation at the level of the auditory cortex,
suggesting that this transformation occurs further downstream
(Altmann et al., 2009), possibly at the level of multimodal or
motor planning.

Here, we modified the scheme developed by Altmann et al.
(2009) to readdress this conundrum. Following Altmann et al.
(2009), we used the MMN event-related potential to index detec-
tion of change in sound-source location (Schröger and Wolff,
1996) and examined the representation of sounds in either head-
centered or head-independent frameworks using free-field stim-
uli. The presence of an MMN response to a deviation in some
dimension provides unequivocal evidence that the dimension in
question has been processed by the time the MMN has been

elicited (for review, see Näätänen et al., 2007). The critical ques-
tion was whether change in the location of sounds in space elicits
an MMN even if the sounds’ location relative to the head remains
unchanged. Since the MMN has been shown by several methods,
including EEG, MEG, and hemodynamic (PET and fMRI) and
animal electrophysiology, to originate primarily from supratem-
poral auditory cortex (for review, see Alho, 1995; Escera et al.,
2000), this would provide an upper boundary for the stage where
a secondary, head-independent representation is formed. In-
deed, unlike the findings of Altmann et al. (2009), a change in the
spatial location of a sound relative to the body and the environ-
ment elicited a robust head-independent spatial MMN, as did
head-centered changes.

Previous studies suggested that the sources of the spatial MMN
are localized in the planum temporale (Deouell et al., 2006, 2007).
Other studies suggested that the sources of the MMN elicited by
different acoustic dimensions are close but distinct (Giard et al.,
1995). Our findings do not support topographically distinct sources
for head-centered and head-independent representations; however,

Figure 3. Grand average waveforms and difference waves at electrode Fz (n � 8) for the loudspeaker MMN control experiment conducted to rule out a speaker-elicited MMN effect. a, c, Average
response waveform for standard stimuli (dotted line), deviant stimuli (dashed line), and the difference between the two (solid line), which illustrates the MMN effect. Time 0 represents stimulus
onset. Error bars represent SEMs across subjects. Note that the lack of clear N1 component in the raw waveforms is typical of the fast stimulation rate in the control experiment. a, Spectral deviation
elicited an MMN. c, Change in loudspeaker did not elicit an MMN. b, d, Average scalp distribution of the difference wave at the peak of the spectral MMN
s difference wave (152 ms poststimulus
onset). Note the different scales. The distribution in b resembles the distribution of an MMN.
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this may be due to the low spatial resolution of extracranial EEG.
The primary locus for integration of binaural head-centered in-
formation and head-position information also awaits more fine-
grain studies, possibly using electrophysiology in animals. Early
stations, such as the dorsal cochlear nucleus, receive vestibular
input, which could inform of head motion (Oertel and Young,
2004). The cat superior colliculus (SC), which harbors auditory
as well as visual spatial maps, receives a major input of neck
muscle afferents. A recent study in the monkey revealed head-
position gain effects on activity of SC neurons during a delayed
saccade task (Abrahams and Rose, 1975; Nagy and Corneil,
2010), but direct evidence for interaction of head-position with
spatial auditory representation is lacking. Parietal neurons also
reflect head position (Brotchie et al., 1995) and may provide this
information either to the SC or directly to the auditory cortex.

What is the frame of reference of the head-independent rep-
resentation that was found in our study? Previous studies that
manipulated head positions, as was done here, used the terms
world-centered representations (Goossens and van Opstal, 1999;
Kopinska and Harris, 2003; Vliegen et al., 2004; Van Grootel et

al., 2011) or allocentric representations (Altmann et al., 2009).
However, showing a truly world-centered, allocentric frame-
work, rather than a trunk-related one, requires the manipulation
of trunk-to-world position as well. In fact, Van Barneveld et al.
(2011) found no compensation for passive whole-body rota-
tion on auditory localization (but see Lewald and Karnath,
2001, who found a small effect of rotation on localization
using headphones). Thus, the point at which a truly world-
centered, listener-independent representation is obtained is
not fully determined. Interestingly, body-centered spatial rep-
resentations that are independent from the primary (head-
centered) representation are reminiscent of the body-centered
visual receptive fields in the parietal lobe of monkeys, as de-
scribed by Andersen and colleagues (1993).

Methodological considerations
As already noted, Altmann et al. (2009) did not find an MMN in
their allocentric condition. Van Grootel et al. (2011), trying to
reconcile this negative result with their own positive behavioral
evidence for a head-free representation, conjectured that the

Figure 4. Grand average waveforms and difference waves at electrode Fz (n � 12) for the body-interaction control experiment. a, c, Average response waveform for standard stimuli (dotted
line), deviant stimuli (dashed line), and the difference between the two (solid line), which illustrates the MMN effect. Time 0 represents stimulus onset. Error bars represent SEMs across subjects. a,
Spectral deviation elicited an MMN. c, Simulated head position elicited a small, nonsignificant negativity (see Results). b, d, Average scalp distribution of the difference wave at the peak of the
spectral MMN
s difference wave (133 ms poststimulus onset). Note the different scales. The distribution in b, but not d, resembles the distribution of an MMN.

Schechtman et al. • Head-Independent Space in Auditory Cortex J. Neurosci., September 26, 2012 • 32(39):13501–13509 • 13507



head-free representation is too weak to be detected by EEG. We
however found clear indication for a head-free representation.
Following our initial hypothesis, we suggest that this is due to our
use of more ecological free-field stimuli in contrast to the canon-
ical head-related transfer functions used by Altmann et al. (2009).
While the use of virtual sound space has advantages in some
situations, its use may be suboptimal, especially when the aim is
to explore representations of externalized, non-head-centered
space (Getzmann and Lewald, 2010).

Notwithstanding, since in our study stimuli were produced by
distinct loudspeakers, a potential confound could be that subtle
spectral differences between the loudspeakers, rather than true
spatial changes, were responsible for the head-independent
MMN. In other words, if one speaker produced softer sounds, or
if its spectrum were different, the MMN elicited could reflect a
frequency or intensity deviance, both known to elicit an MMN.
However, three control experiments, using physical, psychophys-
ical, and electrophysiological measures, suggest that this is un-
likely. The loudspeakers were found to be perfectly matched in
their frequency responses; subjects could not tell, above chance,
whether two sequential stimuli were played from two different
loudspeakers (when the speakers shared the same space) or from
the same one; and finally, no MMN was elicited when one loud-
speaker served as standard and the other as deviant when both
were colocalized. An additional control experiment ruled out the
possibility that subtle spectral differences, related to sound inter-
action with the body and environment, might contribute signif-
icantly to the HI MMN. Thus, it seems safe to conclude that
mainly differences stemming from spatial factors played a role in
the elicitation of the HI MMN in our study.

In a previous study, we showed that the amplitude of the MMN
(derived by comparing deviant to standard) is linearly related to the
magnitude of spatial change (Deouell et al., 2006; for the possible
relevance of the derivation in this regard, see Horváth et al., 2008).
Here, the MMN elicited by the head-independent changes tended to
be larger than that elicited by the head-centered changes. While this
may suggest higher sensitivity to body- or world-centered changes
than to head-centered changes, we note that the difference was sig-
nificant by the traditional statistical approach, but not in the meta-
analytic approach. Nevertheless, the larger MMN in the critical
head-independent condition serves to rule out the following
alternative interpretation of our results. Even though we mon-
itored head turns, if subjects did not turn their heads precisely
toward the left LED, the angle between the head and the sound
and the head-independent deviant stimulus would not be the
same as in the standard sequence. If this were the case, the
MMN elicited in the HI-Dev condition could be due merely to
a small change in a head-centered framework. However, con-
sidering the relationship between MMN and magnitude of
deviation, the MMN in this condition should have been much
smaller than the MMN in the head-centered condition. This
conclusion is also consistent with the null results of the body-
interaction MMN control experiment.

To further determine the reliability of the MMN, we intro-
duced a second statistical approach, the SVIT, which is seldom
used in ERP research. In this approach, each subject is treated as
an experiment, with its own significance value, and the overall
significance is obtained using Fisher’s meta-analysis method.
This method uses nonparametric statistics to combine a group of
statistical tests with identical null (H0) and alternative (H1) hy-
potheses and produce an overall p value signifying the probability
of H0 being true (Hedges and Olkin, 1985). The test has several
potential benefits. First, the individual p values take into account

the intersubject variance, and not just the difference between the
means of two (or more) conditions. Thus, the level of back-
ground noise within each single subject is considered, while this
information is lost with simple averaging. Second, the individual
p values consider the degrees of freedom (based on the number of
valid trials) within each subject. This allows for appropriate
weighting of differences between conditions in individual sub-
jects. Third, the calculation of intersubject p values allows for
more complex manipulation of the data. In our study, for exam-
ple, we paired each standard with its deviant.

One of the most intriguing challenges in cognitive neurosci-
ence is to elucidate the stages of construction of a stable represen-
tation of the world from the dynamic, multifaceted information
we get from our sensory systems. A previous study (Schröger,
1996) showed that the two main head-centered auditory spatial
cues, namely interaural level and time differences, are indepen-
dently represented in auditory cortex. Our findings confirm that
head-on-trunk information is combined with head-centered in-
formation relatively early (	200 ms) in auditory processing, and
therefore head-independent space is represented in unimodal au-
ditory cortex, alongside a head-centered representation.

Notes
Supplemental material for this article, including individual scalp distri-
butions in the body-interaction control experiment, is available at http://
hcnl.huji.ac.il/supp/SchechtmanetalSupp1.pdf. This material has not
been peer reviewed.
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MMN or no MMN: no magnitude of deviance effect on the MMN ampli-
tude. Psychophysiology 45:60 – 69. CrossRef Medline

Jung TP, Makeig S, Westerfield M, Townsend J, Courchesne E, Sejnowski TJ
(2000) Removal of eye activity artifacts from visual event-related poten-
tials in normal and clinical subjects. Clin Neurophysiol 111:1745–1758.
CrossRef Medline

Kopinska A, Harris LR (2003) Spatial representation in body coordinates:
evidence from errors in remembering positions of visual and auditory
targets after active eye, head, and body movements. Can J Exp Psychol
57:23–37. Medline

Lewald J, Ehrenstein WH (1998) Influence of head-to-trunk position on
sound lateralization. Exp Brain Res 121:230 –238. CrossRef Medline

Lewald J, Karnath HO (2001) Sound lateralization during passive whole-
body rotation. Eur J Neurosci 13:2268 –2272. CrossRef Medline

Lewald J, Karnath HO, Ehrenstein WH (1999) Neck-proprioceptive influ-
ence on auditory lateralization. Exp Brain Res 125:389 –396. CrossRef
Medline

McCarthy G, Wood CC (1985) Scalp distributions of event-related
potentials- an ambiguity associated with analysis of variance models.
Electroencephalogr Clin Neurophysiol 62:203–208. CrossRef Medline

Møller H, Sørensen MF, Jensen CB, Hammershøi D (1996) Binaural tech-
nique: do we need individual recordings? J Aud Engineer Soc 44:451– 469.
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