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We wished to determine whether multiple sound patterns can be
simultaneously represented in the temporary auditory bu¡er
(auditory sensory memory), when subjects have no task related
to the sounds. To this end we used the mismatch negativity
(MMN) event-related potential, an electric brain response elicited
when a frequent sound is infrequently replaced by a di¡erent
sound.The MMN response is based on the presence of the auditory
sensory memory trace of the frequent sounds, which exists
whether or not these sounds are in the focus of the subject’s atten-

tion. Subjects watching a movie were presented with sound sequences consisting of two frequent sound patterns, each formed
of four di¡erent tones and an infrequent pattern consisting of the
¢rst two tones of one of the frequent sound pattern and the last
two tones of the other frequent sound pattern. The infrequent
sound pattern elicited an MMN, indicating that multiple sound patterns are formed at an early, largely automatic stage of auditory
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INTRODUCTION
Natural auditory environments abound in sound events,
most of which are perceived as sound groups or patterns
[1,2]. Behavioral studies indicate that complex stimuli, such
as melodies in music or words in language, are organized as
patterns when they enter the focus of attention [3,4]. It has
also been proposed that a primitive organization of stimuli
can occur even in an automatic manner during the early
stages of information processing, with the outcome of this
analysis being reflected in auditory sensory memory [2,5].
The term auditory sensory memory [6,7] refers to a brief
temporary buffer of acoustic information, which encodes all
incoming sounds. The information stored in auditory
sensory memory decays within about 10 s, unless it is
selected by attention for further analysis, thus entering
working memory [8]. Evidence that sound patterns may be
formed early to be encoded in auditory sensory memory
(and irrespective of their relevance to the ongoing behavioral activity) has been obtained by using the mismatch
negativity (MMN) component of the auditory event-related
potentials (ERPs) [9–13]. The MMN [14,15] is a brain
response typically elicited when a repetitive sound sequence
(the standards) is occasionally broken by some different
sound (deviant), i.e., when the incoming sound does not
match the memory representation of the standard sound.
The memory involved in the MMN generation is of
sensory nature: it is not elicited when the deviants are
separated from the standards by a time interval 4 10 s and
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this interval cannot be extended or shortened by top-down
processes [14–17]. Moreover, MMN is elicited when subjects
are not performing any task related to the sounds,
preventing the use of active silent rehearsal or other
strategies functional to store sounds in working memory
[8]. Thus, MMN can be used to study the contents of
auditory sensory memory [14,16,17], including the storage
of sound patterns having complex spectral or temporal
structure [18–20].
Although much effort has been invested to determine the
capacity limits of the simultaneous attentive storage of
individual sounds [3,6,7], and of multiple sounds buffered
into chunks [21], less is known about whether neural
representations of multiple sound groups can be maintained
pre-attentively at the level of auditory sensory memory (i.e.
without the sounds being selected for further processing).
However, at least two [22–24], and probably more [25]
sounds can be simultaneously represented without chunking in the memory underlying the MMN process. Therefore,
we used MMN to test the question whether representations
of two complex temporal sound patterns can be stored
simultaneously in auditory sensory memory. This question
was studied by determining whether infrequent presentations of a tonal pattern (the deviant), combined from parts of
the two frequently presented tonal patterns (standards),
would elicit the MMN. Since the deviant pattern introduces
no new tones, MMN elicitation by task-irrelevant sound
pattern deviants would demonstrate that the frequent
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sounds were encoded in auditory sensory memory as two
separate integrated sound patterns rather than as individual
tones.

MATERIALS AND METHODS
Ten right-handed volunteers participated in the experiment
(two males; 18–25 years, average 20.6 years). They were
comfortably sitting in an electrically shielded soundattenuated room, and were instructed to watch a silent
movie (about which they had to fill a questionnaire after the
experimental session) and to ignore sounds presented
binaurally via headphones.
Three 4-tone patterns, with tonal segments differing from
each other only in pitch, were presented in a pseudo-
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random order. Two of the patterns appeared with a
frequency of p ¼ 0.47, each (standards), whereas the third,
the deviant pattern, which started with the first two tones of
one of the standard patterns and ended with the last two
tones of the other standard pattern was presented with a
frequency of p ¼ 0.06 (Fig. 1a). Thus the deviant introduced
no new pitch (tone). The standard pattern with the first two
tones identical to those of the deviant pattern will be
referred to as the first standard and the other standard
pattern as the second standard. At least four standards (of
either type) preceded each deviant. Six stimulus blocks with
1000 patterns in each were delivered to the subjects.
Each pattern consisted of four 100 ms long pure tones
(10 ms rise/fall time; 50 dB above the individually determined hearing threshold) separated by 20 ms silence

Fig. 1. (a) Experimental stimuli illustrated in musical notation. The frequencies of the notes follow the equal temperament tuning as reported by the
American Standard Musical Notation. The deviant pattern consisted of the ¢rst two tones of the ¢rst standard pattern and the last two tones of the
second standard pattern. Deviation from the ¢rst standard pattern, which started with the third tone in the deviant pattern, is indicated by the arrow. (b)
Grand-average ERP responses to the deviant and the ¢rst standard (left) and the deviant and the second standard pattern (right) recorded from two
electrode sites. In the middle column, the two corresponding deviant-minus-standard di¡erence waves are shown.The time course of the sound patterns
is illustrated at the bottom of the middle column.The arrow indicates the onset of the deviance.
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(Fig. 1a). The total duration of each pattern was thus 460 ms.
A total of six different tones were used in the patterns, two
were common between the two standards plus the deviant
pattern. Deviation onset was 240 ms from the onset of the
deviant pattern, at which point the deviant started to differ
from the first standard pattern. To match the patterns
acoustically, all patterns started at the same pitch and were
set within the same frequency range. Consecutive patterns
were separated by 500 ms silence, so that they could be
easily grouped by subjects into two separated units. The
pitches used in the first standard pattern belonged to the A
major scale, and the pitches of the second standard pattern
belonged to the F major scale. The deviant belonged to a
third musical scale, A minor. As shown by previous results
[3], this helps the discrimination of the three patterns.
The electroencephalogram (EEG) was recorded from Fpz,
Fz, Cz, Pz, from both mastoids, and from L1, L2, R1, and R2
(the one- and two-third locations on the arc connecting Fz
with the mastoids on the left and right side, respectively).
Horizontal eye movements were monitored from an
electrode positioned beside the right eye and vertical eye
movements from Fpz. The reference electrode was placed
on the tip of the nose. EEG signals were amplified between
0.1 and 30 Hz and digitized with 250 Hz sampling frequency. EEG epochs (100 ms before and 800 ms after the
pattern onset) were separately averaged for each stimulus
type and then digitally filtered (passband 1–20 Hz). Responses were rejected from averaging when the signal
exceeded 7 75 mV at any electrode. The first 10 trials of each
experimental block, standards immediately following a
deviant, and standards following a sequence of  4
consecutive standards of the other type (as the latter two
may elicit an MMN) were also rejected from the analysis.
For assessing the MMN response, the responses elicited
by the two standards were separately subtracted from the
response to the deviant. Peak latencies of the grand-average
difference waveforms between the deviant- and the two
standard-pattern responses were determined at Fz, Cz and
at the mastoid leads from the 350–520 ms post-pattern onset
window (110–280 ms with respect to the onset of the
deviance). Mean response amplitudes from the 100 ms
window centered at the positive (polarity reversed [14])
difference peak at the left mastoid (the electrode location
showing the clearest peak) were separately measured for
each stimulus category. Amplitude measurements were
referred to the mean amplitude in the baseline (from
100 ms before pattern onset to deviation onset, at 240 ms
from pattern onset). The significance of the amplitude
differences was tested at Fz and at the mastoid leads by onetailed t-tests (for negative difference at Fz and positive at the
mastoids), separately between the deviant and the two
standard patterns. Latency and amplitude MMN differences
were tested at the Fz, Cz and mastoid electrodes by a twoway analysis of variance (ANOVA) with stimulus category
and electrode as factors. All results reaching significance
(p o0.05) are reported.

RESULTS
Grand-average responses to the standard and deviant
patterns and the respective difference waveforms are shown
in Fig. 1b at Fz and the right mastoid, the electrode locations

showing the largest effect. The response to the deviant
pattern significantly differed from the response to the first
standard pattern (t(9) ¼ 3.4, 4.5, and 4.8; p o 0.01 for Fz,
the left and right mastoids, respectively) in the MMN
latency window (480 ms peak latency, 240 ms after deviance
onset). The deviant stimulus response also significantly
differed from the response to the second standard pattern
(t(9) ¼ 3.5, 4.7, and 5.1; p o 0.01; for Fz, the left and right
mastoids, respectively) in the MMN latency window
(500 ms peak latency, 260 ms after deviance onset). The
scalp distribution of these difference potentials was compatible with the notion of the MMN component. Though the
latency of the present difference response was late, MMN
has been shown to occur as late as 250–280 ms after the
deviance onset when responses to spectrally and/or
temporally complex stimuli were used [19,20]. The nonsignificant latency difference between the MMN responses
associated with the first vs the second standard was caused
by the difference in the N1 amplitude for the second
tonal segment in the first vs the second standard pattern.
The question of whether the two frequently presented
patterns were simultaneously maintained in auditory
sensory memory was further tested by determining whether
MMN was elicited by those deviant patterns, which
followed mixed sequences of the two standard patterns
(i.e. not only by deviants following homogeneous sequences
of one of the standards) [22]. Figure 2 shows that significant
MMN responses were elicited both by deviants following a
homogeneous sequence of the first standard in the preceding four positions (t(9) ¼ 4.8; p o 0.001 at Fz; peak latency
445 ms from the pattern onset, 205 ms after deviance onset)
as well as by deviants following mixed sequences of the two
standard patterns in the last four positions (t(9) ¼ 3.4;
p o 0.01 at Fz; peak latency 500 ms from pattern onset,
260 ms after deviance onset). The MMN peak latency
measured at the mastoids was significantly longer for
deviants following mixed than those following homogeneous standard sequences (t(9) ¼ 2.9, 2.3; p o 0.05, for the
left and right mastoids, respectively); no significant difference for the MMN peak latency was found at Fz and Cz.

DISCUSSION
The present experiment aimed at determining whether
representations of two complex sound patterns composed of
several individual tones can be simultaneously maintained
in auditory sensory memory. The elicitation of MMN by
deviant patterns combining the tonal parts of the two
standard patterns (thus introducing no new tones) indicates
that the frequent sounds were represented in terms of
patterns, not as individual tones, in auditory sensory
memory.
Representations for both standard patterns were maintained simultaneously as confirmed by the finding of MMN
in response to deviants following mixed sequences of the
two standard patterns. However, the MMN elicited by
deviants following mixed sequences of the standards had a
longer peak latency than the one elicited by deviants
following a homogeneous sequence of one of the standard
patterns. In a previous study [22], tone deviants following
homogeneous sequences of one of the standard tones
elicited MMNs with larger amplitude than deviants follow-
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ing mixed standard sequences. This and the present results
suggest that one sound representation is more easily
activated than two. The MMN latency difference, found
only at the mastoid leads but not at frontal or central
electrode locations, supports the notion that the frontocentrally recorded MMN (the frontal MMN subcomponent)
and the MMN observed at the mastoid leads (the temporal
MMN subcomponent) reflect two separate, but linked
processes. The neural activity involved in generating the
temporal MMN probably reflects the detection of sound
change, whereas the frontal MMN is probably involved in
calling for a switch of attention to the deviant stimulus
[14,26].
The present result that the frequent sounds were
represented in terms of patterns indicates that the precise
succession of absolute frequency relationships (intervals)
between components in each pattern was also stored in
sensory memory. Previous studies have shown that the
auditory system pre-attentively encodes frequency ratios,
even when their absolute frequencies are varied [20,27], as
well as the temporal/sequential structure of sound patterns
[19,28].
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Most theorists claimed that melodies in music, or
sentences in language are encoded in working memory
and require attentional effort to be memorized [3]. With the
present study we were able to show that already at the
250 ms latency and without attentional effort a neural
mismatch process is generated in the auditory cortex when
the neural sensory memory trace does not correspond to
either of two memorized sound patterns. This supports the
emerging view [17,28–30] that auditory sensory memory is
not a static storage system, dealing with single acoustic
events. Rather it contains a composite model of the acoustic
environment able to simultaneously maintain two temporally complex sound events, even when these events consist
of task-irrelevant sine tones devoid of any meaning. These
results suggest that, similarly to the visual modality, in
which brief afterimages of multiple objects are essential to
integrate them within the visual scene [31], our effortless
perception of complex sound groups, such as those
appearing in speech and music, is based on early, largely
automatic functions of the auditory system that dynamically
store separated tones as integrated regularities of the
acoustic environment.

CONCLUSION
We showed that at least two sound patterns can be
simultaneously represented in the brief acoustic buffer,
even when subjects do not attend the sounds. This result
supports the view that the auditory system processes sound
information in an elaborate way even in the absence of
focused attention. For example, it can separately group
multiple complex temporal sound patterns and simultaneously maintain their representations. The present results
shed light on some of the mechanisms underlying everyday
perception, the effortless processing of natural auditory
environments.
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