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Abstract

The human automatic pre-attentive change detection system indexed by the mismatch negativity (MMN) component of the auditory
event-related brain potential is known to be highly adaptive. The present study showed that even infrequent repetitions of tones can dlicit
MMN, independently of attention, when tones of varying frequency are rapidly presented in an isochronous rhythm. This demonstrates
that frequency variation can be extracted as an invariant feature of the acoustic environment revealing the capacity for adaptation of the
auditory pre-attentive change detection system. It is argued that this capacity is related to the temporal-window of integration. 0O 2001

Elsevier Science BV. All rights reserved.
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Our brain encodes invariant features inherent in recent
acoustic input into representations of sensory memory and
detects deviations of the current input from this neura
model of the constant acoustic environment. This is
evidenced by the dlicitation of the mismatch negativity
(MMN) component of the event-related brain potential
(ERP), an indicator of pre-attentive change detection in
audition (see e.g. [3,12]; a database for MMN-studies can
be  found in http: //www.psych.helsinki.fi/ cbru/
mmn.html). This neural model encoding the invariances
may represent simple features such as frequency, duration,
location or intensity of a sound, but also more abstract
features such as rules about the succession of elements in
tonal patterns consisting of two or more concatenated
elements (e.g. [5-16,19,21,23]). For example, Saarinen et
al. [10] demonstrated that rarely occurring reversals of the
direction of the otherwise constant frequency relation
between two tones in a tone pair (ascending or descending)
may elicit MMN independently of the absolute frequencies
of the tones.
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Moreover, aso two identica tones when rarely pre-
sented in tona patterns with two (i.e. tone pairs; [10]) or
more elements [19,21] usually differing in frequency have
been found to eicit MMN. The MMN €licited by tone
repetition is interesting for two reasons. First, it creates
evidence against the new afferent-elements explanation of
MMN, according to which MMN is due to differential
states of refractoriness of afferent neurons being sensitive
to the features of the Deviant and those of the Standard.
Instead, it is evidence for the memory-trace comparison
explanation of MMN according to which MMN is €licited
if a discrepancy between the representation of the standard
sound and that of the current sound is detected. Second, it
shows that the representation of the invariances can
contain the information that sounds are different against
which a representation of a repetition of two identica
sounds can be mismatched.

According to the present knowledge about the adaptivity
of stimulus representation involved in the pre-attentive
change detection system (e.g. [4]) it has to be expected that
the pre-attentive detection of a rare repetition of two
sounds would not be confined to situations in which this
repetition occurs in repetitively presented tonal patterns.
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One would expect the elicitation of MMN to rare tone
repetitions also in isochronous presentation of tones differ-
ing in frequency. However, in an experiment reported by
Ritter and colleagues [9] occasionally occurring repetition
of tones within a series of tones varying in frequency did
not elicit MMN. This seems to suggest that tone repetition
only elicits MMN when the input is organized into tonal
patterns but not when the tones are presented serially one
after the other. It would, in turn, imply that frequency
variation cannot be extracted as an invariant feature of the
acoustic environment in seria presentation of tones, or that
tonal repetition cannot be encoded as a feature of the
current acoustic input in serial presentation or both. The
lack of the ahility to establish such representations would
define a limit of the adaptivity of the pre-attentive change
detection system indexed by MMN.

However, it might be that the absence of MMN to tone
repetition is confined to situations with relatively long
stimulus-onset asynchronies (e.g. 710 ms as in Ritter's
experiment). Indeed, there is evidence from omission
studies [20,24,25] and complex tone studies [1,2,12] that a
fast stimulation rate may be crucial for eliciting MMN
under particular conditions. The present experiment tested
the hypothesis that an ongoing variation of tona frequency
in isochronous stimulation may be encoded as the acoustic
norm and that infrequent repetitions in the frequency of
two successive tones may activate the pre-attentive change
detection system indexed by MMN when a fast stimulation
rate is used (>6 Hz). That is, tone repetitions were
expected to be treated as deviant events — thus diciting
MMN — not only when tone repetitions were task-relevant
(Attend Condition) but also when the auditory stimuli can
completely be ignored (Ignore Condition).

Twelve paid healthy volunteers (age range 2140 years,
mean 30 years, 10 right-handed, 8 males) reporting normal
hearing participated in the experiment. They were seated in
a comfortable chair in an acoustically attenuated and
electrically shielded cabin. Sinusoidal tones (digitization
rate of 35,000 Hz) were generated with NeuroScan stimu-
lation unit and presented binaurally via headphones (Senn-
heiser HD 450). Each tone had a duration of 60 ms
(including 5 ms rise time and 5 ms fall time) and an
intensity of 65 dB SPL. In each block 801 tones were
presented which could be of one of five different fre-
guencies (700, 800, 900, 1000 or 1100 Hz); each frequency
was presented equiprobably; the fixed stimulus-onset
asynchrony (SOA) was 160 ms. In 86.25% of the trias the
current stimulus (Standard) differed in frequency from the
preceding stimulus; in 12.5% of the trials the frequency of
the current tone (1-Repetition trial; Deviant) was identical
to the frequency of the preceding tone and in 1.25% of the
trials the current tone (2-Repetition trial; Deviant) was
preceded by two tones of the same frequency. There were
two experimental conditions. In the Ignore Condition,
including 16 blocks, the subjects were instructed to read a
self-selected book and to ignore the auditory stimuli; in the

Attend Condition, including 10 blocks, they were in-
structed to silently count 2-Repetition stimuli.

The EEG was recorded with NeuroScan data acquisition
unit (Synamps amplifier) with Ag—AgCl electrodes from
ten scalp locations according to the international 10—20
system: Fpz, Fz, Cz, Pz, F3, F4, FC1, FC2, right (RM) and
left (LM) mastoid. The electrodes for the horizontal EOG
were placed at the outer canthi of the eyes, the electrodes
for the vertical EOG were placed above and below the left
eye. Nose served as a reference during recording. The
impedance was below 5 kQ). The EEG and EOG were
continuoudly recorded and sampled at a rate of 200 Hz and
with frequency limits of 0.1 and 40 Hz. The data were
analyzed with NeuroScan software; Epochs were 1200 ms
in duration (600 ms pre-stimulus and 600 ms post-
stimulus), including a 100 ms pre-stimulus baseline.
Epochs with EEG or EOG amplitudes exceeding 75 pV
from baseline were rejected from further analysis. The
grand-average ERPs (Fig. 1) were bandpassfiltered be-
tween 1 and 30 Hz (24dB/octave). Difference waves were
computed (separately for Ignore and Attend Condition) by
subtracting the ERPs €elicited by the frequent pitch changes
(Standards) from the ERPs €licited by 1- or 2-Repetition
stimuli (Deviants), respectively. To obtain maximal MMNs
the ERPs were re-referenced against the left and right
mastoids in the statistical analyses. The presence of the
MMN to 1-Repetition stimuli was statistically evaluated by
testing the mean amplitudes of the Deviant-Standard
difference waves (between 135 and 185 ms after the onset
of the 1-Repetition stimulus) at Fz, Cz, Pz, F3, F4, FC1,
and FC2 against zero with one-tailed one-group t-tests
(a=0.05).

Distinct MMNs can be seen in both conditions (Fig. 1).
All difference waves in the MMN-interval were statistical-
ly significant for 1-Repetition stimuli (Table 1). The
presence of MMN to tone repetitions in Ignore Condition
indicates pre-attentive change detection of the irregular
event. This result demonstrates that the frequent change in
serial tonal stimulation may be encoded as the standard
acoustic background and that infrequent repetitions may be
processed as Deviants. This is evidence for a high degree
of adaptivity of stimulus representation in pre-attentive
change detection. Asto be expected on the basis of Ritter’'s
study [9], datistically significant N2b and P3b were
eicited by targets (2-Repetition stimuli) in Attend con-
dition.

It has to be asked why tone repetition did not dlicit
MMN in the experiment by Ritter and colleagues [9],
whereas MMN was €licited in the present experiment. The
main difference between the two experiments is that the
one uses an SOA of 710 ms whereas the SOA was 160 ms
in the other one. That is, the time between successive
stimuli seems to be the crucial factor being responsible for
the difference in the results of both studies. Previous
research suggested that a trace build by stimuli with higher
order features (e.g. pitch difference between two succes-
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Difference Waves

—— 1-Repetition
-------------- 2-Repetition - 2-Repetition — Standard
——— Standard

— 1-Repetition — Standard

ATTEND

Difference Waves

— 1-Repetition — Standard

— 1-Repetition
.............. 2-Repetition - 2-Repetition — Standard
——— Standard

Fig. 1. 1st column: Grand-average ERPs dlicited by the standard stimulus, the 1-Repetition and the 2-Repetition Deviants in Ignore Condition; 2nd
column: Corresponding Deviant-Standard difference waves. 3rd column: Grand-average ERPs elicited by the standard stimulus, the 1-Repetition and the
2-Repetition Deviants in Attend Condition; 4th column: Corresponding Deviant-Standard difference waves. Brain responses are shown for Fz, Cz, Pz, left
and right mastoid (LM and RM, respectively). In both conditions the MMN is visible in the 100-200 ms interval at central leads (negative deflections) and
at the mastoids (positive deflections). In Attend Condition N2b occurred between 200 and 300 ms and P3 between 300 and 500 ms to 2-Repetition

Deviants.

sive stimuli) is more susceptible to temporal aspects
between stimuli, because it represents not a single physical
stimulus but a relation of two or more stimuli
[1,2,12,20,24,25]. However, when two different physica
stimuli fall within the so-called temporal window of
integration [4], a sliding window of about 200 ms duration
that integrates the acoustic input into a unitary percept, the
chunking of the input enabling the establishment of such a
relation may be facilitated. Since the acoustic input falling
within this window is treated as a unitary event which
congtituents belong together, the frequency relation be-
tween two successive stimuli can be evaluated and a
representation about the frequency change can be estab-
lished. That is, it is an emergent property of the diding
temporal window of integration that two successive stimuli
are bound together (and separated from the previous
stimuli) so that they can be related to each other. A
somewhat similar finding has been reported by Winkler

and co-workers [22] and by Sussmann and co-workers [18]
according to which only one MMN is €elicited when two
successive deviations fall within the temporal window of
integration. This suggests that the occurrence of the first
deviation must have been taken into account when process-
ing the second deviation within the temporal window of
integration.

It should be noted that the co-occurrence of the two
successive stimuli within the temporal window of integra-
tion is only one way that the input can be organized into
units which can be related to each other. The establishment
of the representations about relations may aso be in-
fluenced by the timing of stimulus presentation, yoking
stimuli belonging together and separating those which do
not belong together. This principle has been utilized in
MMN studies where the inter-tone interval within tonal
patterns or tone-pairs was smaller than the between-pattern
or between-pair interva (e.g. [5-16,19,21,23]). It has to be
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Table 1

Mean amplitudes (in V), SE.M. and p-vaue of the MMN waves (between 135 and 185 ms after stimulus onset) obtained with 1-Repetition stimuli in
Ignore and Attend Condition. MMN was measured as the mean amplitudes obtained at Fz, Cz, Pz, F3, F4, FC1, and FC2 referred against the mean

amplitude of both mastoids

Condition Deviant Electrode- Mean SEM. p-value of
position amplitude 1-tailed t-test
(nv)
Ignore 1-Repetition Fz —0.92 0.18 0.000
Ccz —-0.74 0.17 0.001
Pz -0.36 0.11 0.004
F3 —0.80 0.16 0.000
F4 —0.89 0.18 0.000
FC1 -0.87 0.17 0.000
FC2 -0.88 0.18 0.000
Attend 1—-Repetition Fz —-1.16 0.19 0.000
Ccz -1.13 0.20 0.000
Pz —0.68 0.16 0.001
F3 -1.02 0.15 0.000
F4 -1.22 0.18 0.000
FC1 —-112 0.19 0.000
FC2 -1.22 0.20 0.000

predicted that other physical features that cause streaming
or grouping effects [17] such as location or intensity may
serve a similar function.
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