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Abstract
The pitch of a spectrally rich sound is known to be more easily perceived than that of a sinusoidal tone. The present
study compared the importance of spectral complexity and sound duration in facilitated pitch discrimination. The
mismatch negativity (MMN), which re¯ects automatic neural discrimination, was recorded to a 2.5% pitch change in
pure tones with only one sinusoidal frequency component (500 Hz) and in spectrally rich tones with three (500±1500 Hz)
and ®ve (500±2500 Hz) harmonic partials. During the recordings, subjects concentrated on watching a silent movie. In
separate blocks, stimuli were of 100 and 250 ms in duration. The MMN amplitude was enhanced with both spectrally rich
sounds when compared with pure tones. The prolonged sound duration did not signi®cantly enhance the MMN. This
suggests that increased spectral rather than temporal information facilitates pitch processing of spectrally rich sounds.
q 2000 Elsevier Science Ireland Ltd. All rights reserved.
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Accurate pitch perception is a prerequisite for adequate
music and speech processing for instance, in the case of
melodic, harmonic, and prosodic processing. Neural
dynamics underlying pitch processing have recently been
extensively investigated by recording the mismatch negativity (MMN) component of the event-related potential
(ERP). The MMN is elicited when the neural code of the
incoming stimulus with `deviant' parameter(s) is discrepant
with the cortical representation of the repetitive `standard'
stimulus [9,11]. The MMN is elicited by any discriminable
sound change, for instance, in sinusoidal tones (for a review,
see [9]), phonemes [1,2,7,10,21], chords [3,6,21], and also
abstract sound features [13].
The MMN latency and amplitude re¯ect the magnitude of
the physical difference between the deviant and standard
stimulus [15]. Furthermore, the MMN amplitude and
latency re¯ect perceptual accuracy, as determined by musicality tests (for a review, see [18]) and by the hit rates and
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the reaction times in a behavioral experiment employing the
same stimuli as in the MMN recordings, (e.g. [1,7,23]). This
correlation between the MMN parameters and behavioral
responses imply that pre-attentive neural functions determine the accuracy of the subsequent attentive processes
[12].
The frequency discrimination of tones with a rich spectral
structure is facilitated when compared with that of simple
tones. The frequency-MMN amplitude was enhanced and
latency shortened with synthesized piano tones in comparison to sinusoidal tones with matched magnitudes of
frequency change [19]. Correspondingly, the MMN was
elicited by a frequency change as small as 3% presented
in one out of ten harmonic partials of a complex sound
[22]. In behavioral studies, this frequency change causes a
1-Hz change of the perceived pitch in 155-Hz fundamental
frequency, equaling a pitch change of 0.65% [4], whereas in
MMN studies with pure-tone stimulation, somewhat larger
frequency differences are necessary for reliable MMN elicitation [15,23]. Very recently it was shown that the
frequency-MMN amplitude was larger and latency shorter
in spectrally rich tones consisting of three harmonic partials
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than in pure tones [20]. Consistently with this, the subjects'
behavioral responses were more accurate for spectrally rich
tones than for sinusoidal tones.
In addition to spectral complexity, the pitch processing is
in¯uenced by sound duration. The encoding of virtual pitch
is facilitated in long compared to short tones (150 vs. 500ms sounds [24] whereas the encoding of spectral pitch is not
further facilitated if sound duration exceeds 30 ms [14].
Facilitated pitch discrimination with spectrally rich
sounds can be explained by information increase: spectrally
rich tones carry more information than sinusoidal tones, in
both spectral and temporal terms [8]. The present study was
conducted to systematically compare the relative importance of spectral complexity and sound duration in automatic pitch processing. To this end, the MMN to a
frequency change in sinusoidal and spectrally rich sounds
of two durations was investigated.
Ten healthy subjects (®ve males; aged 21±29 years; nine
right-handed) with normal hearing were employed. During the
recordings, subjects were instructed to watch a silenced movie
of their own choice and not to pay attention to sound stimuli.
The sound sequences included standard tones (P  0:9) and
two different kinds of deviant tones (12.5% and 22.5%
frequency change, P  0:05 each). In pure tones with one
partial, the standard was of 500 Hz in frequency and the deviant of 513 or 488 Hz. In three-partial sounds, the standard
stimulus was a 500 1 1000 1 1500 Hz sound and the deviant
stimulus was a 513 1 1026 1 1539 or 488 1 976 1 1464 Hz
sound. In ®ve-partial sounds, the standard was a
500 1 1000 1 1500 1 2000 1 2500 Hz sound and the deviant was a 513 1 1026 1 1539 1 2052 1 2565 Hz or
488 1 976 1 1464 1 1952 1 2440 Hz sound. The stimulus
sequences were pseudorandom so that each deviant tone was
preceded by at least one standard tone.
The tone duration was, in separate blocks, 100 and 250
ms (including 5 ms rise and fall times). Stimuli were binaurally presented via headphones at an intensity of 50 dB
above the individually determined hearing threshold. The
constant stimulus onset asynchrony (SOA) was 500 ms.
The sequences consisted of 1000 sounds. Each of the six
conditions (100 and 250 ms, each with one, three and ®ve
partials) included two sequences.
The electroencephalograph (EEG) recordings were
performed in an acoustically and electrically shielded
room. The EEG was recorded (passband 0.1±30 Hz,
sampling frequency 250 Hz) with Ag±AgCl electrodes
from seven scalp locations: Fz, Cz and Pz (10±20 system),
left and right mastoids (LM and RM, respectively), and two
electrodes placed at 1/3 of the arc connecting Fz to the
mastoids (L1 on the left and R1 on the right side, respectively). In addition, horizontal eye movements were monitored with an electrode attached to the right outer canthus
and vertical eye movements with the Fpz electrode. The
EEG and electrooculogram (EOG) were referenced to the
nose during the recordings.
The EEG was epoched (2100±400 ms including 100 ms
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pre-stimulus baseline) and averaged separately for each
deviant stimulus and for standards immediately preceding
deviants, for standards following deviants, and for the
remaining standards. All epochs including voltage changes
exceeding 100 mV were automatically rejected. Frequencies
higher than 30 Hz were ®ltered out.
Difference waveforms (deviant-tone ERP minus standard-tone ERP) were calculated. To improve the signal-tonoise ratio, difference waves for frequency changes 12.5
and 22.5% were pooled together. The MMN was quanti®ed
by ®rst determining the MMN peak latency from the Fz
grand-average difference waves separately for each deviant
as the most negative peak between 100±300 ms. The MMN
amplitude was thereafter measured from the individual
difference waves as the average amplitude calculated over
the 20-ms time window centered at this peak latency.
The statistical signi®cance of MMN was tested with twotailed t-tests by comparing the mean MMN amplitude at Fz
and mastoid leads to zero. Two-way analysis of variance
(ANOVA) were used to determine whether the sound structure (levels: one-, three-, and ®ve-partials) and the sound
duration (levels: 100 and 250 ms) affected the MMN amplitude and latency at the Fz electrode.
The P3a was quanti®ed by ®rst determining the peak
latency from the grand-average difference waves separately
for each deviant as the most negative peak between 200 and
400 ms. The P3a amplitude was thereafter measured from
individual difference waves as the average amplitude calculated over the 40-ms time window centered at this peak
latency. The statistical signi®cance of P3a was tested by
comparing the mean P3a amplitude at Cz to zero.
Fig. 1 illustrates the grand-average ERPs elicited by standard and deviant tones. The 100-ms sounds elicited prominent P1 and N1 responses whereas, the 250-ms sounds
elicited a P1 without a subsequent N1. This was due to
the relatively fast stimulation rate (2 sounds/s) which led
the N1 to saturate with the longer, 250-ms sounds.
Fig. 2 illustrates the deviant-minus-standard difference
waves. In all conditions, deviant tones elicited a negative
response with a fronto-central maximum and a slightly
larger amplitude over the right than left hemisphere. It
peaked at 190±235 ms and was signi®cant at Fz in all conditions (t(9) between 4.1 and 8.4, P , 0:01 at the Fz electrode). Its polarity inversal in the mastoid leads was
signi®cant in all conditions but the one with 100-ms sounds
with one partial (for the remaining conditions: t(9) between
3.5 and 6.9, P , 0:007 at the LM electrode). The topography of the response is consistent with its being an MMN.
There was a signi®cant main effect of the sound structure
on the MMN amplitude (F 2; 18  16:1, P , 0:0001).
Subsequent Newman±Keuls paired comparisons indicated
that the MMN amplitude was signi®cantly larger for the
three- and ®ve-partial sounds than for the one-partial sounds
(P , 0:0005 and P , 0:0003, respectively). The MMN
latency was not affected by the sound structure
(F 2; 18  0:68, P , 0:52).
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Fig. 1. The grand-average ERPs elicited by standard (thin line) and frequency-deviant (thick lines) one-, three-, and ®ve-partial sounds
with sound duration of 100 ms (left panel) and 250 ms (right panel).

The sound duration did not signi®cantly affect the
MMN amplitude or latency (F 1; 9  2:0, P , 0:19;
F 1; 9  0:31, P , 0:59, respectively). Neither was there a
signi®cant interaction between the sound structure and duration in MMN amplitude or latency (F 2; 18  2:3, P , 0:13;
F 2; 18  0:84, P , 0:45, respectively).
The MMN was followed by P3a with short three-partial
sounds and with short and long ®ve-partial sounds (t(9)
between 2.65 and 3.45, P , 0:05 at the Cz electrode). Its
amplitude at Cz differed between conditions (1-way
repeated measures ANOVA F 1; 5  3:58, P , 0:009).
Subsequent Newman±Keuls test showed that this resulted
from P3a being signi®cantly larger for both ®ve-partial
sounds than for long one-partial sounds (P , 0:05).
Previously, it was shown that the presence of spectral
harmonics facilitates neuronal and behavioral pitch perception [20]. The present study compared the relative importance of increased spectral complexity and sound duration in
this facilitation. According to the present results, the
increased spectral rather than temporal information facilitates pitch processing with spectrally rich sounds. This was
indexed by the MMN amplitude enhancement caused by

enriched sound structure but not by prolonged sound duration. This result is further con®rmed by the missing statistical interaction between the sound structure and duration.
The absence of a duration effect on pre-attentive pitch
discrimination seems to contradict the ®nding according to
which the encoding of virtual pitch is facilitated in long
compared to short tones [24]. Yet, this result is consistent
with the ®nding that prolonging the duration of sinusoidal
tones up to 300 ms does not improve pitch discrimination
(as indexed by MMN and behavioral performance) provided
that a minimal duration of about 30 ms is exceeded [14].
However, according to the temporal theory of pitch perception [8] not only an effect of the spectral structure but also of
duration should have been expected. Since no such effect
occurred it seems that temporal information seems to be less
important than spectral information for encoding pitch in
the present experimental condition.
The pitch-processing accuracy (as indexed by the MMN)
was not signi®cantly increased by further increasing the
number of the partials from three to ®ve. This may be
caused by a saturation effect, in other words, the three
lowest partials carried suf®cient information for effectively

Fig. 2. The deviant-minus-standard difference waves elicited by frequency-deviant sounds with one-, three-, and ®ve-partials (as indicated on the left) when sound duration was 100 ms (solid line) and 250 ms (dashed line).
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determining the complex-tone pitch. Alternatively, since the
partials four and ®ve fell above the dominance region of the
complex-tone pitch [8], they did not further facilitate the
pitch processing.
Interestingly, MMN was small in one-partial sounds with
no subsequent P3a, while the MMN was larger and followed
by a distinct P3a with spectrally rich sounds. Since the P3a
indexes an involuntary attention shift to deviant or novel
stimuli (for a review, see, [5]) the present results suggest
that tiny pitch deviations are more likely to cause distraction
in spectrally rich sounds than in sinusoidal tones. Moreover,
the present pattern of results con®rms the hypothesis that the
MMN signal may lead to an attention switch when a particular threshold is exceeded [9,16].
As sounds were not task-relevant, (i.e. subjects were
watching a movie during the recordings), the pattern of
results demonstrates that the effect of spectral richness
already occurs (at least partly) at pre-attentive levels of
processing that do not require the intentional allocation of
attention. This has a possible application in constructing and
testing acoustic devices, which inform the user about potentially relevant events during his/her parallel task. In addition, the present results may have an impact for the MMN
paradigms used in psychopharmacological and clinical
research in which a reasonable signal-to-noise ratio is
required in minimal time. Thus, the MMN signal can be
optimized by rather increasing the sound complexity than
by prolonging the sound duration (at least when sound duration exceeds 100 ms), the experimental session remaining
shorter. Moreover, with spectrally rich sounds, a sizable
MMN signal can be obtained with small frequency deviations. Thus, the overlap of enhanced N1 component adding
variability into MMN quanti®cation and interpretation can
be minimized [17].
In sum, the present data indicate that, at least when sound
duration exceeds 100 ms, facilitated pitch discrimination
with spectrally rich sounds when compared with sinusoidal
tones is not further increased if the sound duration is
prolonged. This suggests that increased spectral rather
than temporal information facilitates pitch processing of
spectrally rich sounds.
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