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aCognitive Brain Research Unit, Department of Psychology, University of Helsinki, PO Box 9, FIN-00014, Helsinki, Finland
bNeuroscience Unit, Institute of Biomedicine/Physiology, University of Helsinki, Helsinki, Finland

cHelsinki Brain Research Centre, Helsinki, Finland
Accepted 18 December 2003

Available online 16 March 2004
Abstract

The present study systematically compared the neural and behavioral accuracy of discriminating a frequency change (‘‘deviant’’) in a

repetitive tone (‘‘standard’’) across a frequency range of 250–4000 Hz. The sound structure (pure sinusoidal vs. harmonically rich tones) and

the magnitude of frequency change (2.5%, 5%, 10%, 20%) were also varied. The accuracy of neural frequency-change detector was

determined by comparing the auditory event-related potentials (ERP) elicited by deviant and standard stimuli in the absence of attention. In a

separate behavioral task, subjects were to indicate when they noticed a frequency change. The ranges of the across-subject means of ERP

parameters across the conditions were: the mismatch negativity (MMN) amplitude � 0.9 to � 4.9 AV, latency 125–218 ms, the P3a

amplitude 0.3–3.2 AV, latency 239–304 ms. The ERP latency was shortest for the standard-stimulus frequency from 1000 to 2000 Hz

suggesting that automatic frequency discrimination was the most accurate in that range. The ERP latencies and amplitudes correlated with the

hit rate (HR) and reaction time (RT), with highest correlation found between the MMN amplitude and the HR (r = 0.8). The harmonical tones

elicited MMN and P3a with shorter latencies and larger amplitudes, than did pure sinusoidal tones in all frequency bands. The results may

have implication to pitch-perception theories.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction For instance, Wier et al. [26] compared the frequency
Accurate pitch perception across a wide frequency range

is a prerequisite for music and speech perception, for

instance, in melodic, harmonic, and prosodic processing. In

all natural pitched sounds, the sound spectrum consists of a

time-varying pattern of multiple harmonic partials across a

large frequency spectrum. However, to the date, the over-

whelming majority of the experiments on pitch perception in

psychoacoustics and auditory neuroscience used sinusoidal

tones consisting of one harmonic partial (fundamental) only.
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discrimination accuracy of sinusoidal tones at 8 frequency

ranges from 200 to 8000 Hz by presenting 500-ms sounds

once a second against the background of a low-level broad-

band noise. More recently, Sek and Moore [21] employed

three different psychoacoustic methods (difference limen for

single tones, in paired sounds, and for frequency-modula-

tion) at six frequency ranges from 250 to 8000 Hz. Both

experiments showed that frequency discrimination is the

most accurate up to 2000 Hz, with the accuracy thereafter

deteriorating at a rate depending on the method used. Very

recently, Kishon-Rabin et al. [10] compared the frequency

discrimination of 300-ms sinusoidal tones at three frequency

ranges 250, 1000, and 1500 Hz with each other by using 2-

and 3-interval forced-choice methods. They found that the

higher the frequency was, the more accurately subjects
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detected the frequency differences. In addition, their musi-

cally trained subjects outperformed the musically untrained

subjects.

In auditory cognitive neuroscience, neural dynamics

underlying pitch discrimination have recently been inten-

sively investigated by recording the mismatch negativity

(MMN) and P3a components of the auditory event-related

potential (ERP). The MMN is elicited when the incoming

stimulus with ‘‘deviant’’ parameter(s) is discrepant with the

neural representation of the repetitive ‘‘standard’’ stimulus

(for reviews, see Refs. [12,13,15,19]). Importantly, the sub-

jects’ conscious attention to sounds is not necessary for the

MMN generation system to be activated. Thus, the MMN

provides indirect index of the neural representation of any

sound event, without being contaminated by, for instance,

demands set by the behavioral task or fluctuation in subject’s

attention to, or motivation of detecting, the sound change.

Recently, it was shown that the frequency-change dis-

crimination of tones, as reflected by the MMN, with a rich

spectral structure is facilitated when compared with that of

pure sinusoidal tones [21]. The MMN amplitude was larger

and latency shorter in spectrally rich tones consisting of

three harmonic partials than in pure tones, both with a

500 Hz fundamental. Consistent with this, the subject’s

behavioral responses in detecting the frequency change in

a separate condition were more accurate for spectrally rich

tones than for sinusoidal tones. Further, three harmonic

partials were sufficient for this facilitation to occur [24].

This was established by comparing the MMN elicited by a

frequency change of 2.5% in one-, three-, and five-partial

harmonical sounds in separate blocks. The frequency-MMN

amplitude was larger with three- and five-partial tones when

compared with that with a one-partial tone, with no signif-

icant difference in MMN elicitation between three and five

partial tones. This suggests that, at least with sounds with a

fundamental frequency of 500 Hz, relatively few harmonic

partials result in the maximal pitch discrimination accuracy.

The MMN is often followed by the P3a, which is a

fronto-centrally maximal positive deflection peaking at

250–350 ms. It reflects an involuntary attention switch

towards the deviant or novel sounds in inter- and intramodal

ignore and attend conditions (for reviews, see Refs. [5,6]).

For instance, the P3a is evoked in an experimental paradigm

in which subjects are performing a visual categorization task

between odd and even numbers while they are simulta-

neously presented with a sound sequence including a

standard and several deviant frequencies [27]. In such an

auditory-visual paradigm, the majority of the deviant sounds

(5–80%) elicited the P3a. Correspondingly, while subjects

are performing an auditory categorization task with short

and long sounds (200 ms vs. 400 ms), the frequency deviant

(task-irrelevant) sounds elicit the P3a component [20]. In

both studies, the P3a elicitation was associated with deteri-

orated performance in the primary task, indicating that

attention had indeed switched away from the task-relevant

stimuli.
Thus, as reviewed above, it is well established that the

P3a reflects a (behaviorally determined) attention switch in

involuntary auditory-visual and auditory-auditory para-

digms. However, it is not known how accurately the P3a

latency and/or amplitude parameters and the behavioral

measures (hit rate, reaction time) correspond with each other.

The present study will systematically compare the

neural and behavioral accuracy of frequency discrimination

across different frequency ranges (250–4000 Hz). The

spectral complexity of the sound structure and the magni-

tude of frequency change were also varied. The neural

accuracy of frequency discrimination was determined by

means of ERP recordings during a parallel task unrelated to

sounds. The behavioral pitch-discrimination accuracy was

measured in a separate condition in which subjects were to

indicate when they detected a frequency change in a pair of

sounds. The different paradigms in active and ignore

conditions were chosen to provide a better comparability

of the present results with the ERP data to one hand and to

the psychophysical frequency discrimination data to the

other hand.
2. Methods

2.1. EEG experiment

2.1.1. Subjects, procedure, and stimulation

During the EEG recordings, subjects (10 healthy volun-

teers; 6 males; aged 19–40 years; 9 right-handed; all with

normal hearing) were instructed to watch a silenced movie

(with subtitles) of their own choice and not to pay attention

to sound stimuli.

The sound sequences included standard tones ( p = 0.76)

and eight different kinds of frequency changes: decreases

and increases of 2.5%, 5%, 10%, and 20% in magnitude

( p = 0.03 each). These magnitudes of deviance cover the

range from just-noticeable frequency change (eliciting an

MMN with a small amplitude) until close to the ceiling-level

response (the MMN somewhat overlapping with the N1).

The tones were, in separate blocks, either pure sinusoidal

tones or consisted of a fundamental and its two lowest

harmonics, with all these three partials with equiloud

intensity (harmonical tones).

The standard tone (and the fundamental of the harmon-

ical tones) was, in separate blocks, 250, 500, 1000, 2000, or

4000 Hz in frequency. The stimulus blocks were pseudo-

random so that each deviant tone was preceded by at least

one standard tone. This procedure avoids the attenuation of

the MMN amplitude to a deviant tone because of the

formation of a memory trace for the deviant frequency.

Stimuli of 100 ms in duration (including 10 ms rise

and fall times) were binaurally presented via headphones

at an intensity of 50 dB above the individually deter-

mined hearing threshold (separately performed at each

frequency range with both sound types). The constant
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stimulus onset asynchrony (SOA) was 400 ms. Each of

the 10 conditions (both sinusoidal and harmonical tones,

each at 250, 500, 1000, 2000, and 4000 Hz standard-

stimulus frequency levels) were administered in two

blocks of 1700 sounds presented in a randomized order

in two sessions. The sessions were recorded in separate

days and lasted 4 h including attaching the electrodes and

their removal.

2.1.2. EEG recording and analysis

The EEG (passband 0.1–40 Hz, sampling frequency

500 Hz) was recorded in an acoustically dampened and

electrically shielded room. The EEG was recorded with

Ag–AgCl electrodes from scalp locations as follows: Fpz,

Fz, Cz and Pz (10–20 system), left and right mastoids

(LM and RM, respectively), and L1, L2, R1, and R2 along

the coronal arch equidistantly connecting the Fz with LM

(L1, L2) and RM (R1, R2). In addition, horizontal eye

movements were monitored with bipolar electrodes at-

tached to the right and left outer canthi and vertical eye

movements with electrodes attached to the upper and lower

outer canthi of the right eye. EEG was referenced to the

nose.

The EEG was divided into 500-ms epochs (� 100–400

ms) and separately averaged for each stimulus type except

for the standards following deviants. To improve the signal-

to-noise ratio, the deviant-stimulus ERPs for the decreases

and increases of frequency of the same magnitude were

pooled together. All epochs including voltage changes

exceeding 100 AV were automatically rejected. Frequencies

higher than 12 Hz and lower than 1 Hz were filtered out to

stabilize the amplitude and latency quantification [19].

Difference waveforms (deviant-tone ERP minus standard-

tone ERP) were calculated.

2.1.3. ERP quantification

The MMN was quantified by determining the MMN

peak amplitude and latency from the Fz grand-average

difference waves separately for each deviant as the most

negative peak between 100 and 300 ms in the individual

difference waves.

The statistical significance of the MMN was tested with

one-tailed t-tests by comparing the MMN amplitude at Fz

and at the right mastoid lead with zero. Previous studies

showed that, when a nose reference is used, the MMN has

its maximum amplitudes at Fz (the most negative value)

and at the mastoid leads (the most positive value) (see,

e.g.,) [1]. In further analyses, the Fz values were used after

rereferencing the data against the average of the mastoid-

lead amplitudes. This procedure was used to project the

strength and timing of the MMN from several electrodes

with opposite polarities (fronto-centrally negative values,

mastoidally positive values) to one topographical point

[19].

The P3a was quantified by determining the P3a peak

latency from the Cz grand-average difference waves sepa-
rately for each deviant as the most positive peak between

200 and 400 ms. The statistical significance of the P3a was

tested with one-tailed t-tests by comparing the P3a ampli-

tude at Cz with zero.

2.1.4. Statistical analyses

Four-way ANOVAs were used to determine whether the

component type (MMN or P3a), sound structure (levels:

Sinusoidal/Harmonical), magnitude of deviance (levels:

2.5%, 5%, 10%, and 20%), and the standard-stimulus

frequency (250, 500, 1000, 2000, 4000 Hz) affected the

ERP amplitude and latency at the Fz electrode (for the

MMN) or Cz (for P3a). The Greenhouse-Geisser correction

was applied whenever the factor contained more than two

levels. In the latter case, the Tukey HSD test was applied as

a post-hoc comparison. In the case of significant interaction,

the data were divided accordingly to obtain the main effects

of each factor on each level of the other factor [18].

Bonferroni correction was applied for the main effects to

compensate for the repetitive measures.

2.2. Behavioral experiment

In the behavioral session, the subjects who had partici-

pated in the EEG recordings were instructed to indicate

whether the tones delivered in pairs differed in pitch. The

pairs had 300 ms silent within-pair interval and were

presented with a 1900-ms between-pair interval. Altogether

144 pairs were presented in one block, with 16 pairs of

identical standard stimuli and 32 pairs with the standard

stimuli paired with the deviant stimulus of each level (16

upward and 16 downward deviants). The stimuli in the

behavioral session were the same as in the ignore sessions.

There were 10 experimental blocks in the behavioral ses-

sion, one per each condition (five frequency bands for both

harmonical sinusoidal tones), resulting in experimental time

of 1 h. The session also included a 10-min break in the

middle.

Subjects were instructed to press one button with the

index finger of the dominant hand if the tones in the pair

were identical and another button with the middle finger if

they were different. Subjects were not informed either of

the nature of the sounds or of their proportion. No practice

was given before the actual experiment. The behavioral

session was always administered after the EEG recording

sessions to avoid the carry-over effects of attention on the

ERPs.

The response ‘‘different’’ for a standard-deviant pair was

accepted as a hit if it was given before the onset of the next

stimulus pair. The response ‘‘different’’ after the presenta-

tion of a pair of identical standard stimuli was counted as a

false alarm.

The hit rate (HR) was separately calculated for each

deviant pair as a proportion of the hits to the total number of

the pairs containing this deviant type within a block. DV
sensitivity measure was calculated according to the formula:
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dV = Z(HRp)� Z(FA), in which HRp is a pooled average hit

rate of four deviance levels within a block.

The HR and RT were analyzed with three-way ANOVA

(factors: sound structure, magnitude of deviance, and stan-

dard-stimulus frequency). The principles of the statistical

analysis were the same as for the ERP parameters (see
Fig. 1. Grand-average ERPs elicited by standard tones (grey line) and deviant tones

tones (right panel) with different standard-stimulus frequency levels and with dif
above). DV was analyzed with two-way ANOVA (factors:

sound structure, standard-stimulus frequency).

2.2.1. Correlation between ERP and behavioral indices

The correspondence between the present ERP (MMN

and P3a amplitude and latency) and behavioral (HR, RT)
at the Fz and Rm electrodes with the sinusoidal (left panel) and harmonical

ferent magnitudes of deviance as indicated below the figure.
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indices was determined by calculating Pearson’s product-

moment correlation coefficients.
3. Results

Frequency changes elicited the MMN as indexed by

the negative displacement of the ERPs for deviant tones

at the Fz electrode and by the accompanying positivity at

the corresponding latency at the right mastoid for all

standard-stimulus frequencies (250–4000 Hz) (Fig. 1).

The MMN amplitude was significantly different from

zero ( p < 0.05) as measured either at Fz (sinusoidal tones:

250 Hz, 5% deviance) or at mastoids (sinusoidal tones:

250 Hz 2.5% deviance, 500 Hz 5% deviance, 4000 Hz

5% deviance; harmonical tones: 500 Hz, 2.5% deviance)

or at both Fz and mastoids (the rest of conditions). The

nose-referenced MMN amplitude ranged from � 0.6 to

� 3.6 AV (standard error SE 0.2–0.7 AV) at Fz and from
Fig. 2. The difference curves (deviant minus standard tone ERPs) at the Fz

electrode with the sinusoidal (left panel) and harmonical tones (right panel)

at different standard-stimulus frequency levels and with different

magnitudes of deviance as indicated below the figure. These data, used

in statistical analysis, were rereferenced to the mastoid-lead data.
0.5 to 2.1 AV (SE 0.2–0.4 AV) at mastoids. The mastoid-

referenced MMN at Fz ranged from � 0.9 to � 4.9 AV
(SE 0.2–0.6 AV) (Fig. 2). The MMN latency varied in

the 125–218 ms range (SE 3.5–15.3 ms). Fig. 3 (upper

row) shows the mastoid-referenced MMN amplitudes and

latencies.

In the majority of conditions, the MMN was followed by

the P3a. The P3a amplitude ranged from 0.3 to 3.2 AV (SE

0.2–0.7 AV) and the P3a latency range was 239–304 ms

(SE 5–17.6 ms). Fig. 3 (middle row) shows the P3a

amplitudes and latencies. The values which are significantly

different from zero ( p < 0.05) are plotted as filled symbols

and not significant ones with empty symbols.

3.1. Standard-stimulus frequency

There were significant main effects of standard-stimulus

frequency on the ERP latency [F(4,36) = 11.7, p < 0.001]

and amplitude [F(4,36) = 8.3, p < 0.001] and on the HR

[F(4,36) = 9.0, p < 0.001]. These findings will be separately

described in the following.

In general, the ERP latencies were shorter at 1000 and

2000 Hz than at 250 and 4000 Hz standard-stimulus

frequencies, and at 1000 Hz than at 500 Hz standard-

stimulus frequency ( p < 0.05). Moreover, there was an

interaction between the standard-stimulus frequency and

the ERP component on the ERP latency [F(4,36) = 5.2,

p < 0.01]. This was caused by the MMN latency being

shorter at the 1000 and 2000 Hz than at 250 and 4000 Hz

standard-stimulus frequencies as well as at 1000 Hz than

at 500 Hz standard-stimulus frequency [simple main

effect F(4,36) = 12.3, p< 0.001; p < 0.05 in all compari-

sons], whereas the P3a latency was shorter at 1000 Hz

than at 250 and 4000 Hz standard-stimulus frequencies

[simple main effect F(4,36) = 6.6, p < 0.01; p < 0.05 in all

comparisons].

In addition, there was an interaction between the stan-

dard-stimulus frequency and the deviance on latency [F(12,

108) = 2.9, p < 0.05]. The main effects of standard-stimulus

frequency were found at 2.5% [F(4,36) = 8.6, p < 0.01] and

5% [F(4.36) = 8.8, p < 0.001] deviance levels. Both MMN

and P3a latency at the 2.5% deviance level was longer at

250, 500, and 4000 Hz than at 1000 Hz standard-stimulus

frequencies ( p < 0.05 in all comparisons). Correspondingly,

the MMN and P3a latency at the 5% deviance level was

longer at 250 and 4000 Hz than at 2000 and 1000 Hz, and at

4000 than 500 Hz standard-stimulus frequency ( p < 0.05 in

all comparisons).

The ERP amplitudes were smaller at the 250, 500, and

1000 Hz in comparison with 2000 and 4000 Hz standard-

stimulus frequencies ( p < 0.05 in all comparisons). An

interaction between the standard-stimulus frequency and

the ERP component on the ERP amplitude was revealed

[F(4,36) = 3.6, p < 0.05]. The main effect of the standard-

stimulus frequency on the MMN amplitude was found

[F(4,36) = 13.1, p < 0.001; p < 0.001), being caused by a
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Fig. 3. The MMN amplitude and latency (top panel), the P3a amplitude and latency (middle panel), and the behavioral indices (HR and RT, bottom panel) as a

function of frequency (Sinusoidal tones) and fundamental frequency (Harmonical tones) of the standard tone. For the MMN and P3a amplitudes the filled

symbols mark values which are different from zero ( p< 0.05) in contrast to empty symbols indicating non-significant values.
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smaller MMN amplitude at 250 and 500 Hz than at 2000

and 4000 Hz standard-stimulus frequencies ( p < 0.05 in all

comparisons).

The HR was less accurate at the 250 Hz standard-

stimulus frequency than at the 500 and 4000 Hz standard-

stimulus frequencies ( p < 0.05 in all comparisons). There

was also an interaction between the standard-stimulus

frequency and deviance [F(12,108) = 2.9, p < 0.05]. The

simple main effect of standard-stimulus frequency was

found for 2.5% [ F(4,36) = 5.8, p < 0.01] and 5%

[F(4,36) = 7.24, p < 0.01] deviances. The HR at the

2.5% deviance level was smaller at the 250 Hz than at

the 500, 2000, and 4000 Hz standard-stimulus frequencies

( p < 0.05 in all comparisons). The HR at the 5% deviance

was smaller at the 250 Hz than 500, 1000, 2000 and

4000 Hz standard-stimulus frequencies ( p < 0.05 in all

comparisons).

An interaction between the effects of the sound type and

the standard-stimulus frequency on the RT was also found

[F(4,36) = 4.3, p < 0.05]. There was no simple main effect

of the standard-stimulus frequency, however.
3.2. Magnitude of deviance

There was a significant main effect of deviance on the

ERP latency [F(3,27) = 13.4, p < 0.001] and amplitude

[F(3,27) = 72.3, p < 0.001] and on the HR [F(3,27) = 13.8,

p < 0.001] and RT [F(3,27) = 20.05, p < 0.01]. These find-

ings will be separately described in the following.

The latency of the ERPs was longer for the 2.5% than for

the 20% deviance and for the 5% longer than for the 10%

and 20% deviations ( p < 0.05 in all comparisons). The effect

of deviance on the ERP latency interacted with the standard-

stimulus frequency [F(12, 108) = 2.9, p < 0.05]. The main

effects of deviance were found for the 250 [F(3,27) = 10.0,

p < 0.001], 500 [F(3,27) = 10.6, p < 0.01] and 4000 Hz

[F(3,27) = 12.3, p < 0.001] standard-stimulus frequencies.

Both MMN and P3a latency within the 250 Hz standard-

stimulus frequency were longer at 2.5% than at 10% and

20% and at 5% it was longer than at 20% deviance level

( p < 0.05 in all comparisons). The MMN and P3a latency

for 500 Hz standard-stimulus frequency level was longer for

the 5% and 2.5% than for the 20% and for the 2.5% than



Fig. 4. The sensitivity (dV) of the behavioral responses for harmonical and

sinusoidal tones.
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10% deviance ( p < 0.05 in all comparisons). Finally, the

ERP latency within the 4000 Hz standard-stimulus frequen-

cy was longer for the 2.5% and 5% than for the 10% and

20% deviance ( p < 0.05 in all comparisons).

The amplitude of the ERPs was smaller for the 2.5% and

5% than for the 10% and 20% deviance and for the 10%

than 20 % deviance ( p < 0.05 in all comparisons). There was

an interaction between the effect of the deviance and the

effect of the ERP component on the ERP amplitude

[F(3,27) = 3.5, p < 0.05]. The simple main effect of deviance

was present for both the MMN [F(3,27) = 56.3, p < 0.05]

and P3a [F(3,27) = 10.9, p < 0.05] amplitudes.

The MMN amplitude was smaller for the 2.5% and 5%

than for the 10% and 20% deviances and for the 10% than

20% deviance ( p < 0.05 in all comparisons). The P3a

amplitude was larger for the 20% than 2.5%, 5% and 10%

deviances ( p < 0.05 in all comparisons).

There was also an interaction between the effect of

deviance and that of the sound type on the ERP amplitude

[F(3,27) = 5.8, p < 0.01]. The simple main effects of devi-

ance were present in both harmonical [F(3,27) = 56.5,

p < 0.001] and sinusoidal [F(3.27) = 37.3, p < 0.001] con-

ditions ( p < 0.05). The ERP amplitude for the sinusoidal

tones was smaller for the 2.5% than 10% and for the 2.5%,

5%, and 10% than for the 20% deviance ( p < 0.05 in all

comparisons). The ERP amplitude for the harmonical tones

was smaller for the 2.5% and 5% than for the 10% and 20%

deviances, and for the 10% than 20% deviance ( p < 0.05).

The HR was less accurate at the 2.5% than 10% and

20% as well as at 5% than at 20% deviance level

( p < 0.05). The interaction between the effects of devi-

ance and the effect of standard-stimulus frequency on HR

was obtained [F(12,108) = 2.9, p < 0.05]. The main effect

of deviance was found at the 250 [F(3,27) = 19.9,

p < 0.001], 500 [F(3,27) = 10.6, p < 0.01], and 1000 Hz

[F(3,27) = 12.3, p < 0.01] standard-stimulus frequencies.

The HR for the 250 Hz standard-stimulus frequency

was less accurate at the 2.5% and 5% than at the 10%

and 20% deviance levels ( p < 0.05 in all comparisons).

The HR within the 500 and 1000 Hz standard-stimulus

frequencies was less accurate for the 2.5% than 10% and

20%, and for the 5% than 20% deviance ( p < 0.05 in all

comparisons).

The RT was longer for the 2.5% than 10% and 20%, and

for the 5% than 20% deviance ( p< 0.05 in all comparisons).

3.3. Sound structure

The harmonical sounds elicited ERPs with a shorter

latency [F(1,9) = 14.5, p < 0.01] and a larger amplitude

[F(1,9) = 28.1, p < 0.001] than did the sinusoidal sounds

(Fig. 3). Additionally, there was an interaction of the effects

of sound type and deviance on the ERP amplitude

[F(3,27) = 5.8, p < 0.01]. The main effect of the sound

structure was found for the 20% deviance [F(1,9) = 28.7,

p < 0.001].
An interaction between the effects of the sound type and

standard-stimulus frequency on the RT was also obtained

[F(4,36) = 4.3, p < 0.05], resulting from longer RT for the

sinusoidal than for the harmonical sounds for the 2000 Hz

standard-stimulus frequency [F(1,9) = 9.6, p < 0.05].

The discrimination of the harmonical tones resulted in a

higher dV sensitivity than did the sinusoidal ones [F(1,9) =

8.4, p< 0.05], but this effect was present only with the 250

and 500 Hz standard-stimulus frequencies (Fig. 4). Thus, an

interaction between the effects of the sound type and stan-

dard-stimulus frequency was found [F(4,36) = 4.4, p < 0.01].

3.4. MMN vs. P3a

The latency of the P3a was longer of course than that of

the MMN [F(1,9) = 879.5, p < 0.001]. Further, the P3a

amplitude was smaller than that of the MMN [F(1,9) =

24.1, p < 0.001] (Figs. 2 and 3).

There was an interaction between the effects of the

component and the standard-stimulus frequency on ERP

latency [F(4,36) = 5.2, p < 0.01]. Simple main effects of the

component were found for the 250 [F(1,9) = 224.0, p <

0.001], 500 [F(1,9) = 305.7, p < 0.001], 1000 [F(1,9) =

461.5, p < 0.001], 2000 [F(1,9) = 501.7, p < 0.001] and

4000 Hz [F(1,9) = 606.4, p < 0.001] standard-stimulus

frequencies.

There was also an interaction between the ERP compo-

nent and the standard-stimulus frequency on the ERP

amplitude [F(4,36) = 3.6, p < 0.05]. The MMN amplitude

was larger than that of the P3a for the higher standard-

stimulus frequencies of 1000 [F(1,9) = 25.8, p < 0.01], 2000

[F(1,9) = 34.6, p < 0.001] and 4000 Hz [F(1,9) = 29.2,

p < 0.001].
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Moreover, an interaction between the effects of compo-

nent and deviance on the ERP amplitude was found [F(3,

27) = 3.5, p < 0.05]. The MMN amplitude was larger than

that of the P3a for the 10% deviance [F(1,9) = 44.5,

p < 0.001].

3.5. Correlation between the ERP indices and behavioral

performance

Fig. 5 displays the mean MMN and P3a amplitudes

together with the corresponding behavioral results as well

as the correlation coefficients. TheMMN and P3a amplitudes
Fig. 5. The correspondence between the behavioral measures (hit rate, HR, left pa

latency (second panel), the P3a amplitude (third panel) and latency (bottom).
significantly correlated with the HR and RT measures (the

P3a latency vs. the HR and RT: p < 0.01; in all other

comparisons p < 0.001).

The correlation coefficients reaching the statistical sig-

nificance at each standard-stimulus frequency are displayed

in Table 1. To summarize, the MMN amplitude and the HR

correlated significantly at all standard-stimulus frequencies.

For the other measures, no significant correlation was

obtained for the 1000 Hz. In addition, the MMN amplitude

and the RT did not correlate at the 250 Hz. The P3a

amplitude and latency significantly correlated with HR

and RT at the 4000 Hz range. In addition, the correlation
nel; reaction time, RT, right panel) and the MMN amplitude (top panel) and



Table 1

Correlation coefficients between the MMN parameters and the hit rate (HR)

and reaction time (RT) separately at each standard-stimulus frequency

Standard Amplitude Latency

stimulus
HR RT HR RT

MMN

250 Hz � 0.97*** 0.91** � 0.65 0.77*

500 Hz � 0.94*** 0.89** � 0.90** 0.73*

1000 Hz � 0.87** 0.69 � 0.22 0.04

2000 Hz � 0.88** 0.84** � 0.89** 0.91**

4000 Hz � 0.85** 0.82* � 0.97*** 0.94***

P3a

250 Hz 0.58 � 0.62 � 0.57 0.71*

500 Hz 0.62 � 0.41 � 0.88** 0.48

1000 Hz 0.59 � 0.48 0.14 � 0.09

2000 Hz 0.83* � 0.74* � 0.18 0.60

4000 Hz 0.73* � 0.78* � 0.77* 0.74*

* p< 0.05.

** p< 0.01.

*** p< 0.001.
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between the P3a amplitude and the HR and RT was

significant with the 2000 Hz as well as between the P3a

latency and the HR at the 500 Hz and the P3a latency and

the RT at the 250 Hz.
4. Discussion

The present study was conducted to compare the neural

and behavioral accuracy of frequency discrimination across

different frequency levels (250–4000 Hz). The sound struc-

ture (pure sinusoidal vs. harmonically rich tone) and the

magnitude of frequency change (2.5–20%) were also ma-

nipulated. The accuracy of frequency discrimination was

measured by recording the ERPs during a parallel task

unrelated to the sounds and by using behavioral task, in

which subjects were to indicate when they noticed a fre-

quency change in sound pairs. The data obtained demon-

strated that the ERP (MMN and P3a) amplitude and latency

were differently affected by standard-stimulus frequency.

The ERP amplitude increased from 250 to 4000 Hz,

whereas the ERP latency had minimum at 1000 and 2000

Hz and was prolonged at higher and lower frequencies.

Further, larger pitch changes caused an increase in the ERP

amplitude and a shortening of the ERP latency, as well the

increase in the HR and the shortening of the RT. The

harmonical tones elicited MMNs and P3s with larger

amplitude and shorter latencies than pure sinusoidal tones,

supporting the results obtained with a single standard-

stimulus frequency level in an earlier study. Finally, corre-

lation across conditions between ERP and behavioral pa-

rameters has been observed.

The ERP (MMN and P3a) latency data indicate that the

latencies were shortest for the 1000 and 2000 Hz standard-

stimulus frequencies. This result confirms and expands the

previous behavioral findings, according to which at compa-
rable frequency levels frequency discrimination is the most

accurate up to 2000 Hz, and thereafter, differentially dete-

riorates as a function of the method used [21,26]. In

contrast, the MMN (but not P3a) amplitude was systemat-

ically increased with frequency. The higher amplitude of the

MMN with a high frequency might reflect a change in the

spatial configuration of the source, known to vary with

frequency [1], rather than a frequency-related change in the

magnitude of activation. At the same time, the MMN

latency is not sensitive to the dipole orientation. The

alternative explanation for the discrepancy might be that

the pitch-discrimination mechanisms are different at higher

and lower frequencies (see below). The HR of the behav-

ioral discrimination in our study was smallest at the 250 Hz

(especially with minor deviations) and more or less constant

at higher standard-stimulus frequencies. Although these data

may suggest some ceiling effect, the general standard-

stimulus frequency effect is similar for both ERP and

behavioral data.

The accuracy of pitch discrimination in present experi-

ment was lower than in the psychophysical studies by Wier

et al. [26] and Sek and Moore [21]. The subjects in our

study were naı̈ve to the procedure, not trained, got no

feedback of their performance, and were not instructed on

the type of sounds or their ratio in the test sequence. The test

sounds were of short duration and were presented via

headphones. In addition, we used same-different procedure

instead of two/three interval forced-choice task, which is

more common in the difference-limen measurements. All

these factors impoverish performance. Thus, the test was

more difficult than in many other studies and therefore the

ceiling effect was mostly avoided. The design of the

behavioral test was a compromise between the comparabil-

ity with our ERP data on one hand and with the conven-

tional psychophysical procedures on the other hand.

Additionally, the characteristics of the sound onset and

offset, known to be important for ERP elicitation [3], might

have affected the present results differentially at the different

frequency levels. Namely, at higher frequencies, the sound

cycles are shorter than at the lower frequencies and may

thus result in different amounts of spectral splatter with the

same rise-fall time. However, defining the rise-fall time as a

fixed number of cycles rather than as a fixed time period

would add variability in the total duration of the stimuli and

its temporal characteristics. With a minimum of five cycles

for onset-offset (like in the present study), the width of the

splatter was negligibly small. Therefore the uniform rise-fall

time for all the frequencies used did not bias the results.

The MMN in our study was quantified in a traditional

way as a negative deflection on a difference wave between

the deviants and the standards of the same oddball sequence

(Fig. 1). This way of comparison may lead to the enhance-

ment of the early part of the mismatch negativity (MMN) by

the N1 due to the stronger refractoriness of the response to

standards than to deviants. The alternative way is to make

subtraction between the deviant and the same sound, when
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presented as a standard in a separate block. Recently, to

overcome this problem, Jacobsen and Schröger [8] pre-

sented standards in a special control sequence with the same

probability as the deviants in the experimental sequence.

However, the addition of control conditions would have

substantially increased the present experimental time which

already consisted of three sessions. Also, the MMN latency

of in our data was somewhat longer than the N1 latency at

the corresponding frequencies [17].

The present design also permits comparisons between two

subsequent ERP components, which are elicited as the

response to the pitch change, the MMN and P3a. While

MMN was proved to be the reflection of automatic memory-

based change detection [5,13], P3a is believed to correlate

with involuntary attention shift in response to the change

[5,13]. In the present data, the MMN was significantly

different from zero at all deviance levels and its amplitude

started to increase from 5% deviance level. In contrast, the

P3a was not always significant at the lowest deviance levels

and its amplitude increased only from 10% to 20% deviance

level. The frequency-dependent course of the P3a latency is

similar to that of the MMN, while the frequency-dependent

courses of their amplitudes were different. The MMN

amplitude increased with frequency, whereas the P3a ampli-

tude remained stable (Fig. 3). Finally, the correlation coef-

ficients between the P3a parameters and behavioral indices

(HR and RT) were smaller than for the corresponding

parameters of the MMN (Fig. 5). This supports the view of

a threshold-like mechanism behind the P3a elicitation, in

other words, that for P3a elicitation, a relatively large

deviance is necessary.

Changes in the harmonical tones elicited ERP with

longer latency and larger amplitude than those in sinusoidal

tones (Fig. 2). Since no sound type-frequency interaction

was found we can conclude that this finding is equally valid

for all standard-stimulus frequency levels from 250 to 4000

Hz. Thus, the earlier finding of the harmonical sounds being

superior to sinusoidal only at 500 Hz [23,24] is confirmed

and extended to a wide spectral band. Interestingly, the

difference between one-harmonic (sinusoidal) and three-

harmonic tones was found for the standard-stimulus funda-

mental frequency as high as 4000 Hz, even though the

highest harmonic (12000 Hz) of it is already close to the

limits of human hearing. The robustness of the sound-

structure effects at the higher frequencies supports the

hypothesis that the familiarity (due to life-long experience)

of complex sounds in contrast to the pure tones accounts for

more accurate discrimination. It has been shown before that

the addition of two partials to the pure tone is enough to

cause the augmentation of MMN amplitude [24]. The

addition of one partial is probably not enough because of

the octave relationship between the first overtone and the

fundamental, which may reduce the perceptual contrast. For

example, the octave effect on the MMN has been shown in

an fMRI study, in which a 50% of frequency deviance

caused more activation than a 100% deviance [14].
Furthermore, the present results also extend the previ-

ous ones [23,24] by showing that the P3a latency is

shortened with spectrally rich sounds when compared

with pure sinusoidal tones. This might be due to the

larger frequency deviance employed in the present (2.5–

20%) than in the previous study (2.5–10%) [24]. In

other words, as previously shown, the P3a is elicited by

an attention-catching deviance [4]. In previous studies

comparing pitch discrimination in sinusoidal vs. spectrally

rich sounds, the 10% frequency was not large enough for

the P3a elicitation. Thus, the present study is the first

one to report such a relationship between the sound

structure (sinusoidal vs. spectrally rich) and the P3a

parameters.

The present within-subject design also allowed reliable

correlative analyses between the ERP and behavioral indices

of the pitch discrimination accuracy. It was found that the

MMN and P3a amplitudes as well as latencies highly

significantly correlated with the subject’s behavioral dis-

crimination accuracy as indicated by the HR and RT at each

standard-stimulus frequency level (Fig. 5).

Thus, the correlation coefficients obtained between the

MMN and P3a amplitudes and the subjects’ HR and RT

corroborate and also extend the previous results obtained

with sinusoidal tones at a very limited standard-stimulus

frequency [2,9,25]. This is an encouraging result when

educational applications of the ERP recordings are consid-

ered. For instance, in exploring the limits of expertise of a

population with specific, e.g., musical, talents (e.g., Ref.

[22]), using stimulation with acoustic properties relevant to

the ability under interest is of essential importance. Further-

more, since the present data indicated that the facilitation

caused by the spectrally rich sound structure relative to the

processing of pure tones is equally present for behavioral

and (passively recorded) ERP measures. Thus, if active

paradigms are not suitable for practical or methodological

reasons (e.g., in infants) then the MMN recordings might

offer a probe to the integrity and limits of neural auditory

discriminative functions.

In addition, our data might have implications to the pitch

perception theory. Currently it is generally accepted that

both the ‘‘rate’’ and ‘‘place’’ mechanisms are employed in

encoding the frequency of the sounds in the auditory system

[11]. The rate mechanism is used in the coding of lower

frequency sounds and the place mechanism is dominant in

the perception of the higher-frequency sounds. However,

there is no agreement with regard to the borderline between

these registers. For pure tones, it might lay at around 5 kHz

[11]. For frequency modulated sounds with the rate of 10 Hz

and higher, the place mechanism was suggested [11]. For

periodical tonal bursts the upper limit of the rate mechanism

is 200–300 Hz, while the lower limit of the place mecha-

nism is around 2000 Hz, leaving an area in between

representing a mixture of the two mechanisms, with 600

Hz being an equilibrium point [16]. For periodical clicks,

the border between the phase-locking and place mechanism
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is between 100 and 200 Hz. Moore’s [11] model of the pitch

perception of complex tones integrates both mechanisms in

a multi-level processing scheme. The data on the phase-

locking ability of the auditory nerve in animals (squirrel

monkeys) support the 5 kHz limit. However, the properties

of the neuronal network in audition may vary between the

species [7]. Therefore, the data on the properties of the

human neural frequency discrimination in vivo, provided by

the MMN measurement, are of great value for the pitch-

perception theory.

Although our present data cannot directly address the

rate vs. time mechanism controversy, they show the

difference between the frequency bands in the neural

pitch discrimination. The change-related ERPs recorded

at lower frequencies (250 and 500 Hz) are clearly

different from those recorded at higher frequencies

(2000 and 4000 Hz). The most prominent is the discrep-

ancy in the way how the MMN amplitudes and latencies

change as a function of frequency. From 250 to 1000 Hz

the amplitude of the MMN is rising and its latency

shortening with the increase of frequency. However, on

the further increase of frequency the amplitude continues

to grow, while the latency starts to lengthen (Fig. 3). The

changing point at 1000 Hz may indicate a transition

between two different neuronal mechanisms of pitch

discrimination, presumably the rate and place mecha-

nisms. Thus, our data indirectly support the view of a

border between the rate and time mechanisms being at

500–1000 Hz (cf. Ref. [16]).
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