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Abstract

Event-related brain potentials (ERPs) were recorded to auditory frequency changes of
different magnitudes in 13 subjects performing on a visual discrimination task. Subjects were
presented with pairs of stimuli consisting of a sound followed after 300 ms by a visual target.
Subjects were instructed to press a response button according to the type of visual stimulus
(odd/even numbers) appearing on a computer screen and to ignore the sounds. These were a
standard tone (p=0.82; 600Hz, 150ms, 90dB) and deviant tones that differed in frequency
from the standard tone in 5% (630H2), 10% (660Hz), 15% (690HZ), 20% (720HZz), 40%
(840Hz) and 80% (1080H2) (p=0.03 each). Standard minus deviant ERPs revealed the
mismatch negativity (MMN) for the smallest deviations (from 5% to 20%) and an N1
enhancement for the largest deviations (from 15% to 80%). Following these responses, P3a
was €licited by deviations from 15% to 80%, its amplitude increasing logarithmically as a
function of deviation. A subsequent reorienting negativity (RON) was elicited for all
deviations, with increasing amplitude as a function of deviation according to a linear
function. The present data reveal that the brain mechanisms of involuntary attention are
activated differently according to the salience of the frequency change.

The detedion d subtle dhanges in the aidtory stimulation is refleded in the brain
eledrophysiologicd resporse mismatch negativity (MM N; Na&éanen et a., 1978. MMN is
generated when a new incoming auditory input does not match with the neural traceof the
previous repetitive stimulation held in auditory sensory memory (Na&énen, 199Q for a
review, see Picton et al., 2000. MMN has bilateral generators in auditory cortex (for a
review, see Escera @ a., 2000, which have been propcsed to refled the analysis of the
stimulus feaures and the sensory memory processes involved in MM N generation (Na&énen,
1992 Giard et a., 1990. MM N has additional generators in frontal cortex (for a review, see
Escea d al., 2000, which have been propaosed to refled the orientation d attention towards
the deteded change (Na&anen, 1992 Giard et al., 1990.

Subsequently to MM N, the generation of the P3a resporse refleds the dfedive orienting o
attention towards a change in the sensory environment (Knight, 1984. The P3a is generated



by a large-scde ceebra network at the occurrence of unexpeded attention-caiching nowl
events in a monaonous context of stimulation. Foll owing the P3a, a large-amplitude negative
resporse is generated over frontal areas when irrelevant auditory changes occur during the
performance of a task. This resporse, cdled reorienting negativity (RON; Schréger and
Wolff, 1998 Berti and Schréger, 2001), has been propcsed to refled the reorientation o
attention towards the primary task after momentary distradion (Escera @ a., in press.

Tiitinen et a. (1994 have reported shorter latency and larger amplitude of the MMN as a
function d increasing the difference in frequency (from 0.5% to 13%) between the standard
and the deviant sounds. These authors have dso related these dhangesin MM N parameters to
performance, as readion time deaeased as a function d increasing frequency deviation.
Similar results have been oltained by Amenedo and Escera (2000, who reported that the
amplitude of MMN to deaeasing a increaing changes in stimulus duration predicts the
acaragy of behavioral detedion d these dhanges, suggesting that the MMN could be a
reliable index of auditory discrimination.

These results suggest that, with increasing deviation, thereis alarger adivation d the ceebral
mechanisms underlying MMN generation as refleded in its larger amplitude. One shoud
therefore exped a similar parametric adivation o the other cerebra mechanisms in the
sequence of brain events leading to involuntary attention (i.e, P3a aad RON) at the
ocaurrence of increasing deviations. In the present study, behavioral and eledrophysiologicd
responses were studied to the occurrence of changes of increasing magnitude (from 5% to
80%) in the frequency of auditory stimulation.

Materials and methods

Thirteen hedthy human subjeds (mean age: 21.5 yeas, SD=4.38; 4 males; 2 left-handed),
with namal heaing and namal or correded-to-normal vision, participated in the study after
informed written consent. Subjeds were presented with 12 Bocks of 375 stimulus pairs eah
delivered at a mnstant rate of one pair every 1.2 s. Each pair consisted of an irrelevant
auditory stimulus followed after 300 ms (onset-to-onset) by a visua imperative stimulus.
Auditory stimuli were a600 Hz standard tone (probability=0.8) and 6 dfferent deviant tones
(probabilit y=0.03 ead), which dffered in frequency from the standard tone & 5% (630Hz),
10% (660Hz), 15% (690Hz), 20% (720Hz), 40% (840Hz) and 8(% (108(Hz). Each deviant
stimulus appeaed intermixed in all the stimulation Hocks. All auditory stimuli were delivered
binaurally through headphores with a duration o 150 ms (including 10ms of rise ad fall
times) and an intensity of 90 dB SA.. The auditory stimuli were sequenced randamly, with
the only exception that the trials in which the visual stimulus followed a deviant soundwere
always precaled by a trial in which the visua stimulus followed a standard tone. Visua
stimuli were ather an even (2, 4, 6, 8) or an odd(3, 5, 7, 9) digit, presented eguiprobably ona
computer screen for 200ms with averticd visua angle of 1.7° and a horizontal angle of 1.1°.
Stimulus presentation and sequence ontrol was carried ou by means of Stim (NeuroScan,
Inc.) software and herdware.

Subjeds st conformably in a redining chair on a dimly lit, eledricdly and amusticdly
shielded room. They were instructed to pressone resporse button with their right index finger
to letters, and anather resporse button with their right midd e finger to numbers, and to ignare
the auditory stimulation. Both speed and acarracy were enphasized. Resporse fingers and
block order were murterbalanced aadoss sibjeds. Before the experimental sesson, subjeds



recaved ore pradice block in which the sounds were turned off. In the pradice block all
subjeds readed a hit rate of at least 85%.

The EEG (bandpass0-100 Hz) was continuowsly digitized at a rate of 500 Hz by a SynAmps
amplifier (NeuroScan, Inc.), from 16 scadp eledrodes located acording to the 10-20 system
(Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, 02), and from the
left (LM) and right (RM) mastoids. Horizontal and verticd EOG waes recorded with eledrodes
attached to the canthus and below the right eye, respedively. The mommon reference dedrode
was placel onthe tip o the nose. ERPs were averaged dff-line for ead auditory stimulus
type, for an epoch of 1200ms including a pre-auditory stimulus period o 100 ms. Epochsin
which the EEG or EOG excealed +100uV, as well as the 5 first epochs of ead bock, were
automaticaly excluded from averaging. The standard-tone trials immediately following
deviant-tone or novel-soundtrials were dso excluded from the averages. Frequencies >30 Hz
were digitaly filtered out from individual ERPs.

A corred button presswithin 1100ms after visual-stimulus onset was regarded as a hit, the
mean readion time (RT) being computed orly for the hit trials. An incorred button pess
during this period was classfied as an error, and trials with no resporse @& misss. Hits,
errors, mises, and RTs were mmputed aadoss odd and even numbers. Performance (hit rate
and readion time) in standard trials was compared by means of two-tailed t-tests with
performancein ead of the deviant trials.

Difference waves were obtained by subtrading the ERPs to the standard tones from that to the
six different deviant tones. The mean amplitude of N1 and MMN were cdculated in 50ms
time windows aroundtheir maximum peeks (90-140 ms and 150200 ms, respedively) in the
difference waves. P3a was identified in the difference waves as the largest positive pesk
following MM N/N1. Its mean amplitude was cdculated in the 100-ms time window around
its maximum pe&k (225-325ms) in the diff erence waves. Foll owing the P3a, a late negativity
was identified as the RON resporse in the difference waves, its mean amplitude being
computed in a 100ms time windov around its maximum pe&k (450550 ms). T-test
comparisons were run letween the mean amplitude of eadh ERP comporent and the zeo
level. Regresson analyses were dso applied onthe data, in order to estimate the best-fitting
model of the anplitude of the different ERP comporents as afunction o deviation.

Results and discussion

Standard minus deviant diff erence waves reveded a large negative response between 100and
200 ms that was identified as the NI/MM N resporses (Figure 1). The mean amplitude of the
N1, measured in the 90-140 ms interval, was gatisticdly different from the zeo level to
deviations larger than 10% (Figure 2). MMN mean amplitude, measured in the 150-200-ms
time window, was sgnificantly different from the zeo level to deviations from 5% to 20%
(Figure 2). The MMN was therefore dicited for the smaller deviations, whereas the larger
deviations generated a more N1-like resporse, with larger amplitude and shorter latency as a
function d the increase in the magnitude of stimulus deviation, in agreement with previous
studies (Na&anen, 1992 Tiitinen et al., 1994 Amenedo and Escera, 2000.
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Figure 1. Standard minus deviant difference waves at al scalp locations (left) and at midline
electrodes (right) for the six types of deviant trials.
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Figure 2. Mean amplitudes (in puV) of the different ERP components as a function of the auditory
deviation. Asterisks mark the significance level of the t-tests comparisons between mean amplitude of
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the ERP responses and the zero level at Fz (* p<0.1; **p<0.05; ***p<0.01).




Following the MM N, a positive resporse was identified in the difference waves as the P3a
(Figure 1). The mean amplitude of P3ain atime window aroundits maximum pe& (i.e., 225
325 ms) was sgnificantly different from zero for the deviations larger than 10% (Figure 2).
The amplitude of the P3a increased logarithmicdly as a function o deviation (F4/=2767,
p<0.001).

Subsequently to the P3a resporse, a negative resporse was reveded in the difference waves
(Figure 1), which was identified as the reorienting regativity or RON (Schréger and Wolff,
1998 Berti and Schroger, 2000 Escera d a., in presg. The mean amplitude of the RON
resporse was sgnificantly different from the zeo level for al types of deviant trials (Figure
2). The anplitude of RON increased linealy as a function d increasing ceviation (F,=63.5;
p<0.005).

The dedrophysiologicd results reveded that the brain resporses invalved in auditory change
detedion and involuntary attention have different amplitudes acording to the magnitude of
the deviation in sound frequency. The present data therefore indicates that the brain
mechanisms of involuntary attention are adivated dfferently acording to the salience of the
frequency change, which suggests the existence of different brain mecdhanisms underlying
invauntary attention as afunction o the magnitude of deviation.

T-test comparisons reveded significant diff erences between performancein standard and each
deviant trial type when visua stimuli were preceled by a 5% or a 10% deviant sound In
particular, readion time deaeased by 106 ms in 5% deviant trias (t,2=5.69; p<0.001) and
increased by 6msin 10% deviant trials (t;2=-2.57; p<0.05) as compared to standard trials. Hit
rate increased by 11% in 10% deviant trials as compared to standard trials (t;,=-2.24;
p<0.05). No significant behaviora effeds were foundin the other deviant trials. These results
suggest the existence of a aiticd interval of deviation (i.e.,, from 5% to 10%) in which
behavioral effeds can be observed. However, the present results are in disagreement with
previous dudies reporting dstradion effeds as refleded in a hit rate deaeae & the
occurrence of 16% deviant sounds (Escera @ a., 1998. Therefore, one shoud have expeded
to find increasing dstradion effeds as a function d increasing deviation, in parall elism with
the dedrophysiologicd resporses. The ladk of agreement between behavioral and
eledrophysiologicd measures suggests the involvement of further intervening cogritive
processes that need to be darified in future studies. For example, the context of stimulation
shoud be taken into acourt, as al types of deviant sounds were presented intermixed in the
same stimulation Hock, whereas in previous gudies the distradion effeds were found oty
when ore type of deviant sound was embedded in a sequence of standard tones and nowel
sounds (Escera @ a., 1999.
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