European Journal of Neuroscience, Vol. 12, pp. 2570-2574, 2000 © Federation of European Neuroscience Societies

The accuracy of sound duration representation in the
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Abstract

In recent years, the links between neural activity and perception have been an area of interest in cognitive neuroscience. Combined
psychophysiological and psychophysical experiments provide a new powerful tool for establishing the relationship between neural
activity and perceptual performance. In animals, intracellular recordings combined with psychophysical detection indices have
revealed that a particular neuron or set of neurons can play a critical role in the generation of a perceptual event, showing detection
functions (referred to as neurometric functions) which are remarkably similar to psychophysical detection functions, or psychometric
functions (Parker & Newsome (1998) Annu. Rev. Neurosci., 21, 227-277). As noninvasive techniques for recording neural activity are
now available, studies combining neuroelectric and psychophysical measures in humans are sparse. In the present study, the
accuracy of the human brain in detecting differences in sound duration and the subject’s ability to perceive the same differences were
tested by means of mismatch negativity (MMN) and the distance between the distributions of false alarms and hits (sensitivity index
d), respectively. It was found that the accuracy of the human auditory system to represent sound duration information is related to the
duration context in which the sounds are heard, and that these contextual representations determine the accuracy of perception at

the behavioural level.

Introduction

Cognitive neuroscience is interested in specifying the ways in which
environmental information is represented in the human brain to
originate perception. The rationale is that if the neural activity of a
particular brain region represents a stimulus dimension, then it is
likely that this region has a direct role in mediating behavioural
responses to that stimulus dimension.

The representation of acoustic information in the human brain has
gained considerable ground since Néitdnen etal. (1978) found that
auditory stimulus deviance per se produces a measurable brain
response, the mismatch negativity (MMN) event-related brain
potential (ERP), to any change occurring in the acoustic environment
(Naitanen, 1990; Naitinen & Alho, 1997).

Since its first observation, MMN has proved to be a powerful tool
to reveal auditory-cortex neural traces of simple and complex
auditory stimulus patterns (Ford & Hillyard, 1981; Sams et al., 1985;
Nordby etal., 1988; Hari etal., 1989; Kaukoranta etal., 1989;
Lounasmaa etal., 1989; Niétinen etal., 1989a, b; Lyytinen etal.,
1992; Paavilainen et al., 1993; Schroger & Wolff, 1996; Joutsiniemi
etal., 1998), including phoneme representations (Dehaene-Lambertz,
1997; Naétédnen etral., 1997; Kraus etal., 1998) and their develop-
ment with language acquisition (Cheour etal., 1998).
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Establishing the precision with which sounds are represented at
perceptual level has great relevance because in humans it is basic for
speech perception (Phillips, 1993); a way to achieve this objective is
to study the electrophysiological signals of perceptual accuracy. In
this regard, MMN provides an objective measure of auditory
discrimination ability, as MMN sensitivity to slight stimulus changes
in the spectral content of an auditory stimulus approximates to the
ability of detecting behaviourally these same changes (Lang etal.,
1990; Néitdnen et al., 1993; Aaltonen et al., 1994; Kraus et al., 1995;
Tervaniemi et al., 1997).

In spite of the above findings, no studies have combined MMN
with psychophysical indexes of perceptual accuracy. The index of
detection sensitivity more frequently employed in psychophysics is
d’. This index constitutes an objective measure of the observer’s
confidence when deciding about the occurrence of a signal embedded
in a streaming noise. The d’ index has the advantage over the more
frequently employed performance measures, such as the hit rate, of
providing an estimate of the perceptual accuracy which is not affected
by variables which shift the observer’s response criterion during the
execution of the task (Gescheider, 1997) as, for instance, responding
fast at the expenses of committing more false alarms, or on the
contrary, responding with confidence at the expense of slowing down
the response speed.

The objective of the present study was to determine the accuracy
with which sound duration is represented in the human brain at
perceptual level, where it is accessible, for instance, for language
perception and recognition. For this purpose, neuroelectric responses



and performance were measured to changes in sound duration in two
separate sessions with the aim of investigating any relationship
between MMN elicitation and behavioural detection.

Materials and methods

Subjects

Ten right-handed healthy volunteers (18-26 years, mean age=21.7 =
2.1, 3 males) with normal hearing participated in the experiment.

Stimuli

The stimuli were spectrally rich tones consisting of four harmonic
pure tones of 500, 1000, 1500 and 2000 Hz, which were scaled in
intensity by 1/2, 1/4, 1/6 and 1/8, respectively.

Stimulation procedure

Subjects were presented with 20 different blocks of 1000 spectrally
rich tones. In separate blocks, sounds of 50 or 100 ms (including 5 ms
of rise and fall times) of contextual duration were randomly
interspersed with ‘deviant’ spectrally rich tones, these being 10, 20,
30, 40, and 60% shorter or longer than the contextual duration. Thus,
within each block, only one deviant and one standard tone was
presented (Fig.1). In the first part of the experiment (the ERP
recording sessions), the MMN was measured while subjects sat
comfortably in a reclining chair and read a self-selected book
ignoring the auditory stimulation. In the second part (the behavioural-
detection sessions), the subject’s ability to behaviourally detect the
deviant stimuli was tested. Subjects attended to the same stimulus
sequences presented in the ERP sessions, and responded to the
deviant spectrally rich tones by pressing a response-button as quickly
and accurately as possible.

Sounds were binaurally delivered at an intensity of 85dB SPL
(sound pressure level) and with a constant interstimulus interval (ISI)
of 400ms from onset-to-onset. The standard stimuli showed a
probability of 0.8 and the deviant stimuli a probability of 0.2 in each
stimulus block. The order of blocks was counterbalanced across
subjects in the first and second sessions of the experiment.

Electrophysiological recordings

Measurements were performed in an electrically and acoustically
shielded room. The electroencephalogram (EEG) was continuously
recorded (bandpass 0.1-100 Hz, A/D rate =500 Hz) from eight scalp
locations of the 10-20 International System: Fp1, Fp2, F3, Fz, F4, C3,
Cz, C4, and from two additional electrodes placed at the left mastoid
(LM) and right mastoid (RM). The horizontal electrooculogram
(EOG) was recorded with an electrode attached to the outer canthus
of the right eye. The vertical EOG was assessed using the recordings
from Fpl and Fp2 electrodes. The common reference electrode was
placed on the tip of the nose.

Data processing

The ERPs were averaged off-line for standard and deviant stimuli,
separately in each block and subject, for a period of 600 ms including
a prestimulus baseline of 100 ms. Periods in which the EEG or EOG
recordings exceeded =100 1V, as well as the first five periods of each
block, were automatically excluded from the average. Standard-
stimulus trials immediately following deviant-stimulus trials were
also excluded from the averages. Individual ERPs were digitally
band-pass filtered between 0.1 and 30Hz. Difference waveforms
were obtained by subtracting from each subject separately the ERPs
elicited to standard stimuli from those elicited to the same stimuli
when they were the deviant stimuli in the corresponding block. In
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FIG. 1. Experimental conditions. Structure of the 20 blocks of stimuli for
decrements and increments in contextual duration of 50 ms (left column) and
100 ms (right column). Light grey bars represent the standard stimuli delivered
in each block, and dark grey bars represent the deviant stimuli in each block.
Stimulus duration and category (standard or deviant) is specified at the right of
each stimulus bar.

these difference waveforms, mean MMN amplitudes were calculated
in the latency window between 150 and 250 ms, determined on the
basis of the total average ERPs from each condition. The presence of
the MMN in each condition was tested by two-tailed one-group #-tests
of the difference mean amplitude calculated at Fz (where MMN was
largest).

Reaction time (RT) of hits (responses to deviant stimuli) was
computed for each subject and condition from the second session.
Probabilities of hits and false alarms (responses to standard stimuli)
were also recorded and transformed to z scores. The detection
sensitivity measure d” was then calculated as the difference between
the z scores for the probability of false alarms and hits (defined as
d’ =zpgay—2zpu) where FA=false alarms and H=hits; Green &
Swets, 1988; Gescheider, 1997). In this study, perfect detection
(probability of hits 1.0, and probability of false alarms, 0.0) should
give a d’ value of 8.6, while chance responses (when the probabilities
of hits and false alarms are equal, 0.5) should give no difference
between the z scores, i.e. a value for d’ of 0.0.

Results

Figure 2 illustrates the MMN responses recorded at the frontal Fz
electrode. Duration deviance affected the mean amplitude of MMN at
Fz (repeated measures ANOVA, Fy 35=4.8, P<0.02, £€=0.58) irrespec-
tive of contextual duration (F,9=0.37, P=0.6) or decrement-
increment in duration (F;9=0.3, P=0.7). MMN mean amplitude
increased linearly as a function of the logarithm of the duration
difference (Fig.3a). MMN was reliably elicited by duration
differences of 20% and above for both decrements and increments
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FI1G.2. Total mean ERP difference waveforms at Fz showing the MMN for
decrements (upper panel) and increments (lower panel) in contextual duration
of 50 ms (left column) and 100 ms (right column).

Latency (ms)

in 50 ms and 100 ms contextual duration (pooled #9)=3.2, P<0.02;
Fig.2)

RT was affected by the deviance in duration (F436=27.6,
P<0.0001, £=0.38). However, contextual duration (F;¢=3.22,
P=0.1) and direction of deviance (F;o=1.68, P=0.23) failed to
show any significant effect on this variable. RT decreased linearly as
a function of deviance in the contextual duration of 50 ms (49 ms/
decrement F;45=12.5, P<0.001, and 59 ms/increment F 453=25.3,
P<0.0001), and in the contextual duration of 100ms (35 ms/
decrement F;45=10.5, P<0.01, and 42 ms/increment F43=15.5,
P<0.001).

Deviance affected the behavioural detection of subjects (repeated
measures ANOVA, Fj36=41.2, P<0.0001, £€=0.6), which was
unaffected by contextual duration (F;¢=1.9, P=0.5) or direction
of deviance (F; 9=0.09, P=0.8). The behavioural detection measure
d’ increased linearly as a function of the logarithm of the duration
difference (Fig.3b), showing that the distance between the subject’s
gaussian distributions of false alarms and hit responses increased
linearly, as the MMN amplitude, as a logarithmic function of the
magnitude of deviance in sound duration (Fig. 3).

MMN mean amplitude and RT were highly correlated for
decrements (Pearson’s R=0.98, two-tailed P<0.01) and increments
(Pearson’s R=0.89, two-tailed P<0.05) in contextual duration of
50ms, and for decrements (Pearson’s R=0.85, two-tailed P <0.05)
and increments (Pearson’s R=0.93, two-tailed P<0.03) in the
contextual duration of 100 ms.
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FIG. 3. Regression functions of the psychophysiological and psychophysical
detection measures. (a) Mismatch negativity (MMN) mean amplitude as a
function of the magnitude of deviance in sound duration for decrements (upper
functions) and increments (lower functions). (b) d’ values as a function of the
magnitude of deviance in sound duration for decrements (upper functions) and
increments (lower functions). Left column, contextual duration of 50 ms. Right
column, contextual duration of 100 ms. The regression equations are shown
below each regression line. Values on the abscissa are on a logarithmic scale.

MMN mean amplitude determined subject’s behavioural dis-
crimination as indicated by & for decrements (R*=0.9, one-way
ANOVA F;43=6.8, P<0.02) and increments (R*=0.9, Fi48=13.2,
P<0.001) in contextual duration of 50ms, and for decrements
(R*=0.8, Fy 43=6.07, P<0.02) and increments (R*=0.9, F; 45=5.9,
P <0.02) in contextual duration of 100 ms.

Discussion

The main finding of this study was that brain detection, as indicated
by MMN amplitude, of decreasing or increasing changes in the
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duration of a spectrally rich tone of either 50 or 100 ms predicted the
accuracy of behavioural detection of these same changes.

In time perception studies, it remains to be determined whether the
perceived duration of a sound depends on its perceived energy
(Carbotte & Kristofferson, 1973; Allan, 1979), and the present results
indicate that the cerebral detection of changes in sound duration of
approximately a few tens of milliseconds is independent of sound
energy, i.e. perceptual loudness, which was of course higher in the
present experiment when the stimuli had a contextual duration of
100ms. As brain detection underlies perception, these findings
constitute a direct support to the behavioural results of Rammsayer &
Lima (1991), who found that duration discrimination of sounds less
than 100 ms was independent of signal energy.

In the present experiment, the minimum change in stimulus
duration necessary for eliciting a significant MMN was *=10 ms with
a contextual duration of 50ms, and *=20ms with a contextual
duration of 100 ms. That is, a deviation of 20% in stimulus duration
was required to elicit an MMN in the two different contextual
duration conditions, and for decrements and increments in contextual
duration. This indicates that brain detection of duration deviance is
independent of the direction of change, and that it depends on
contextual information about duration, represented in this study by
the duration of standard stimuli, rather than on physical length of the
sounds, and hence that the behavioural perception of sound duration
is related to the duration context in which these sounds are listened.
The contextual nature of this detection system is in accordance with
the contextual nature of speech perception (Celsis eral., 1999),
where, for instance, the duration of vowels is relative depending on
variables such as the rate of speech, and listeners often identify
vowels as a function of their relative durations (Lieberman &
Blumstein, 1988).

In psychophysical detection, the index to measure the observer’s
sensitivity to discriminate between signal and noise is represented by
the distance between the normal (z) distribution of false alarms
(responses to noise) and hits (responses to signal) (Gescheider, 1997;
Green & Swets, 1988). As the signal strength increases, the sensitivity
raises, showing a logarithmic, referred to as psychometric function,
which describes the behavioural detection curve (Parker & Newsome,
1998), as was observed in our behavioural data. The new finding of this
study was that MMN, a neuroelectric brain response recorded
noninvasively to any change occurring in the acoustic environment
(Niéténen et al., 1978; Naitinen, 1992), was elicited to changes in
sound duration with a ‘neurometric function’ which predicted the
psychometric function seen at behavioural level. As an example, the
R? value of 0.9 found for decrements in the contextual duration of
50 ms indicates that an average increment of 0.45uV in MMN mean
amplitude predicted on average an increment of 1.1 units of d'.

It has been previously shown that the latency of MMN predicts
behavioural speed (RT) in humans (Tiitinen eral., 1994). In the
present study RT decreased linearly with the increase in duration
deviance and was highly correlated to MMN, supporting the fact that
the neuroelectric activity involved in MMN generation is related to
behavioural speed. RT, however, depends on a decision making
process, so that speed may be preferred at the expenses of making
more false alarms, or, on the contrary, precision may be preferred at
the expense of slowing down the responding process. Therefore, RT
measures do not indicate the subject’s confidence in responding to
target stimulation. As d’ provides an estimate of the confidence of
behavioural discrimination independent of response criterion vari-
ability, the present results show how the accuracy of conscious
perception of sound duration is determined by the accuracy of the
brain to represent such duration.
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