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ABSTRACT

Discriminating complex sounds relies on multiple stages of differential brain activity. The specific roles of
these stages and their links to perception were the focus of the present study. We presented 250 ms duration
sounds of living and man-made objects while recording 160-channel electroencephalography (EEG). Subjects
categorized each sound as that of a living, man-made or unknown item. We tested whether/when the brain
discriminates between sound categories even when not transpiring behaviorally. We applied a single-trial
classifier that identified voltage topographies and latencies at which brain responses are most discriminative.
For sounds that the subjects could not categorize, we could successfully decode the semantic category based
on differences in voltage topographies during the 116-174 ms post-stimulus period. Sounds that were
correctly categorized as that of a living or man-made item by the same subjects exhibited two periods of
differences in voltage topographies at the single-trial level. Subjects exhibited differential activity before
the sound ended (starting at 112 ms) and on a separate period at ~270 ms post-stimulus onset. Because
each of these periods could be used to reliably decode semantic categories, we interpreted the first as
being related to an implicit tuning for sound representations and the second as being linked to perceptual
decision-making processes. Collectively, our results show that the brain discriminates environmental sounds
during early stages and independently of behavioral proficiency and that explicit sound categorization

requires a subsequent processing stage.

© 2012 Elsevier Inc. All rights reserved.

Introduction

We are constantly immersed in environments where accurate and
quick sound identification is essential for daily activities such as
communicating and navigating. We recognize, for example, whether
the sound was emitted by a machine (i.e. telephone ringing) or
produced by a living source (i.e. a dog barking) even in the absence
of visual cues and in noisy contexts. Correct sound identification
depends on the amount of available sensory evidence, on the ability
to compare different options within a range of possibilities and
often implies making a choice, i.e. a perceptual decision.

Investigating how sensory information is gathered and used to form
a decision variable represents an active field of research in both
monkeys and humans (reviewed in Gold and Shadlen, 2007;
Heekeren et al., 2008). In both visual and somatosensory domains,
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several studies emphasize a causal link between sensory evidence accu-
mulated in low-level cortices and perceptual decision-making. The idea
is that even if the actual decision is made by higher-level cortices by
integrating accumulated sensory evidence, stimulus identification can
already be inferred from activity in low-level sensory areas. During a
vibrotactile discrimination experiment, single-unit recordings in
somatosensory cortex predicted whether monkeys could perceive a
difference in the stimulation frequency (Salinas et al., 2000). In the
same kind of tasks, Romo et al. (Romo et al., 2003) demonstrated the
role of medial prefrontal and premotor cortices in forming the
decision initially driven by evidence in somatosensory areas (see also
de Lafuente and Romo, 2005; Hernandez et al., 2002). The same pattern
of sequential stages has been repeatedly shown in the visual domain.
Here, a popular paradigm involves discriminating the direction of mo-
tion of a field of moving dots (Bennur and Gold, 2011; Britten et al,
1992; Kim and Shadlen, 1999; Newsome et al., 1989; Shadlen and
Newsome, 1996) during which activity in area MT could predict motion
discrimination, whereas activity in the lateral intraparietal area (LIP),
the frontal eye-field (FEF) and the dorsolateral prefrontal cortex
(DLPFC) was directly related to forming the decision. More recently,
perceptual decision-making in the visual domain has been investigated
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with complex stimuli and tasks involving perceptual and semantic cat-
egorization (Murphy et al. 2011; Philiastides and Sajda, 2006;
Philiastides et al., 2006; Ratcliff et al., 2009; Simanova et al., 2010).

To date, few studies have examined perceptual decision-making in
the auditory domain and were mainly based on the discrimination of
phonemes (Binder et al., 2004; Kaiser et al., 2006). Binder et al. car-
ried out a functional magnetic resonance imaging (fMRI) experiment
where participants were asked to identify speech sounds masked by
varying levels of noise (Binder et al. 2004). Activity within a cortical
region anterior to primary auditory cortex predicted performance ac-
curacy, whereas activity in the inferior frontal cortex was related to
response time. With more emphasis on the temporal dynamics of
perceptual decision-making in the auditory domain, Kaiser et al.
(2006) showed differential activity in the gamma frequency band
starting at 120 ms post-stimulus onset when comparing different
sounds patterns, and differential activity between easy and difficult
decisions at later stages of sound processing. However, localizing or
at least distinguishing the cortical regions underlying these sequen-
tial stages in humans remains still unexplored in speech identification
and even more in the context of complex sound identification.

Recently, the analysis of auditory event-related potentials (AEPs) in
response to complex stimuli revealed that sound processing starts
unfolding at 70 ms post-stimulus onset for living/man-made categori-
zations (Murray et al. 2006) and that finer semantic analysis takes
place along later discontinuous temporal periods including the discrim-
ination between human and animal voices (De Lucia et al. 2010a), and
musical and other man-made sounds (De Lucia et al. 2009). These
results show that latencies of sound processing and discrimination
can depend critically on the level of semantic categorization. Given
that the participants were not explicitly asked to identify sound subcat-
egories in these studies, the specific functional role of each of these
differential stages and their link to perception remains unresolved.

Here, we apply a multivariate analysis to AEPs in response to sounds
of living and man-made objects while participants were explicitly
instructed to categorize (and identify) the sound. The ability to catego-
rize sounds was challenged by manipulating the sound duration. In a
preliminary psychophysics experiment we evaluated the duration for
which the number of recognized and unrecognized sounds was roughly
counterbalanced. This sound duration was then used for the main
experiment. In the analysis, we separately considered those trials corre-
sponding to sounds that subjects could correctly categorize and those for
which subjects were not able to provide an answer. Our main goal was to
evaluate whether differential activity to the living and man-made
semantic categories manifests irrespective of behavioral outcome and
to uncover the electrophysiological response linked to subjects' ability
to perceive the sound's category. We hypothesized that living and
man-made categorization is still detectable in the EEG response even
when subjects do not categorize the sounds and that a second (later)
modulation is present only for correctly categorized sounds. This
hypothesis stems from the abovementioned works on perceptual
decision-making showing the existence of at least two stages in stimulus
processing; the first one related to a coarse level stimulus representation,
the second (later in time) to integration of available sensory information.
We based our analyses on a multivariate decoding approach revealing at
which latency it is possible to accurately decode the semantic category of
the sounds in presence or not of correct categorization. Importantly, our
method is based on modulation in voltage topographies (Bernasconi
et al,, 2011; De Lucia et al., 2007, 2010b; Murray et al., 2009; Tzovara
et al,, 2012; Tzovara et al., in press) which takes advantage of the overall
voltage configuration at the scalp without a priori selection of specific
electrode locations.

Materials and methods

In the following we first present a pilot study whose aim was to
select the sound duration at which the number of sounds identified

was roughly equal to that unidentified. We then present the main
experiment of this study that used the same sounds from the pilot
study (and the duration estimated based on the pilot study results)
in combination with the recording of EEG.

Pilot study

Subjects

Fifteen healthy subjects (all men aged 20-26 years old) participat-
ed in a psychophysical test. All subjects were right-handed and
provided written, informed consent to participate in the study, the
procedures of which were approved by the Ethics Committee of the
Centre Hospitalier Universitaire Vaudois and University of Lausanne.
No subject had a history of neurological or psychiatric illness, and
all reported normal hearing and vision (or corrected-to-normal).

Stimuli

Auditory stimuli were complex, meaningful sounds (16 bit mono;
44,100 Hz digitalization) of living and man-made objects, including
108 sounds (53 sounds of living objects) (Supplemental Material 1).
Sounds of living items included human non-verbal vocalizations
and animal vocalizations (15 and 38, respectively). Within the
man-made category there were 12 sounds of musical instruments.
We prepared three sound sets each including 108 stimuli, which
differed in the sound duration: 100 ms, 250 ms, and 500 ms.

Each subject was tested using one fixed duration of the sounds to
avoid any priming effects. Initially, we planned to test 5 subjects for
each duration. However, as detailed below, it was immediately
evident from the first 3 subjects that the 100 ms duration was too
short for accurate performance. Consequently, 3 subjects were tested
with 100 ms duration sounds, 7 subjects were tested with 250 ms du-
ration sounds, and 5 subjects were tested with 500 ms duration
sounds. Sounds were presented via insert earphones (model ER-4P;
Etymotic Research) at an individually adjusted volume, and subjects
were asked to categorize the sound as living or as man-made.

Results

With the 100 ms duration the first three subjects were unable to
categorize or identify the majority of the presented sounds. We
decided therefore to exclude the 100 ms sound duration from further
testing. With the 500 ms duration sound bank, the five subjects
categorized the overwhelming majority of the sounds. Finally, we ob-
served that the best sound length was 250 ms. In this case we tested
seven subjects (five subjects initially planned plus those that we did
not test with 100 ms sound duration). With 250 ms sound duration,
five of the seven subjects could correctly categorize 75 sounds
(within which 38 were also correctly identified) and could not cate-
gorize 33 sounds. We concluded that 250 ms duration was optimal
within the three tested durations for obtaining a balanced number
of identified and unidentified sounds.

EEG experiment

Subjects

Nine healthy subjects (4 women), aged 20-30 years participated
in the EEG study. All subjects provided written, informed consent to
participate in the study, the procedures of which were approved by
the Ethics Committee of the Centre Hospitalier Universitaire Vaudois
and University of Lausanne. All subjects were right-handed
(Oldfield, 1971). No subject had a history of neurological or psychiat-
ric illness, and all reported normal hearing and vision (or corrected-
to-normal).

Procedure and task
Subjects listened to each sound and, after a 700 ms intervening
period, they were first asked to indicate via a 3-alternative-forced-
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