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The challenge of understanding how the brain processes natural signals is compounded by the fact that
such signals are often tied closely to specific natural behaviors and natural environments. This added
complexity is especially true for auditory communication signals that can carry information at multiple
hierarchical levels, and often occur in the context of other competing communication signals. Selective
attention provides a mechanism to focus processing resources on specific components of auditory sig-
nals, and simultaneously suppress responses to unwanted signals or noise. Although selective auditory
attention has been well-studied behaviorally, very little is known about how selective auditory attention
shapes the processing on natural auditory signals, and how the mechanisms of auditory attention are
implemented in single neurons or neural circuits. Here we review the role of selective attention in
modulating auditory responses to complex natural stimuli in humans. We then suggest how the current
understanding can be applied to the study of selective auditory attention in the context natural signal
processing at the level of single neurons and populations in animal models amenable to invasive
neuroscience techniques.

This article is part of a Special Issue entitled “Communication Sounds and the Brain: New Directions and
Perspectives”.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Processing natural stimuli is not a passive, deterministic event.
As the complexity of signals increases, so too does the number ways
that they can be perceived and thus related to different behaviors.
For example, the acoustic environments in which natural signals,
such as speech, occur are often contaminated by background noise
and other potentially informative auditory signals, including other
speech. The simple act of conversing with a friend on a crowded
bus, for example, requires one to “tune out” the road, engine and
other ambient noise, and “focus on” the stream of speech being
produced by one’s friend rather than that from the talkative
stranger nearby. The challenge of attending selectively to a stream
of speech amid one or more competing streams of speech is
referred to as the cocktail party problem (CPP; Cherry, 1953).
Humans and non-humans can solve species-typical versions of the
CPP, but how these solutions are implemented in the activity
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patterns of single neurons, neural populations, and well-defined
neural circuits is not known. Gaining such knowledge requires
animal models that permit direct control over attention driven
behaviors and invasive experimental techniques unavailable in
humans. Here we review literature on selective attention to speech,
and introduce relevant animal studies of natural communication
and auditory attention with the broader goal of understanding
neural mechanisms that control natural signal processing in real-
istic environments.
2. Auditory object formation and attention

Sensory signals can be understood at elementary levels, e.g.
photons striking the retina, but it is the patterns in these simple
elements and their organization into objects that guides most be-
haviors. We “see” faces and trees, etc. not photons. The same holds
for audition where the ability to parse acoustic signals into objects
is crucial for vocal communication and most other natural behav-
iors. Parsing the acoustic environment into distinct objects, known
as auditory scene analysis (ASA; Bregman, 1990), depends on the
immediate acoustic properties of the auditory scene and expecta-
tions of object parameters (for recent a review see Moore and
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Gockel, 2012). Attention, in turn, helps to allocate limited pro-
cessing resources to objects relevant for one behavior or another. It
can be captured by low-level acoustic features in a “bottomeup”
manner, or in the case of the cocktail party problem, selectively
directed to objects of interest, such as speech, in a “topedown”
manner. Whereas “bottom up” attention is often driven by salient
differences between objects (or between an object and the back-
ground), solving the cocktail party problem requires that objects of
interest are segregated from competing objects, typically of the
same kind (e.g., other speech). Often times, the stimulus-driven
“bottomeup” and selective “topedown” processes interact, such
as when a speaker is separated from other sound sources in one or
more dimensions of acoustic parameter space, e.g., location
(Cherry, 1953) or pitch (Brokx and Nooteboom,1982; Darwin, 1997;
Darwin and Hukin, 2000a; Spieth et al., 1954).

Scene analysis also interacts with attention. There exists a long
history of research examining how ignored (unattended) auditory
objects are processed, and what information is available to the
listener from outside of the attended stream. Consistent with the
idea that acoustics play a strong role in stream formation, abrupt
changes in the low-level acoustic properties of unattended streams,
such as adding tones or altering pitch (e.g. by switching speaker
sex; Cherry, 1953), are detected by most listeners. Likewise, the
inclusion of behaviorally relevant sounds in the ignored speech
streams, such as one’s name (Moray, 1959) or words related to
content in the attended stream (Cherry, 1953; Treisman, 1960) can
be later recalled by listeners. Even when explicit content of the
ignored speech cannot be recalled, performance related to the
attended stream can be negatively affected when the ignored
speech includes content that is semantically related to the attended
stream (Lewis, 1970; Treisman et al., 1974). Increasing the number
of distracter streams e as opposed to increasing the acoustic con-
tent within a single ignored stream e can also affect performance
related to the attended stream (Bregman and Rudnicky, 1975;
Macken et al., 2003) and the magnitude of attention-related elec-
troencephalography (EEG) potentials (Alain et al., 1993). Indeed,
many acoustic deviations (i.e. expectancy violations) in ignored
streams, including streams composed of linguistic stimuli (Coch
et al., 2005), produce detectable changes in (EEG) signals (Alain
et al., 1994; Paavilainen et al., 1995; Winkler et al., 2005;
Sussman et al., 2005) Thus, auditory stream (object) formation
can occur without direct attention, and information in un-attended
streams is subject to substantial high-level processing.

Despite these considerations, many less salient aspects of un-
attended streams do fall outside of the awareness of the listener. In
the earliest CPP experiments, subjects easily reported the content
and detailed talker attributes from target streams. Yet, they were
unable to recall specific words or phrases from non-target streams,
and failed altogether to notice more dramatic alterations in unat-
tended streams such as a change in the language (Cherry, 1953) or
reversal of the speech (Wood and Cowan, 1995), so long as low-
level acoustics expectations remained intact. Additionally, while
attention may not be necessary for object formation, it can speed
up the segmentation process (see Snyder et al., 2012 for a
comprehensive review). For instance, in awell known ASA stimulus
paradigm where triplets of tones can be perceived as one or two
separate streams (“galloping tone” stimuli Alain and Bernstein,
2008; Moore and Gockel, 2012), the time period required to
build-up to a percept of two streams (Bregman, 1978) can be
reduced by directing attention to the auditory scene (Carlyon et al.,
2001, 2003; Snyder et al., 2006) or reset by diverting attention away
from the auditory scene (Carlyon et al., 2003; Thompson et al.,
2011). Whether or not attention can affect the time course of
scene analysis/object formation in the context of speech or other
natural stimuli is undetermined.
Although it is a necessary component, ASA alone cannot provide
a complete solution to CPP. Like other vocal communication signals,
the continuous speech signal produced by a single talker can vary
greatly (and rapidly) along multiple perceptual dimensions
including pitch, amplitude and spatial location. Overlap with other
streams may occur, along with the addition of extraneous noises
that may make it temporarily impossible to track a particular
stream of speech. Yet behaviorally, brief interruptions in speech and
non-verbal stimuli (Warren and Verbrugge, 1984) can go entirely
unnoticed by the listener. This phenomenon, referred to as tem-
poral induction (TI), can, given adequate acoustic and semantic
information, provide the illusion of continuous speech over several
hundred milliseconds (Bashford and Warren, 1987; Bashford et al.,
1992). Like ASA, TI may contribute to formation and/or the ongoing
maintenance of an auditory object/stream. In particular, the TI
phenomenon is evidence that brief portions of an auditory stream
can go unheard without behavioral consequence, suggesting that
attention may not need to be allocated uniformly and continuously
across time to be effective.

3. Broad-scale neural correlates of auditory attention

Consistent with the understanding that selective attention can
modulate auditory responses at multiple processing stages, it is not
surprising to find that neural correlates of attention, measuredwith
EEG and MEG (magnetoencephalography), appear throughout the
sensory stream. Attention-dependent modulation of EEG signals
can be observed as soon as 20 ms after stimulus onset (Woldorff
and Hillyard, 1991; Woldorff et al., 1987), an effect thought to
originate from primary auditory cortex (Woldorff et al., 1993). MEG,
functional magnetic resonance imaging (fMRI), and positron
emission tomography (PET) data further support early cortical gain
in the contralateral temporal lobe of attended tones and speech
(Ding and Simon, 2012; Grady et al., 1997; O’Leary et al., 1996), both
within primary (Fujiwara et al., 1998; Jäncke et al., 1999) and sec-
ondary auditory regions (Okamoto et al., 2011; Petkov et al., 2004;
Woods et al., 2009). Early dichotic listening studies, where subjects
attend to tone streams in one ear while ignoring input to the other
ear, indicated that selective attention can modify auditory event-
related potentials (ERPs). Specifically, the N1 negative component
(80e110 ms after sound onset), P2 component (150e200 ms after
onset) and P3 component (250e450 ms after onset) of the ERP
waveform are larger when auditory stimuli presented to the
contralateral ear are attended versus ignored (Hillyard et al., 1973;
Picton and Hillyard, 1974).

The canonical ERP waveform components differ in their sources
and their sensitivities to different aspects of attention tasks. N1 and
P2 components can be modified by the amplitude, location, and
stimulus parameters of acoustic stimuli (Hillyard et al., 1973). The
N1 component is thought to originate at least in part within the
primary auditory cortex (Knight et al., 1981; Giard et al., 1988),
while the P2 component is thought to originate in secondary
cortices anterior to A1 (Rif et al., 1991). Attention modifies the
magnitude of the N1 and P2 components elicited by all stimuli
(targets and distracters) in the attended channel (Hansen and
Hillyard, 1978; Hillyard et al., 1973; Picton and Hillyard, 1974). The
P3 component, however, which is modified only by behaviorally
relevant stimuli, is largely invariant to changes in stimulus pa-
rameters (Hillyard et al., 1973); it occurs in multiple sensory mo-
dalities (Barlow, 1969; Klinke et al., 1968), and is elicited even
during behaviorally relevant stimulus omissions (Picton and
Hillyard, 1974). The P3 component is thought to originate in pari-
etal regions (Downar et al., 2000; Picton and Hillyard, 1974), and to
reflect modality-general decision making, arousal, or motor
response (reviewed in Pritchard, 1981).
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Selective auditory attention can also modify neural activity in
subcortical sensory regions such as the inferior colliculus (Rinne
et al., 2008) and possibly the dorsal cochlear nucleus (Kaltenbach,
2006), presumably through the descending corticofugal pro-
jections from auditory cortex (Winer, 2005). There is debate over
whether selective attention effects can be observed in the medial
olivocochlear bundle (recently reviewed in Tanedo and Bhagat,
2008), but recent studies confirm the presence of attention-
dependent modulations in the magnitude of evoked otoacoustic
emissions (EOAEs; De Boer and Thornton, 2007; Maison et al.,
2001; Smith et al., 2012). Regardless, it is reasonable to conclude
that most levels of the central auditory system can bemodulated by
attention. One potential advantage to modifying responses at the
level of the brainstem, or even the cochlea, is that speech har-
monics or other first order features useful for scene segregation
may be differentially enhanced (Anderson and Kraus, 2011).

Task demands also affect attention-related activity. Both loca-
tion and pitch can be used to solve the cocktail party problem
(Bregman, 1990; Darwin and Hukin, 2000a, 2000b; Spieth et al.,
1954; Woods et al., 2001), and attending to either the spectral
features of speech or its location activate distinct brain regions.
Attention to location results in increased activity in regions asso-
ciated with spatial processing, such as posterior temporal cortex
and posterior parietal regions, while attention to spectral features
of speech leads to increased activity in auditory- and speech-
specific regions such as anterior and superior temporal cortex
(Ahveninen et al., 2006; Hill and Miller, 2010). The distinct activity
patterns elicited by spatial and non-spatial attention to speech also
correspond to similar “what” vs. “where” pathway activity seen in
auditory discrimination tasks with non-linguistic stimuli (Alain
et al., 2001; Degerman et al., 2006; Maeder et al., 2001; Paltoglou
et al., 2011; Woods and Alain, 2001). Different brain regions are
affected even when altering the discrimination between non-
spatial auditory features, such as duration vs. pitch (Brechmann
and Scheich, 2005) high vs. low frequency (Paltoglou et al., 2009),
or pitch vs. loudness (Rinne et al., 2007). A similar effect is seen in
bimodal selective attention studies, where subjects are presented
with both visual and auditory stimuli and perform discriminations
in one modality or another (Petkov et al., 2004; Johnson and
Zatorre, 2005, 2006; Woods et al., 2009; Degerman et al., 2007;
Salmi et al., 2007). In each case, the regions showing increased
activation above baseline correlate to the features that are behav-
iorally relevant for the task, or, in tasks where attention is not being
explicitly measured, the features that are likely being attended.
Similar effects have been observed whenmeasuring the strength of
gamma oscillations over the temporal lobe during auditory (versus
visual) attention (Sokolov et al., 2004). Increased gamma activity
has been associated with attention in other modalities, such as
vision (Tallon-Baudry et al., 1997; Tiitinen et al., 1993).

In line with these results, attending to speech, as opposed to
non-linguistic stimuli, activates regions such as the superior tem-
poral sulcus and gyri that are known to be involved in language
processing (Alho et al., 2006; Belin et al., 2000; Hari et al., 1989;
Pasley et al., 2012; Rämä et al., 2012), often more prominently
within the left hemisphere (Jäncke et al., 1999; Hugdahl et al., 2003;
Coch et al., 2005; Jäncke et al., 2001; Hill and Miller, 2010; Alho
et al., 2003; but see Ding and Simon, 2012). An early electro-
corticography (ECog) study in humans similarly found a gain in
gamma band power within the left hemisphere secondary auditory
cortex during a phoneme discrimination task (Crone et al., 2001),
and a more recent EEG study found increased gamma band activity
in the left temporal lobe during the correct detection of degraded
words (Hannemann et al., 2007). This well-documented left-
hemisphere specialization for speech processing is thought to un-
derlie the frequently observed bias in subjects to attend to speech
presented to the right ear (“right ear advantage”, see Hugdahl et al.,
2009 for a review, Kompus et al., 2012), since auditory information
is processed in the hemisphere contralateral to peripheral
stimulation.

Within specific brain regions, attention improves discrimina-
bility of speech-evoked responses. A recent electrocorticography
study measured activity in the posterior superior temporal lobe
during selective attention to one of two simultaneously presented
speakers (Mesgarani and Chang, 2012). In this region, local field
potentials (LFP) in the high gamma range (75e150 Hz) were not
only modified by attention, but the evoked response was more
likely to resemble the response to the attended speaker alone.
Compellingly, this effect was absent during error trials, indicating
that poorly discriminable neural responses in cortex are associated
with an inability to detect a lingual target in a noisy environment.
Combined with other recent studies which have observed gamma-
bandmodulation during associative auditory learning (Headley and
Weinberger, 2011), selective auditory attention tasks (Crone et al.,
2001; Debener et al., 2003; Doesburg et al., 2012), and several se-
lective visual attention tasks (Fries, 2001; Gregoriou et al., 2009;
Jensen et al., 2007; Siegel et al., 2008), it seems clear that gamma
band frequency oscillations in sensory cortices, particularly in re-
gions that encode the attended target, are tied closely to attentional
state. Enhanced power within the gamma band is thought to reflect
synchronous firing at gamma frequencies, which, when localized to
receptive fields overlapping with the attended stimulus, may pro-
vide a mechanism for robust encoding of the target (see Jensen
et al., 2007 review). However, the neural mechanisms that under-
lie these broad changes, like many observed effects of attention,
remain largely unknown.

The foregoing evidence indicates that attention to auditory ob-
jects via topedown mechanisms tends to most greatly affect the
encoding of object parameters which are most useful for segrega-
tion from background acoustics, suggesting that the mechanisms of
attention are affected not only by the attended content, but by the
background content as well. Different brain regions may be
differentially modulated by auditory attention depending on the
nature of specific stimuli and task demands, e.g., detecting a dif-
ference in space or in pitch. Other studies also note, however,
consistent attention-dependent modulation of the same regions
regardless of task parameters including superior parietal cortex,
dorsolateral frontal cortex, the pre-central sulcus, and middle and
superior temporal cortex (Degerman et al., 2006; Falkenberg et al.,
2011; Hill and Miller, 2010; Paus et al., 1997; Salmi et al., 2009;
Westerhausen et al., 2010; Wu et al., 2007; Zatorre et al., 1999). A
recent study of spatial attention using high-density electroen-
cephalography found that alpha band activity (8e12 Hz) origi-
nating in posterior parietal regions could be used to determine the
identity of an attended speech source among two distracters
(Kerlin et al., 2010). Similar activation of superior parietal cortex has
been reported for fMRI data during attentional switching in visual
tasks (Sauseng et al., 2005; Shomstein and Yantis, 2006), suggesting
a role for parietal cortex in spatial attention across modalities
(Giesbrecht et al., 2003; Shomstein and Yantis, 2006; Sauseng et al.,
2005; Rihs et al., 2009).

Overall, the evidence supports a flexible model of attention
where the loci of attentional modulation are highly affected by the
acoustic parameters and behavioral relevance of the stimuli, as well
as the ultimate task-related goals of the animal. It is likely that what
we refer to by one term, “attention”, reflects the effects of network-
level actions tomodulate the modality-specific or modality-general
processing capabilities in different brain regions. Although the net
effect of these modulations share many similarities, and many are
simultaneously engaged by complex stimuli, the implementation of
“attention” in any auditory region at the single neuron or network-
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level is unknown, and so the so mechanistic similarities between
regions (or sensory modalities), or the existence of a general
“attention network”, remain open questions. To gain more detailed
insight into the neural circuitry modulated by attention, we turn to
studies in animal models.

4. Animal models

Recent years have seen an increasing interest in investigating
auditory streaming and attention in animal models. Besides
allowing for more invasive experimental techniques that can
address the neural mechanisms underlying attention, many animal
species regularly encounter difficult cocktail-party-like environ-
ments in which selection of a relevant target stream would likely
require attention (see Bee, 2008 for a review). For instance, king
penguins reside in large noisy colonies of several thousand vocal
birds, yet young penguins can identify the distant call of their
parent at volume levels 6 dB below background noise (Aubin and
Jouventin, 1998). The difficulty of this recognition task is made
clear by the many strategies employed by the penguins to solve it
quickly, such as modifying acoustic parameters of the call to
separate it from background noise, and limiting calls to geograph-
ically specific “rendezvous areas” (Aubin, 2004). Frogs, like humans,
can use the frequency separation between simultaneous commu-
nication calls as a perceptual cue for stream segregation
(Nityananda and Bee, 2011). In somewhat more disturbing
example, Vampire bats, who will often feed on the same prey an-
imal several nights in a row, can detect faint breathing sounds and
use them to identify individuals (Gröger and Wiegrebe, 2006).
Controlled laboratory experiments on European starlings, a song-
bird species, indicate that subjects can learn to recognize an indi-
vidual song even when it is always simultaneously presented with
another song, and that subjects can recognize learned songs
masked by a loud songbird chorus (Hulse et al., 1997). Both ferrets
and European starlings have been trained to perform stream
segregation tasks similar to those used to study the process in
humans (Ma et al., 2010; MacDougall-Shackleton et al., 1998). Even
singing insects, such as crickets, face a version of the cocktail party
problem in their natural environments. Crickets rely on several
adaptations to identify conspecifics in noisy environments,
including neural gain control mechanisms that reduce the influ-
ence of background noise from relevant call signals (Schmidt and
Römer, 2011). As in the case of human speech detection, animal
models are likely to employ both ASA (cited above) and TI (Petkov
et al., 2003, 2007; but see Seeba et al., 2010).

5. The advantages to studying animals

One benefit of developing non-human models of auditory
attention is the application of techniques that allow researchers to
investigate the neural mechanisms underlying attention, such as
extracellular and intracellular electrophysiology, calcium and
voltage imaging, viral transfection, and transgenetics. These tech-
niques could help us understand more about the attentional effects
observed in human auditory attention studies, such as the role of
corticofugal pathways underlying subcortical attention-dependent
changes in neural activity (Ryan et al., 1984; Suga andMa, 2003) the
existence of an anatomical hierarchy of auditory attention modu-
lation as reported in the visual domain (Yin et al., 2008), and the
role of neurotransmitters such as acetylcholine (Bakin and
Weinberger, 1996; Kilgard and Merzenich, 1998a, 1998b;
Metherate and Weinberger, 1989; Metherate et al., 2012). Single
neuron data can also allow us to investigate the applicability of
models proposed to solve the cocktail party problem and selective
attention, such as those involving sparse coding (Asari et al., 2006),
normalization (Reynolds and Heeger, 2009), receptive field mod-
ulation (Mesgarani et al., 2010), and others (Jääskeläinen et al.,
2011; Sagi et al., 2001), and to understand how the powerful al-
gorithms that underlie these models are implemented in detailed
biological networks.

6. Moving forward in auditory attention research

The application of extracellular electrophysiology in auditory
attention research originated decades ago in the classic work of
Hubel et al. (1959). In a largely anecdotal study, the authors report
data from neurons in secondary auditory cortices of awake unre-
strained cats that responded to complex sounds only when the cat
appeared to be attending to it (often inferred from gaze orienta-
tion). The observed results were intriguing, but at the time little
was known about the processing of complex sounds in high-level
cortical regions or controlling attention in non-human species. As
the authors write at the end of their paper, “attention is an elusive
variable that no one has as yet been able to quantify.” Perhaps for
these reasons, follow-up work on auditory processing in awake,
behaving animals came only years later and focused primarily on
simpler stimuli (such as clicks, tones, and white noise) driving
neural responses in regions such as A1 that were better understood
functionally and anatomically. These studies consistently reported
an increase in the single-neuron response to a behaviorally-
relevant stimulus during task engagement compared to passive
or ignored conditions (Miller et al., 1972; Hocherman et al., 1976;
Pfingst et al., 1977; Benson and Hienz, 1978; for a comprehensive
review see Fritz et al., 2007a,b). Decades of research on learning-
dependent plasticity in the auditory cortex has provided us with
ample evidence that the response properties of auditory neurons
are capable of changing to better respond to relevant stimuli (for
reviews see Pienkowski and Eggermont, 2011; Jääskeläinen et al.,
2007). A well-known example of this plasticity is the reorganiza-
tion of the A1 tonotopy that leads to an over-representation of
behaviorally relevant frequencies following discrimination training
(Recanzone et al., 1993).

The enhanced response to an attended stimulus over an unat-
tended stimulus could be accomplished in a variety of ways. A
theory developed early on as a result of the first EEG dichotic
listening studies involved a specific auditory attention network that
would represent a “trace” of the attended target, against which
other auditory inputs would be compared to (Näätänen, 1992;
Näätänen and Michie, 1979). This was in contrast to a gain model,
also proposed early on in auditory attention research (Hillyard
et al., 1973; Woldorff et al., 1993) and similar to those proposed
in visual attention (Desimone and Duncan, 1995; Hillyard et al.,
1998), in which the firing rates of cells that respond to the atten-
ded stimulus increase, while the firing rates of cells that respond to
the ignored stimulus decrease. Another more recently proposed
version is the tuning model, where attention also modulates the
tuning properties of individual cells (Jääskeläinen et al., 2007) in
addition to general gain-model modulation. This model shares
similarity with a recently proposed model of visual attention
(Reynolds and Heeger, 2009). In support of the tuning model, Fritz
and colleagues developed experiments that demonstrated rapid
changes in individual neuron response properties during a difficult
tone detection task (Fritz et al., 2003). Shortly after the onset of
behavior, the receptive fields of ferret A1 neurons changed to
enhance task-relevant frequencies. These changes developed
rapidly and could be reshaped by introducing a new behaviorally
relevant frequency. In follow-up experiments using chord targets
with several relevant frequencies, the authors were able to show
that the cells’ receptive fields could change to enhance responses to
several discrete, behaviorally relevant frequencies. Stimulus
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reconstruction data from neural activity in these ferrets indicate
that behavioral state (and likely attention) affects the tuning
properties of A1 neurons (Mesgarani et al., 2008), and recent hu-
man studies using EEG and fMRI further support state-dependent
tuning modulation (Ahveninen et al., 2011; Kauramäki et al.,
2007; Okamoto et al., 2007). Interestingly, Fritz and colleagues
not only saw enhancement of relevant frequencies, but also sup-
pression of irrelevant frequencies (Fritz et al., 2005, 2007b). This
suppression of the single-unit response to irrelevant sounds has
been confirmed in other experiments (Otazu et al., 2009) and is
consistent with imaging data in humans (Paltoglou et al., 2009).
Most recently, researchers have shown that the magnitude of
suppression in the receptive field is strongest in low signal-to-noise
environments (Atiani et al., 2009; Neelon et al., 2011), consistent
with the interpretation that suppression is increasing along with
attentional load.

The foregoing studies highlight the point that selective auditory
attention should not be operationalized in only one way. Attention
modulates responses (both neural and behavioral) at multiple
levels in processing pathways and in multiple ways depending on
the interaction of behaviorally relevant stimuli, task demands,
experience, and expectations. Further development of animal
models for attention therefore necessitate the incorporation of
natural, behaviorally relevant stimuli into behavioral designs the
control and isolate specific aspects of attention so that underlying
neural circuits can be studied and their modulation by attention
determined.

7. Development of behavioral tools to study the rapid, flexible
allocation of attention

To date, the predominant means of manipulating attention has
been to measure neural responses to the same stimuli presented
during passive listening andwhile the animal is actively using them
in some kind of auditory task (Fritz et al., 2003; Otazu et al., 2009).
While attention almost certainly varies across these two conditions,
other behavioral-state variables, such as motivation, arousal,
reward expectation, and non-attention driven task demands vary
as well. Indeed, rapid shifts in receptive field gain commonly
attributed to attention (Fritz et al., 2003), can be recapitulated by
varying task demands (David et al., 2012).

Dissociating the effects of attention from those of reward,
working memory, arousal, and motor control is difficult. Re-
searchers in the visual system have spent years carefully devel-
oping tasks that can control for and measure the allocation of
attention (Yantis, 1998). The hallmark of selective attention is that
in a highly stimulating environment, the amount of sensory input is
simply too much to process simultaneously (James, 1890). Targets
are chosen from the scene and attended to, while other parts of the
scene are ignored. Task difficulty, captured in measures such as
percent accuracy, is often used as evidence that the task requires
attention to solve, and attention-related effects have been shown to
scale with difficulty (Cate et al., 2009; Falkenberg et al., 2011).
Another, perhaps more foolproof design includes “catch trials”, on
which the experimenter tests the subject’s knowledge of the
ignored parts of the scene. This is the animal behavior equivalent to
asking human subjects if they noticed words or other aspects of the
ignored speech in a dichotic listening task, noted by Hillyard and
colleagues in their 1973 study as a crucial part of attention-related
experimental design (Hillyard et al., 1973). If subjects cannot
accurately report on the distracter stream, but can report on the
target stream, then, by deduction, they are selectively attending to
the target. Recently presented experiments using well-controlled
auditory tasks (Rodgers and DeWeese, 2012; Yin et al., 2012),
including those using natural communication signals (Caporello
and Gentner, 2012), indicate promise in more direct studies of
auditory attention in animal models.

8. Identifying the source: the prefrontal cortex and selective
auditory attention

One important step for understanding auditory attention,
particularly topedown selective attention, is localization of its
source. The established role of prefrontal cortex ‘higher-level’
processes such as working memory, cognitive control, and decision
making (see Duncan, 2001; Gold and Shadlen, 2007; Matsumoto
and Tanaka, 2004; Miller and Cohen, 2001 for reviews), and in vi-
sual attention (Kincade et al., 2005; Vossel et al., 2006), make it a
target in auditory attention as well. Consistent with such a role,
selective attention can enhance gamma frequency oscillations be-
tween prefrontal and sensory cortices in both the visual (Buschman
and Miller, 2007; Gregoriou et al., 2009; Siegel et al., 2008) and
auditory (Doesburg et al., 2012; Fritz et al., 2007b) domains, and
this synchrony may indicate a directional flow from prefrontal to
sensory regions (Gregoriou et al., 2009). Recent imaging data re-
veals similar activation of frontal (Teshiba et al., 2013) and insular
cortex during selective attention that is absent during bottomeup
attentional capture (Huang et al., 2012). BOLD activation in frontal
cortex has also been tied to task difficulty and/or attentional load
(Altmann et al., 2008; Bidet-Caulet et al., 2010), although. Single
neuron responses measured during auditory target detection (Fritz
et al., 2010; Rodgers and DeWeese, 2012) and memory tasks (Yin
et al., 2012) found that frontal cortex neurons respond robustly to
behaviorally informative stimuli, sometimes up to 100 min
following task performance (Fritz et al., 2010). Curiously, some
studies have observed a lack of prefrontal cortexmodulation during
attention to continuous speech (Alho et al., 2003, 2006). This may
reflect the fact that humans are very experienced in attending to
continuous speech, and so it represents a relatively low attentional
load, or a more substantial gap in our understanding.

One ideaworth pursuing is that the prefrontal cortex is essential
for the suppression of ignored auditory stimuli. Patients with
compromised prefrontal function have difficulty ignoring noisy
stimuli (reviewed in Knight et al., 1999), and anatomical work in-
dicates that prefrontal regions project strongly onto inhibitory
neuron populations in the auditory cortex (Barbas et al., 2013).
Anatomically, visual and auditory regions connect with distinct
regions of prefrontal cortex, and the prefrontal cortex is more richly
connected to the associative auditory cortex than any other mo-
dality (Reviewed in detail in Barbas et al., 2013). This robust
interconnectivity between prefrontal and auditory cortices may be
an indicator that the auditory modality is a particularly strong
candidate for selective attention research.

9. The unique nature of auditory stimuli

Although we have drawn parallels between selective attention
and other sensory modalities such as vision (and we contend there
is likely great translational profit in identifying shared mechanisms
of attention), some aspects of auditory attention are none-the-less
unique. Perhaps themost strikingly unique aspect is the critical role
of time in auditory processing. While visual objects, defined along
spatial dimensions, may remain constant over time, auditory ob-
jects are defined only across time. Unlike many artificial auditory
stimuli such as tones and noise, which may remain constant
through time, the features of natural auditory stimuli such as
speech (pitch, amplitude, spectral contrast) fluctuate across time
and it is precisely these fluctuations that carry the information in
natural signals. We have already noted that expectations can in-
fluence auditory stream segregation, but it is worth noting that in



E. Caporello Bluvas, T.Q. Gentner / Hearing Research 305 (2013) 10e18 15
the context of many vocal communication signals, including speech
and language, the time scales for the expectations are dynamic.
That is, the signal occurring at any given time may set up expec-
tations about future signals at a range of possible times. While
stimulus predictability has been shown to effect single unit pro-
cessing of natural signals in songbird auditory regions (Gill et al.,
2008), in general very little is known about the influence of
expectation on attention mechanisms. It is reasonable to predict,
however, that attention may bias temporal expectation so that
particularly informative portions of natural auditory signals are
encoded differently than others. Recent work supporting these
ideas shows that adults (Sanders et al., 2002) and children as young
as three years old (Astheimer and Sanders, 2012) attend most
carefully to word onsets, which are highly informative about
speech content. Moreover, attention probes presented during
speech elicit larger N1 ERPs during word onsets (Astheimer and
Sanders, 2009), than during the least predictable portions of
speech (Astheimer and Sanders, 2011). The predictability of the
attended stream also affects the low frequency oscillations ob-
tained with ECog arrays, consistent with a role for temporal dy-
namics in attention (Besle et al., 2011).

Because of the dynamic nature of auditory objects, the factors
that are most useful for separating targets from distracters could
oscillate throughout the listening period e from pitch to space to
volume, etc. Furthermore, the predictability of speech fluctuates in
time, allowing for periods where attentional modulation may be
more or less necessary for successful signal detection, discrimina-
tion, and recognition. The complexity and variable nature of speech
makes it unlikely that attentional modulation is consistent over the
stimulus duration in either its magnitude or in the brain regions it
affects.

Conversely, peripheral coding of auditory signals lacks the
spatial resolution of vision ewhile spatially separate visual objects
are distinctly encoded in the retina, the nature of cochlear encoding
requires that the brain reconstruct the spatial locations of sound
sources. Indeed, evidence shows that cortical spatial coding differs
in nature between the two modalities. Visual areas in the parietal
cortex show clearly defined spatial maps, but parietal auditory re-
gions that are sensitive to spatial location show only rough, if any,
maplike structure (Kong et al., 2012). The process of separating
auditory objects is made all the more difficult in noisy environ-
ments where sounds overlap in frequency space, and therefore in
cochlear activation. These inherent differences in spatial repre-
sentation should be kept in mind when comparing auditory and
visual spatial attention data.

10. The importance of natural stimuli

To date, the majority of non-human auditory attention and task
engagement experiments have employed simple or synthetic
stimuli due to their easy interpretability and analytical benefits.
Understanding behavioral relevance is crucial, however, to under-
standing the neural encoding of complex signals. In the songbird
system, a well-established model of vocal communication and a
one of the strongest animal models of human speech perception
(Abe and Watanabe, 2011; Kiggins et al., 2012; Knudsen and
Gentner, 2010), secondary regions of the auditory cortex selec-
tively respond to conspecific birdsong (Grace et al., 2003) and
behaviorally relevant songs elicit stronger responses from these
regions than unfamiliar songs (Gentner and Margoliash, 2003;
Gentner et al., 2004; Woolley and Doupe, 2008). Recently, data
from our lab has demonstrated that songbirds can flexibly allocate
auditory attention to one of two simultaneously presented bird-
songs, and that this selective allocation of attention modifies high-
level sensory neurons (Caporello and Gentner, 2012). In another
animal model, the mouse, pup calls presented to mothers evoke
stronger inhibition of frequencies below the call pitch than in virgin
mice (Galindo-Leon et al., 2009). Overall, these results suggest that
experience leads to changes in neural processing that enhance the
neural responses to behaviorally relevant natural signals.

Additionally, recent studies in these regions have found that
neural responses to song features are tolerant to natural variation
(Meliza and Margoliash, 2012), amplitude (Billimoria et al., 2008),
and spectro-temporal modulation (Moore et al., 2013), which may
relate to mechanisms of stream segregation. In neurons affected by
masking, the specific changes observed in the response to natural
signals may indicate targets of auditory attention. For instance, in
primary auditory regions, masking leads to an addition of spikes
during gaps in natural signals and a loss of spikes during infor-
mative portions of the signal (Narayan et al., 2007). Perhaps the
time points where these changes occur would be likely targets of
auditory attention in noisy environments.

Although the acoustic complexity of natural signals presents a
range of technical challenges, they also bestow several advantages.
Natural communication signals, in particular, allow researchers the
opportunity to investigatemore complex and ethologically relevant
auditory behaviors, such as individual recognition or mate choice,
that have adapted in the context of natural acoustic scenes. In
principle, these natural functions of communication signals can be
exploited for the study of attention.

Language is a uniquely human trait, unparalleled in its rich se-
mantics and complexity, and there may be mechanisms evolved
specifically to process it. Although attending to speech likely in-
volves language processing, speech perception must also be closely
constrained by lower-level acoustic features (Nygaard et al., 1994;
Pisoni et al., 1985; reviewed in Hickok and Poeppel, 2007). The
problem of identifying, selecting, and acting upon the acoustics of
complex conspecific vocalizations (like speech) in noisy environ-
ments is shared bymany species (Knudsen and Gentner, 2010). This
shared function, in turn, leads to the hypothesis that many aspects
of selective auditory attention are conserved. By taking advantage
of the behavioral abilities and technical advantages of animal
models it both mechanisms of selective auditory attention at the
level of single neurons and well-defined neural networks. Such an
understanding would have tremendous benefit for treatment in a
host of human attention-related disabilities.
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