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Abstract
Distinguishing between speakers and focusing attention on one speaker in multi-speaker environments is extremely important in
everyday life. Exactly how the brain accomplishes this feat and, in particular, the precise temporal dynamics of this attentional
deployment are as yet unknown. A long history of behavioral research using dichotic listening paradigms has debated whether
selective attention to speech operates at an early stage of processing based on the physical characteristics of the stimulus or at a
later stage during semantic processing. With its poor temporal resolution fMRI has contributed little to the debate, while EEG–ERP
paradigms have been hampered by the need to average the EEG in response to discrete stimuli which are superimposed onto
ongoing speech. This presents a number of problems, foremost among which is that early attention effects in the form of
endogenously generated potentials can be so temporally broad as to mask later attention effects based on the higher level
processing of the speech stream. Here we overcome this issue by utilizing the AESPA (auditory evoked spread spectrum analysis)
method which allows us to extract temporally detailed responses to two concurrently presented speech streams in natural cocktailparty-like attentional conditions without the need for superimposed probes. We show attentional effects on exogenous stimulus
processing in the 200–220 ms range in the left hemisphere. We discuss these effects within the context of research on auditory
scene analysis and in terms of a flexible locus of attention that can be deployed at a particular processing stage depending on the
task.

Introduction
Distinguishing between multiple speakers and focusing attention on a
single speaker is integral to human communication. Our behavioral
capacity to do this was first examined by Cherry (1953). Since then
much debate has revolved around the issue of whether attention to
speech operates at an early stage of processing based on the physical
characteristics of the stimulus or at a later stage during semantic
processing (Broadbent, 1958; Moray, 1959; Deutsch & Deutsch,
1963; Johnston & Wilson, 1980). In particular, while it has been
shown that unattended speech is processed semantically even when it
is not available to conscious recollection (Lewis, 1970; Bentin et al.,
1995), this semantic processing does not always take place (Treisman
et al., 1974). Thus, it seems plausible that selective attention to speech
may operate as (at least) a two-stage process (Treisman, 1960, 1964).
Behavioral and electroencephalography (EEG) studies using nonspeech stimuli have made important contributions to this debate by
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demonstrating that the temporal locus of selective attention is sensitive
to task demands (Yantis & Johnston, 1990; Lavie et al., 2004; Vogel
et al., 2005). These include event-related potential (ERP) studies of
attention effects on auditory stream segregation which often use
stimuli containing multiple harmonics or patterns of low and high
tones to form multiple concurrent streams (e.g., Alain et al., 2001;
Snyder et al., 2006; Sussman & Steinschneider, 2009). In fact several
of these studies have pointed to distinct cortical mechanisms: a
bottom-up automatic segregation of sounds based on their physical
characteristics, and a top-down attention-dependent process that
occurs at a later stage (Alain et al., 2001; Snyder et al., 2006).
However, where the naturalistic deployment of attention to speech is
concerned, the ability of the ERP technique to disentangle the effects
of several putative attentional processes is hampered by the need to
average the EEG in response to discrete events. Researchers have
sought to address this by superimposing task-irrelevant probes on
continuous speech (Hink & Hillyard, 1976; Woods et al., 1984; Coch
et al., 2005; Nager et al., 2008) or by averaging EEG around
‘discrete’ speech features such as hard consonants (Teder et al., 1993).
These studies have provided unequivocal evidence for early attention
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effects in the form of a broad attentional potential known as the
processing negativity (PN) or negative deflection wave (Nd) which
onsets as early as 50–60 ms post-stimulus and can persist until up to
1000 ms (Näätänen, 1982). However, the temporally broad nature of
the Nd, which suggests it is an endogenously generated process
distinct from the exogenously generated componentry typical of the
ERP, means that it overlaps the ERP in time. This complicates the use
of the ERP’s exquisite temporal resolution for precisely determining
the temporal loci of attention effects on the exogenously driven
processing of continuous speech.
Here we aim to overcome this complication using the AESPA
method (auditory evoked spread spectrum analysis; Lalor et al., 2009;
Power et al., 2011). The AESPA is an estimate of the impulse
response of the auditory system which can be obtained using the
amplitude envelope of a wide class of stimuli, including speech (Lalor
& Foxe, 2010). This is particularly useful given that the envelope of
speech is of overriding importance when it comes to speech
recognition (Shannon et al., 1995; Smith et al., 2002). As such, the
AESPA can be utilized as an index of the exogenous processing of
natural speech and can facilitate the investigation of attentional effects
on that processing without being obscured by temporally broad scalp
potentials such as the Nd wave.

minimize the possibility of the unattended stream capturing the
subjects’ attention during silent periods in the attended stream, silent
gaps exceeding 0.5 s were truncated to 0.5 s in duration. Subjects
were divided into two groups of 20 with each group being instructed
to attend to the story in either the left or right ear throughout all 30
passages (i.e. approximately 1800 s of data per subject). After each
passage subjects were required to answer between four and six
multiple choice questions on both stories (i.e. on the attended story
and the unattended story). The questions had four possible answers.
Each passage took up from where the previous passage left off in the
story and stimulus amplitudes in each stream within each run were
normalized to have the same root mean squared (RMS) intensity. We
used a between-subjects design as we wanted each subject to follow
just one story to make the experiment as natural as possible and
because we wished to avoid any repeated presentation of stimuli.
Figure 1 shows the experimental procedure.

AESPA estimation
We obtain the AESPA by performing a linear least-squares fit of the
response model
yðtÞ ¼ wðsÞ  xðtÞ þ noise

Materials and methods
Subjects
Forty subjects took part (mean ± standard deviation age, 27.3 ±
3.2 years; 32 male; seven left-handed). Twenty subjects (age
27.5 ± 3.44 years; 18 male; two left-handed) attended to the left ear
and 20 subjects attended to the right ear (age 27.24 ± 3.03 years; 14
male; five left-handed). The experiment was undertaken in accordance
with the Declaration of Helsinki. The Ethics Committees of the Nathan
Kline Institute and the School of Psychology at Trinity College Dublin
approved the experimental procedures and each subject provided
written informed consent. Subjects reported no history of hearing
impairment or neurological disorder.

where y(t) is the measured EEG response, x(t) is the amplitude
envelope of the stimulus (see below), the symbol * indicates
convolution, w(s) is the impulse-response function to the amplitude
of the stimulus, and the noise is assumed to be Gaussian (Lalor et al.,
2009). This impulse response function, known as the AESPA, is not
equivalent to a standard ERP but shares a number of properties
including detailed temporal precision (Lalor et al., 2009) and sensitivity to attentional modulation (Power et al., 2011).
Summarizing the method in qualitative terms, the AESPA response
w(s) is analogous to a filter which describes how the brain transforms
the auditory input into the EEG output. Keeping this in mind, the time
axis for the AESPA carries a different meaning than the time axes in

EEG acquisition
Electroencephalography data were recorded for 34 of the subjects
using 130 electrode positions (17 of these subjects attended to the left
and the remaining 17 to the right). Data for the remaining six
participants were collected using 162 electrode positions (three of
these subjects attended to the left and the remaining three to the
right). The data were filtered over the range 0–134 Hz and digitized at
the rate of 512 Hz using a BioSemi Active Two system. EEG data
were then digitally filtered off-line with a band-pass filter between 2
and 35 Hz. The data at each channel were re-referenced to the
average of the responses at the left and right mastoids. Responses
extracted from the data acquired using the 162-electrode system were
mapped down to the same 130 electrode positions used for all other
subjects using a spline interpolation algorithm (EEGLAB; http://
sccn.ucsd.edu/eeglab/) resulting in a coherent dataset with identical
channel configuration.

Stimuli and procedure
Two classic works of fiction were presented, one to the left ear and the
other to the right ear. These works were segmented into 30 passages
each approximately 1 min in length. Further to this, and in order to

Fig. 1. The experimental procedure. In each trial, subjects listened to
approximately 60 s of two stories presented concurrently and dichotically.
After each 60-s trial, subjects were presented with between four and six
multiple-choice questions on each story, with each question having four
possible answers. Subjects were asked to preferentially attend to one story, but
to attempt to answer all questions on both stories. Answers were indicated on
screen using a mouse click. Each 60-s trial continued from the point in the
stories at which the previous trial ended, with no repetition of stimuli. EEG data
were not collected while subjects answered the questions. Responses were
extracted using the log envelope of the speech stimuli.
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traditional ERP studies. Each point on the time axis can be interpreted
as being the relative time between the continuous EEG and the
continuous input intensity signal. Therefore the AESPA at )100 ms,
for example, indexes the relationship between the input intensity
signal and the EEG 100 ms earlier; obviously this should be zero. As
another example, the AESPA at +100 ms indexes how the input
intensity signal affects the EEG 100 ms later (Lalor et al., 2009).
Furthermore, any activity that explicitly follows the stimulus envelope
(including possible endogenous fluctuations) would be represented in
the AESPA response. That said, however, slow endogenous potentials
(such as the attention-related processing negativity PN ⁄ Nd) will not
contribute to the AESPA.
In order to estimate the AESPA it was necessary to determine the
amplitude envelope of the speech signals and to resample the speech
signal to the same sampling rate as the EEG. To do this, we simply
calculated the RMS value of an average of 83.133 neighboring audio
samples around every EEG sample. Further to this, as envelope
frequencies between 2 and 16 Hz contribute most to speech intelligibility (Drullman et al., 1994a,b; van der Horst et al., 1999), the
envelope was then low-pass filtered with a corner frequency of 20 Hz.
Because intensity processing varies by the log of stimulus intensity,
each envelope was transformed by taking the log to the base 10 of the
intensity and normalizing between zero and the maximum before
mapping. A similar approach was employed by Aiken & Picton (2008)
when investigating speech envelope processing in a passive paradigm.
As our model assumes a linear relationship between the EEG and
stimulus envelope the EEG was also low-pass filtered with a corner
frequency of 20 Hz.

EEG analysis
To test for statistical differences we subjected the responses to
statistical parametric mapping (SPM; Kiebel & Friston, 2004a,b).
When using SPM for EEG the EEG signals are mapped from the
electrode domain to a flattened two-dimensional scalp space, consisting of a 64 · 64 pixel grid, by way of a linear interpolation. This
mapping is done at every time point of the ERP and results in a threedimensional representation of the data (two dimensions in space and
one in time). This representation consists of what is called a voxelbased representation of the EEG but the representations are still of the
scalp activity and no underlying source configuration has been
derived. Thus a voxel in this case refers to a position on the scalp (in
2-D space) at a particular time. We tested this representation for
temporally and regionally specific effects using separate factorial
anovas for each story, with each anova having two levels (attended
vs. unattended). We controlled for multiple spatiotemporal comparisons using the family-wise error rate based on a significance level of
0.05.

EEG results
The above-mentioned behavioral effects were accompanied by clear
differences in the AESPA responses to attended vs. unattended speech
streams (Fig. 2). Specifically, attention had obviously affected the
response to the left ear story in the timeframe of the positive
component, approximately 195–230 ms. Similarly the right ear story
showed differences in the same range, particularly over the left
hemisphere. Importantly, these attention effects appear large relative
to the SEM which is important given that this is a between-subjects
design. Another noteworthy feature of Fig. 2 is that the responses in
the 90- to 200-ms range also appear as if they may have been affected
by attention for the right ear story only. Because this is a betweensubjects design it is important not to read too much into the responses
from one story in isolation, and we note again that the common feature
of the two sets of responses is a difference in the amplitude of the
positive component at approximately 200 ms.
In order to statistically test the responses for attentional effects, we
employed SPM as mentioned above. Given the possible attention effect
in both stories in the 195- to 230-ms range (Fig. 2), and the possibility
that the right ear response was also affected from 90 to 195 ms, we
included the data from across the entire 90- to 230-ms range in our SPM
analysis. This analysis highlighted that the attention effects were
located over the left hemisphere during the timeframe of the positive
component at approximately 200 ms (left ear story, peak effect at
213 ms, F1,38 = 33.51, P = 0.002; right ear story, peak effect at
207 ms, F1,38 = 22.47, P = 0.03; see Fig. 3A). In addition there was a
contralateral attentional effect on the response to the story in the left ear
during the same timeframe (peak effect at 213 ms, F1,38 = 27.65,
P = 0.007). Using family-wise error correction, we found no statistically significant effects on any of the earlier components.
Given the identification of an attention effect in the 195- to 230-ms
range and the obvious inability of subjects to recall any of the content
of the unattended stream, we wished to assess whether our attention
effect may have been driven by suppression of the unattended stream
at approximately 200 ms. As previous studies have clearly shown the
existence of a positive component at approximately 200 ms in AESPA
responses obtained during the non-selective processing of speech
(Lalor & Foxe, 2010), we hypothesized that if the same positive
component to the unattended speech stream in this study were not
significantly greater than baseline, then that may be indicative of
suppression. We tested this by comparing the RMS response power on
the scalp during the interval 195–230 ms for both the attended and
unattended stories with the RMS power from the baseline interval
from )100 to 0 ms. Separate paired t-tests on this RMS measure did
not find any statistical differences for either story when unattended
(left ear story, P = 0.36; right ear story, P = 0.07), indicating that
neural activity related to the unattended story was suppressed to
baseline during this timeframe. Unsurprisingly, RMS power was
different from baseline when attended (left ear story, P << 0.01; right
ear story, P = 0.01).

Results
Behavioral results
The results of a 2 · 2 anova with levels of story (left ear ⁄ right ear)
and attention (attended ⁄ unattended) stream found a significant main
effect of attention (F = 1164.13, P < 0.001), no effect of story
(F = 3.08, P = 0.084) and no story · attention interaction (F = 2.15,
P = 0.147). On average, subjects correctly answered 80.4 ± 7.3% of
questions on the attended story and 27.1 ± 7.0% on the unattended
story, which, consistent with previous reports on dichotic listening
behavior, was not statistically greater than chance (P = 0.77).

Discussion
Our behavioral results clearly demonstrate that our paradigm, which
used only continuous natural speech streams, was extremely effective
in engaging subjects’ attention. Subjects answered significantly more
questions related to the attended story than the unattended story, with
performance being at the level of chance for the unattended stories;
this is consistent with previous reports on dichotic listening behavior
(Cherry, 1953).
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Fig. 2. AESPA responses at four representative electrodes for (A) the story presented to the left ear and (B) the story presented to the right ear when attended (black
traces) and unattended (red traces). The dashed lines around the solid are plots of the SEM across subjects.
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Fig. 3. The effect of attention on the scalp recordings. Spatial distribution of
the effect on the positive AESPA component in the interval 195–230 ms
identified by the SPM analysis for (A) the left and (B) the right stories. pFWE is
the significance level when family-wise error (FWE) is taken into account.

In parallel with these behavioural effects, our AESPA responses
show a robust, left-lateralized attention effect peaking at approximately 209 ms for both stories. This finding stands in contrast to a
large number of dichotic speech studies using the average ERP
method, which have typically shown much earlier effects, often over
frontocentral locations (e.g., Hink & Hillyard, 1976; Woods et al.,
1984; Teder et al., 1993; Coch et al., 2005; Nager et al., 2008). As
mentioned above, one possible reason for this is that the average ERP
method may result in temporally overlapping attention effects: those
that impact on exogenously driven processing and those that are
endogenously generated. For example, the endogenously generated
Nd component has been shown to onset as early as approximately
50 ms with a frontocentral distribution, and to persist up to 1000 ms
(e.g., Näätänen, 1982; Woods, 1990; Teder et al., 1993). This
component has been divided into two distinct phases: an early phase
that is thought to index a flexible mechanism of rough selection
between sounds based on their feature-based discriminability (Hansen
& Hillyard, 1980), and a less well understood later phase that is
thought to be related to the maintenance of an attentional trace
(Näätänen, 1982; Woods, 1990). Neither of these phases shows any
lateralization (Woods et al., 1984; Woods, 1990). Furthermore, in

studies where the ERP is derived in response to probe stimuli
superimposed on speech, the extended temporal duration of the late
phase has led to the suggestion that it actually relates to how relevant
the superimposed probes are to the speech stream and not to the
processing of the speech itself (Woods et al., 1984). An important
point here is that this endogenously generated component has been
implicated in attentional modulation of the exogenously generated N1
component of the auditory evoked potential (AEP; Näätänen, 1982).
Specifically, it has long been debated whether the N1 component of
the AEP was actually enhanced by attention, or whether attentional
effects during the N1 timeframe were actually a result of an
overlapping Nd wave (Näätänen, 1982; Woods, 1990). The AESPA
method recently contributed to this debate by showing that obligatory
sensory processing was enhanced by attention during the timeframe of
the N1 and that the entire attention effect was unlikely to be accounted
for by just the Nd (Power et al., 2011). In the present study we show
no attention effects during the timeframe of the N1 (or earlier),
perhaps indicative of our success in removing the influence of the Nd
wave.
As such, the question that arises is: to what attentional mechanism
does our late effect relate? One tentative proposal is that, unlike the
early effects that probably relate to the physical characteristics of the
stimulus (e.g., pitch, spatial location), our late effect may represent a
filtering process located at the level of semantic analysis (Treisman,
1964; Lewis, 1970, Treisman et al., 1974). This is consistent with
previous reports on the timing of the onset of semantic processing
(Helenius et al., 2002; Bonte et al., 2006; Salmelin, 2007) and with
reports on left hemispheric specialization for the processing of
semantic and linguistic information (e.g., Wernicke, 1874; Binder
et al., 1997). Previous studies using the AESPA have shown the
positive component peaking at 200 ms (known as the Pd
component, see Lalor et al., 2009) to be robust in the non-selective
processing of speech (Lalor & Foxe, 2010). Accordingly, the fact that
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Pd response power to the unattended speech stimuli in the present
study was found to be not significantly greater than baseline noise
power suggests suppression of irrelevant information at this stage. As
previously mentioned, the earlier negative component of the AESPA
(known as the Nc component), which has been shown to be sensitive
to attentional modulation (Power et al., 2011), did not show any
robust or consistent attention effects under the present task for either
the left or right ear story. Therefore, our result may be indicative of a
task-related flexible temporal locus of selective attention (Lavie et al.,
2004), deployed here, given the higher level task, in order to maximize
the ability to process attended speech.
Given previous reports of the semantic processing of unattended
speech without the ability to consciously identify that speech (Lewis,
1970; Holender, 1986), the locus of the left hemispheric Pd suppression
effect observed in our data may relate to the prevention of memory
trace formation for the semantic information in the unattended speech
stream. This accords reasonably well with EEG and magnetoencephalography data suggesting that semantic memory use during language
comprehension can be indexed by the so-called N400 component
(Kutas & Hillyard, 1980; Kutas & Federmeier, 2000), which has been
purported to onset as early as 200–250 ms in the posterior half of the
left superior temporal gyrus (Kutas & Federmeier, 2011). Furthermore,
it has been shown in a dichotic listening word list task that, while both
attended and unattended words are semantically processed and activate
semantic representations, the N400 elicited by unattended words is
insensitive to semantic manipulation (Bentin et al., 1995). The
attentional suppression of our Pd component at 200–220 ms, combined
with the general lack of (or at least severe reduction in; see Kutas &
Federmeier, 2011) any semantic manipulation effects on the N400 to
unattended stimuli, may suggest a specific temporal locus of attentional
suppression before which semantic processing occurs and after which
semantic information would otherwise be encoded into working
memory. Based on the differences between the current data and the
previous AESPA attention study using non-speech stimuli (Power
et al., 2011), this tentative hypothesis appears at least somewhat
plausible. However, further work needs to be done using controlled
manipulation of the stimuli and task within one group of subjects in
order to confirm this claim over other possible explanations.
These other possible explanations include a variety of attentional
mechanisms that are likely to play a part in the observed effects. For
example, low-level features such as space and frequency cannot be
entirely ruled out. In terms of space, it is worth noting that the
topographic distribution of our attentional effect depended somewhat
on which ear was attended. However, given that the timing and
lateralisation of our effects are so distinct from those early, nonlateralized effects typically reported for auditory spatial attention
(Woods, 1990; Power et al., 2011), we suggest that the role played by
space is relatively minor. The notion that frequency might play a role
arises as a result of the fact that, though the two speakers were male,
their voices were clearly distinguishable on the basis of pitch. Attention
to low-level features such as pitch, however, is often indexed by early
ERP effects, including the Nd wave (Hansen & Hillyard, 1980), and
thus it is unlikely to have played a dominant role in our effects.
Another potentially important factor in our results is the possible
role of auditory stream segregation, i.e., the separation of the two
speech streams into distinct auditory objects (Bregman, 1990). The
perception of a separation of concurrent non-speech auditory stimuli
into two distinct streams has previously been shown to be indexed by
a number of ERP components, including the P1, N1 and P2
components (e.g., Gutschalk et al., 2005; Snyder et al., 2006), in
addition to a negative component at approximately 160 ms (Snyder
et al., 2006) and a positive component in the 350- to 450-ms range

(Alain et al., 2001). Furthermore, a number of these segregation
indices have been shown to be affected by attention (Alain et al.,
2001), including some during the timeframe of our AESPA results
(Snyder et al., 2006). In contrast to our results, however, these
attentionally sensitive segregation effects are typically distributed over
frontocentral and central scalp regions (Alain et al., 2001; Snyder
et al., 2006), with some components being biased to the right
hemisphere (Snyder et al., 2006). While sound segregation undoubtedly took place in our study, the implications of these previous
findings for our left hemisphere results are unclear. One obvious
possible reason for the discrepancy is that our stimuli were speech
streams, which are preferentially processed on the left (Wernicke,
1874). On that note, it has been shown that successful segregation of
brief speech stimuli leads to enhanced activity in the left thalamus,
Heschl’s gyrus, the superior temporal gyrus and the planum temporale
(Alain et al., 2005), which would be more in line with our data. This
issue of attention and how it interacts with stream segmentation is a
complex one and it is difficult for us to comment on it further given
our current data. As a final observation on this topic, it is worth noting
that our experiment was designed to emphasize naturalness rather than
to explicitly quantify the contributions of the various attentional
processes at play in cocktail party listening. The naturalness of the
experiment, demonstrated by the behavioural performance, undoubtedly involves the recruitment of the many attentional mechanisms that
have evolved to maximize performance in multispeaker environments.
While we contend that attention to low-level features is likely to have
made a relatively minor contribution to our AESPA effects, the
quantification of the interactions between attention, stream segregation
and semantic processing will need to be investigated using a series of
more controlled experiments. The AESPA method offers a very
promising avenue for this future work.
A number of other recent studies on speech processing and the
cocktail party paradigm have employed EEG methods other than the
averaged ERP, including those examining the neural tracking of
speech (Luo & Poeppel, 2007; Kerlin et al., 2010; Ding & Simon,
2012). Kerlin et al. (2010) used a template matching algorithm on
ERP N1-derived source waveforms and found gain control affecting
areas in and around Heschl’s gyrus. Because of the fact that they fit
their source waveforms based on the N1, their results are likely to be
biased to an earlier stage of processing than our later attention effects.
A more direct comparison with our results might be possible by
adapting their approach in order to bias a later processing stage, or
even to discriminate multiple processing stages. Luo & Poeppel
(2007) show that the phase pattern of theta band (4–8 Hz) activity
tracks and can discriminate speech in auditory cortex. The authors
suggest that the measured theta activity may reflect the interaction
between auditory core and belt areas as well as possible contributions
from para-belt areas. They also show that the discrimination ability of
the phase tracking is correlated with speech intelligibility, which
suggests that the method may have utility for examining higher order
semantic processes. While these studies have been of great importance
to the understanding of the mechanisms involved in speech processing
and attentional selection in the cocktail party problem, it is arguably
more difficult to determine what processing stage(s) contribute to their
findings than is the case with our highly temporally resolved AESPA
response.
Having said that, the advantages of the AESPA method come at a
price. As already mentioned, the method is insensitive to cortical
activity unrelated to the stimulus envelope. In addition, in its current
form the AESPA simplistically assumes a linear relationship between
the stimulus envelope and the EEG response. Given that information
processing in the brain is conducted in a network-based manner
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incorporating feedforward, feedback and recurrent activity, it is clear
that a linear feedforward assumption would render the AESPA an
incomplete measure. For example, the modulation of early afferent
activity by efferent activity from higher order areas is likely to be a
highly non-linear process that would not be well characterized by our
method. Even so, on the basis of the data presented here we argue that
the AESPA method has allowed us to determine an important
temporal locus of selective attention under natural cocktail-party-like
conditions. Further work remains to be done to quantify the
contributions of low-level feature-based attention and of stream
segregation to the AESPA effects. In addition we will aim to further
evaluate the tentative hypothesis that our results point to a temporal
locus for the suppression of irrelevant semantic information and the
disruption of the encoding of this information into working memory.
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