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Normal listeners possess the remarkable perceptual ability to select a single speech stream among many competing talkers. However, few
studies of selective attention have addressed the unique nature of speech as a temporally extended and complex auditory object. We
hypothesized that sustained selective attention to speech in a multitalker environment would act as gain control on the early auditory
cortical representations of speech. Using high-density electroencephalography and a template-matching analysis method, we found
selective gain to the continuous speech content of an attended talker, greatest at a frequency of 4 – 8 Hz, in auditory cortex. In addition, the
difference in alpha power (8 –12 Hz) at parietal sites across hemispheres indicated the direction of auditory attention to speech, as has
been previously found in visual tasks. The strength of this hemispheric alpha lateralization, in turn, predicted an individual’s attentional
gain of the cortical speech signal. These results support a model of spatial speech stream segregation, mediated by a supramodal attention
mechanism, enabling selection of the attended representation in auditory cortex.

Introduction
Listening to one person speaking among many others serves as a
model for selective attention in ecological environments, as most
people depend upon it daily for social interaction and well-being
(Pichora-Fuller and Singh, 2006; Shinn-Cunningham and Best,
2008). Commonly referred to as the “cocktail party effect” (Cherry,
1953), this perceptual feat has been studied extensively for de-
cades using behavioral methods (Broadbent, 1957; Treisman and
Geffen, 1967; Driver, 2001). Neural evidence for auditory atten-
tional modulation first arose in electroencephalography (EEG),
in which the primary approach has been to characterize differ-
ences in the transient event-related potentials (ERPs) of attended
versus unattended sounds (Picton and Hillyard, 1974; Näätänen
and Michie, 1979; Woods et al., 1993; Alcaini et al., 1995). While
this approach has expanded our knowledge of auditory attention,
with few exceptions (Teder et al., 1993; Coch et al., 2005; Nager et
al., 2008) it tends to present sounds in isolation rather than con-
currently and therefore may not engage selective attention in the
same manner as under the intense perceptual load of a “cocktail
party” (Lavie, 1995). It is also limited by treating all sounds, pho-
nemes, or words as discrete events with a stereotyped neural onset
response.

Recent EEG and magnetoencephalography (MEG) studies
have used novel methods to measure the continuous responses,

rather than stereotyped onset components, to natural speech
from early auditory cortex. These signals appear to be closely
related to the slow (2–20 Hz) acoustic envelope of speech
(Ahissar et al., 2001; Purcell et al., 2004; Abrams et al., 2008;
Aiken and Picton, 2008; Lalor et al., 2009) and can differentiate
responses to vowels, words, and sentences (Suppes et al., 1997,
1998, 1999; Luo and Poeppel, 2007; Bonte et al., 2009). Given its
success in classifying natural speech when presented alone, a contin-
uous neural measure should be especially suited to characterize
how selective attention acts on concurrent streams of continuous
speech.

Finally, it remains unclear which top-down neural signals are
responsible for mediating attention to continuous speech in
space. Recent evidence suggests visuospatial attention, in partic-
ular the suppression of distracting speakers’ faces, affects com-
prehension of an attended speaker (Senkowski et al., 2008).
Visuospatial attention is known to be associated with relative
contralateral alpha suppression at posterior sites, which has been
attributed to parietal and/or occipital cortices (Worden et al.,
2000; Gruber et al., 2005; Medendorp et al., 2007; Palva and
Palva, 2007). This activity, in turn, predicts successful visual de-
tection (Thut et al., 2006). Although it has been proposed that
visuospatial attention and auditory spatial attention share an
overlapping mechanism, it is unknown whether contralateral
posterior alpha suppression occurs or plays a role in auditory
perception.

In the current study, we presented two different sentences to
listeners, either one sentence at a time or simultaneously with one
on each side. While listeners performed a comprehension task,
we recorded high-density EEG, filtered into frequency bands
ranging from very low (1– 4 Hz) to ultra-high (120 –160 Hz)
frequencies. We hypothesized that selective attention would act
via a gain increase on the lower frequencies in auditory cortical
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activity for the attended sentence, as measured in single trials. We
also tested whether lateralization of alpha activity at posterior
sites could predict the gain of the attended signal across individ-
uals, implying a mechanistic link between spatial and selective
attention in a “cocktail party.”

Materials and Methods
Participants. Fourteen volunteers (8 female) between 18 and 36 years
old participated in the experiment. All participants were right-
handed native English speakers with normal hearing, no history of
neurological problems, and no use of psychoactive medications or
drugs in the past month. Participants gave written informed consent
in accordance with procedures approved by the University of Califor-
nia Institutional Review Board and were paid for their participation.
A single participant was removed from all analyses in the current
study, based on near-chance overall behavioral performance (55%
accuracy). This was more than three SDs below the accuracy of the
group, qualifying as an outlier.

Speech stimuli. All speech stimuli were recorded in a sound-dampened
chamber from a 25-year-old male speaker. The speech stimuli consisted
of two incomplete sentences (sentence A: “Brandon’s wife seemed . . .”;
sentence B: “His other friend got the . . .”) of the same duration (1.36 s)
and 128 ending words (64 adjectives and 64 nouns). Ending words were
selected from the MRC Psycholinguistic Database (http://www.psy.
uwa.edu.au/mrcdatabase/uwa_mrc.htm). All adjectives were screened to
have a familiarity score of �500 and all nouns a concreteness score of
�500. Both nouns and adjectives were required to have 2 syllables. The
words were then further selected by a native English speaker to ensure the
adjectives and nouns were grammatically correct and semantically plau-
sible as a final word for sentences A and B, respectively.

To perform an analysis of the fundamental frequency of speech, the
speech stimuli were further processed in Praat (http://www.praat.org) to
flatten and alter the fundamental frequency of all speech sounds uni-
formly. From an average fundamental frequency of 128 Hz for the orig-
inal speaker, two sets of flattened speech stimuli with fundamentals at
123 Hz and 133 Hz were produced. The resulting sentences and words
remained highly intelligible, yet sounded monotonic and were lacking in
prosody. This conditioning of the stimulus was intended to produce a
frequency-following response (FFR) at the fundamental frequency in the
EEG waveform under all conditions. However, we had far fewer trials
than previous studies of the FFR (Krishnan, 2002; Dajani et al., 2005;
Musacchia et al., 2007), and the vowels of our ongoing speech stimuli
were short and discontinuous, which may have led to our lack of ob-
served FFR. This manipulation will therefore not be addressed further in
this paper.

Head-related transfer functions (HRTFs), recorded from AuSIM
in-the-canal microphones at �45° (left of midline), �45° (right of
midline), and 0° (midline) along the horizontal azimuth, were ob-
tained for each subject. Each individual’s HRTF was used to filter the
speech stimuli so talkers were perceived in virtual external space
(Langendijk and Bronkhorst, 2000). Finally, each speech stimulus was
normalized to have equal root mean square (rms) amplitudes at a
volume of �70 dB hearing level. All speech stimuli were presented
with Etymotic ER-4B insert earphones, shielded with grounded me-
tallic tape to avoid transduction artifacts in the EEG recordings. Fifty
percent of the sentence waveforms were randomly inverted, with no
perceptual consequence, to further preclude any possibility of artifac-
tual phase locking in the EEG signal.

Presentation and trial structures. Each trial presented one of three
conditions (Single Talker, Selective Attention, and Central Control),
each with three possible cue instructions. The Single Talker condition
included presenting a sentence immediately followed by an ending
word. The ending word was equally likely to be grammatically con-
gruent (e.g.,“Brandon’s wife seemed friendly.”) or incongruent (e.g.,
“Brandon’s wife seemed lizard.”). Single Talker sentences were always
presented to either the left or right of the participant. The Selective
Attention condition included the simultaneous presentation of dif-
ferent Single Talker sentences to the left and right of the participant

(always on opposite sides). The Central Control condition included
the simultaneous presentation of two sentences in the same midline
location.

Participants were instructed to attend to the subsequently presented
speech stimulus based on one of three cues: a left arrow (“�”), a right
arrow (“�”), or the numeral zero (“0”). For the Single Talker and Selec-
tive Attention conditions, the left or right arrow indicated the participant
was to attend to the speech presented in that direction. In the Central
Control condition, the participants were instructed to attend to the talker
based on pitch. During the Central Control condition, participants were
therefore told to attend to the lower pitch when given the left cue and to
the higher pitch when given the right cue. For seven participants, all
speech stimuli in the Single Talker and Selective Attention conditions
presented to the left had the fundamental frequency (f0) flattened to 123
Hz, and all speech stimuli presented to the right had f0 flattened to 133
Hz during the entire session. For the other seven participants, the loca-
tions of flattening and the corresponding pitch cue instructions were
reversed. In the Central Control condition, participants were required to
segregate the speech stimuli using the very small pitch differences present
in the Selective Attention condition, which, in contrast, also included
strong spatial information. Thus, it served as a behavioral control for
whether participants could be using the pitch information in the Selec-
tive Attention task, rather than the spatial information.

In all conditions cued with an arrow, participants were told to press the
1 key on the response pad if the attended sentence was grammatically
congruent and the 2 key if it was incongruent, regardless of its semantic
likelihood. Participants were asked to respond as quickly and accurately
as possible. For all subjects and sentence presentation types, participants
were told that the “0” cue indicated a passive trial, when they should
ignore all speech signals and give no response. For all conditions there
were equal numbers of each cue. For Single Talker presentations, the
arrow cues always pointed in the direction in which the speech stimulus
would actually be presented.

Each trial started with a cue, replaced 1000 ms later by a crosshair that
was maintained throughout the rest of the trial, followed 1000 ms later by
the onset of the sentence. After the 1364 ms presentation of the sentence,
a 1900 ms window was given in which the participant’s response could be
counted as accurate. The next trial would start jittered uniformly be-
tween 1000 and 2000 ms after the end of the response window (Fig. 1).

Each participant completed 12 blocks of 80 trials, with a short break
between each block, for a total of 960 trials, except for two participants
who completed 9 blocks, for a total of 720 trials. Forty percent of trials
presented Single Talker sentences, 40% presented Selective Attention
sentences, and 20% presented Central Control sentences. Trials were
presented in random order from a full factorial design that counterbal-
anced side of presentation, sentence type, and grammar congruency.

Data acquisition and analysis. EEG was recorded from a 128-electrode
cap continuously throughout trial presentation with the BioSemi Ac-
tiveTwo data acquisition system. All recordings were conducted in a
sound-dampened, electrically shielded room. The data were originally
recorded at a sampling rate of 2048 Hz and subsequently downsampled
to a rate of 512 Hz. For some participants, some electrode channels would
be visibly, excessively noisy for the entire duration of recording and were
therefore marked and interpolated with surrounding electrode sites
(Mean number of bad channels � 2.1; SD � 2.7).

All data analysis, except source localization, was performed in MATLAB
using a combination of the FieldTrip MATLAB toolbox (http://www.
ru.nl/fcdonders/fieldtrip/) and custom MATLAB scripts. The continu-
ous data were referenced to the average of all channels after interpolation
and filtered with a high-pass, zero-phase Butterworth filter at 1 Hz. The
data were then cut into epochs from 800 ms before to 2400 ms after
speech onset, baseline correcting from �100 to 0 ms relative to speech
onset. Independent component analysis (ICA) was performed on the
epoched data, constrained by the top 50 principle component analysis
components. The topographic distributions of the top 20 ICA compo-
nents discovered were screened for eye movement artifacts. No more
than two components, with far frontal distributions clearly indicative of
either eye blinks or lateral eye movements, were removed from the data
for each subject. Epochs with shifts greater than �80 �V were rejected.
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Only trials associated with a correct behavioral
response were included for EEG analysis. Be-
cause the Central Control condition was in-
cluded only as a behavioral control, it was not
included in any EEG analysis.

Epochs were sorted into separate bins for
each participant based on the condition (Single
Talker, Selective Attention) or on the content
of the sentence (either sentence A or sentence
B, as presented in the Single Talker condition
or as attended in the Selective Attention condi-
tions). The Selective Attention passive condi-
tions (cue “0”) obviously could not be grouped
based on attended content and were instead
averaged only within presentation type. For
some analyses, the Single Talker and Selective
Attention conditions were further subdivided
into bins based on the side of presentation (left
or right) and direction of attention (left or
right), respectively. For all bins, high- and low-
pitch conditions were collapsed.

A two-equivalent-current dipole model
based on the N1 component (100 –150 ms) for
the group grand averaged activity time locked
to the onset of each sentence, collapsed across
left and right Single Talker presentation, was
created in Brain Electrical Source Analysis. The two dipoles were con-
strained to be symmetric in spatial location and allowed to fit freely to a
single orientation for each dipole. The resulting fit placed vertically ori-
ented dipoles in the left and right hemisphere with Talairach coordinates
(x � 29; y � �31; z � 13; for the right dipole) consistent with sources in
or near Heschl’s gyrus. The residual variance for the fitting time interval
was 2.9%. The location and orientation of the dipoles are consistent with
the dipole parameters for sentence stimuli reported by Aiken and Picton
(2008). In a subsequent step the dipole model was exported to MATLAB
and was used as a spatial filter on the individual waveforms. The individ-
ual dipole waveforms were then filtered with eight different zero-phase
bandpass Butterworth filters with frequencies of 1– 4, 4 – 8, 8 –12, 12–30,
30 –50, 50 – 80, 80 –120, and 120 –160 Hz. Each filtered waveform was
split into nine time windows, 341 ms long (1/4 of the incomplete sen-
tence length), beginning with the window centered at the time of sen-
tence onset (0 ms) and ending centered on sentence offset (1364 ms),
shifting with 50% overlap. These waveforms, binned by participant,
talker condition, sentence content, cue direction, side of presentation,
hemisphere, frequency, and time, will subsequently be referred to as trial
waveforms.

Regression analysis. To measure the frequency and time course of the
ongoing representation of speech in auditory cortex, we developed a
template-matching method. For each participant, an N-minus-1 group
template waveform was created by averaging all trial waveforms not be-
longing to the current participant. There is thus no overlap in the data
contained in the participant and group template waveforms, and bins
within trial and group template waveforms can be collapsed indepen-
dently. For all comparisons, the linear least-squares estimate between the
template and all individual trial waveforms (�) was calculated for each
combination of comparison bins by the following equation:

��TSC, YSC	 �
�
i�1

n

��T
SCTSC	�1T
SCYSCi	

n
,

where T is the template waveform, Y represents individual trial wave-
forms, and S and C represent the sentence content and condition type,
respectively. The � value, or regression coefficient, serves as an esti-
mate of the extent to which the template waveform is present in each
individual trial. � values for within- and across-sentence comparisons
were found by the following equations: �within (TC,YC) � (�(TAC,YAC) �
�(TBC,YBC))/2 and �across(TC,YC) � (�(TAC,YBC) � �(TBC, YAC))/2, where
A and B represent the presented/attended waveforms for sentences A and
B, respectively. The discrimination index (DI) was calculated by simply sub-

tracting the within and across � values as follows: DI(TC,YC) � �within

(TC,YC) � �across(TC,YC).
A positive index reflects a shared signal between the trial and group

EEG waveforms that distinguishes which of the two sentence waveforms
was presented or attended on the individual trials (Fig. 2). A number of
different comparisons between waveforms can be made, and the defini-
tion of the comparisons performed in this study can be found in Table 1.
The method is conceptually similar to that devised by Luo and Poeppel
(2007), but we choose to compare filtered waveforms rather than phase
to be more sensitive to waveform phase changes within each analysis
window and to quantify the magnitude and sign of enhancement and
suppression.

For visualization across the scalp, topographic maps of the discrimi-
nation index are shown below (see Fig. 4) (also see supplemental Figure
1, available at www.jneurosci.org as supplemental material). The meth-
ods used were identical to those described above, with the exception that
waveforms were derived from each channel of the 128-channel array,
rather than the two source waveforms. T-scores at each channel were
derived from a one-sample test of the individual mean DI across partic-
ipants, with the null hypothesis of �DI � 0.

For the calculation of enhancement and suppression in the General-
ized Attentional Gain comparison, the within and across � values were
subtracted by the responses in the Generalized Passive condition to re-
move any signal that could be attributed to stimulus attributes as follows:
�within�corrected(T1,Y2) � �within(T1,Y2) � �(T1,Y2 P) and �across�corrected �
�across(T1,Y2) � �(T1,Y2 P), where the subscripts 1 and 2 represent active
attention Single and Dual Talker conditions, respectively, and the subscript
2P represents the Dual Talker Passive condition. The within and across �
values now represent the enhancement and suppression of the attended
signals, respectively, under the assumption that the time courses of A and B
within any given analysis window are orthogonal. To remove any enhance-
ment that could be an artifact of an increase in suppression, or vice versa, we
applied the following final correction: �enhance(T1,Y2) � �within�corrected

(T1,Y2) � �across(T1,Y1)�across�corrected(T1,Y2) and �suppress(T1,Y2) �
�across�corrected(T1,Y2) � �across(T1,Y1)�within�corrected(T1,Y2), where a posi-
tive �enhance represents enhancement of the attended signal that cannot be
attributed to suppression of the unattended signal and a negative �suppress

represents suppression of the unattended signal that cannot be attributed to
enhancement of the attended signal.

Alpha power analysis. To measure changes in power in the alpha range,
sensitive to the location of auditory spatial attention, the rms of the EEG
signal across all 128 electrodes, filtered from 8 to 12 Hz, was measured for
each of the nine time windows of the previous comparisons. The rms ampli-
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Figure 1. Trial structure. A cue is presented to indicate the to-be-attended direction, followed by the onset of one of the
sentences (Single Talker condition) or both simultaneously (Selective Attention condition). The expanded, inset box depicts a
subject attending to sentence A while the EEG waveform is recorded. Upon hearing the final word, the participant then judges
whether the attended sentence was congruent or incongruent.
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tude of every trial was averaged, and the data were then collapsed across
sentence content, leaving the two directions of attention (left and right) as
conditions within the two main talker conditions (Single Talker and Selec-
tive Attention). The power for left-cued trials (P�(CuedLeft)) was then sub-
tracted from right-cued trials (P�(CuedRight)) within each talker condition,
to examine the differential response between the left and right sentence pre-
sentations in the Single Talker condition, and left attention versus right at-
tention in the Selective Attention condition.

Based on previous visual studies showing alpha lateralization in posterior–
parietal electrodes, we selected the 26 electrodes in the posterior left quadrant
of the electrode array as the posterior left region of interest (ROIPL) and the
26 electrodes in the posterior right quadrant as the posterior right region of
interest (ROIPR). We quantified this differential alpha power response across
hemispheres to lateralized speech in a single measure: the alpha lateralization
index (ALI), similar to the index of the same name described by Thut et al.
(2006). We defined the alpha lateralization index with the following formula:
ALI � ROIPL(P�(CuedLeft) � P�(CuedRight)) � ROIPR(P�(CuedLeft) �
P�(CuedRight)).

Results
Behavior
Participants performed the speech comprehension task with a
high level of accuracy (M � 93.2% correct, SD � 3.67%). A 2 �

2 � 2 ANOVA was performed on accuracy with the within-subject
factors of talker condition (Single Talker, Selective Attention),
direction of attention (left, right) and attended sentence content
(sentence A, sentence B). A main effect of talker condition
(F(1,12) � 8.44, p � 0.0132) was found, with significantly better
accuracy for the Single Talker (M � 94.6%, SD � 3.63%) than
the Selective Attention (M � 91.8%, SD � 4.44%) condition. A
small but significant main effect of sentence content (F(1,12) �
7.98, p � 0.0153) was also found, with significantly better accu-
racy for the adjective sentence (M � 94.5%, SD � 3.33%) than
the noun sentence (M � 91.9%, SD � 4.59%). A second ANOVA
was performed based on the reaction time after the end of the
sentence for correct trials, using the same factors. There was a
main effect of sentence content (F(1,12) � 12.2, p � 0.0044) on
reaction time, with the noun sentence (M � 1084 ms, SD � 169
ms) leading to slightly but significantly longer reaction times than
the adjective sentence (M � 1028 ms, SD � 153 ms). There were
no other significant main effects or interactions. Subject perfor-
mance was therefore generally high and well balanced across
stimuli in the Single Talker and Selective Attention Conditions.
In a further Central Control condition, participant performance,
though above chance (one-sided t test; t(12) � 2.41, p � 0.016),
was extremely poor (M � 56.9%, SD � 10.2%), confirming that
accurate performance of the Selective Attention task was depen-
dent on spatial segregation.

Frequencies of speech representation in auditory cortex
consistent across individuals
We sought to identify which frequencies encode speech content
consistently across individuals in auditory cortex. We therefore
found the mean discrimination index value in the Speech Encod-
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Index (DI)  (τAA + τBB)/2              
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Waveform A
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Waveform B

EEG
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τBA             τAB
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= 

a

τwithin τacross-
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b

Figure 2. EEG Waveform analysis. a, Data from the 128-electrode array were reduced to two source waveforms in the left and right hemispheres, based on early-onset (N1) response to the first word of each
sentence.Sourceswerelocalizedinornearearlyauditorycortex.b,Adiagramoftheregressionanalysisusedtoproducethediscriminationindex.Foragivensubject,eachtrialEEGwaveformismatchedtoagroup
average template for the same (“Within”) or a different (“Across”) sentence. A positive discrimination index means that the EEG signal can distinguish which sentence was presented or attended.

Table 1. Discrimination index comparisons

Comparison name
Group template
waveform (T) condition

Trial waveform
(Y) condition

Speech Encoding (T1Y1 ) Single Talker Single Talker
Attentional Gain (T2Y2 ) Selective Attention Selective Attention
Generalized Attentional

Gain (T1Y2 )
Single Talker Selective Attention

Generalized
Passive (T1Y2P)

Single Talker Selective Attention (passive
listening only)
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ing comparison (Table 1), and collapsed across all dimensions
except EEG frequency. A positive discrimination index means
that the EEG signal at a particular frequency distinguishes be-
tween the sentences A and B when presented alone, in a consis-
tent manner across subjects. Three of the eight frequencies had a
discrimination index significantly above zero, based on one-
tailed t tests, Bonferroni corrected for eight comparisons: 1– 4 Hz
(t(12) � 7.54, p � 0.0001), 4 – 8 Hz (t(12) � 7.82, p � 0.0001), and
8 –12 Hz (t(12) � 4.83, p � 0.0016). An additional three frequen-
cies had discrimination indices greater than zero with a p value
�0.05, without Bonferroni correction: 12–30 Hz (t(12) � 1.91,
p � 0.0373), 30 –50 Hz (t(12) � 2.74, p � 0.0089) and 80 –120 Hz
(t(12) � 2.21, p � 0.024) (Fig. 3). As expected, lower EEG frequen-
cies were robust in discriminating which sentence was presented,
even on individual trials. Unexpectedly, the 30 –50 Hz and 80 –
120 Hz bands also showed positive discrimination indices,
though not as strongly, which would suggest differential, phase-
locked neural responses at very high frequencies that distin-
guished between sentences.

Frequencies of speech representation in auditory cortex
modulated by selective attention
We then tested whether selective attention modulates these neu-
ral representations of speech. The same analysis steps were thus
performed on the Attentional Gain comparison. Here, a positive
discrimination index means that an individual’s attention to a
sentence causes the EEG signal to better match the group re-
sponse when attending to that sentence, despite no difference in
the stimulus presented. The Attentional Gain comparison had a
significant discrimination index with Bonferroni correction at
4 – 8 Hz (t(12) � 4.08, p � 0.0064), with frequencies from 1 to 4 Hz
(t(12) � 2.15, p � 0.0266) and 12–30 Hz (t(12) � 1.80, p � 0.049)
having uncorrected p values �0.05. Thus, selective attention
causes a consistent, phase-locked response across individuals at
lower frequencies, especially at 4 – 8 Hz, that distinguishes which
sentence is being attended.

Notice, this comparison is indifferent to whether the speech
EEG waveform for one talker presented alone generalizes to, or is
qualitatively similar in, multitalker situations. Rather, it only re-
quires that attention consistently modulates the EEG signal when
listeners selectively attend in the presence of multiple talkers. To
test whether selective attention during competing speech acts via
gain control on the neural responses that represent speech when
heard alone, we performed the same analysis steps on the General-
ized Attentional Gain comparison. Here, a positive discrimination
index means that attending to a sentence causes an individual’s
EEG signal to better match the group signal for that sentence
presented alone, despite no differences in the stimuli presented.
The Generalized Attentional Gain comparison had a significant
discrimination index only at 4 – 8 Hz (t(12) � 3.57, p � 0.015,
corrected), with no other significant frequency ranges. Impor-
tantly, this attentional gain could not be explained by a simple
enhancement of the traditional early-onset (N1) response to
words, as shown by modeling sentence responses as a series of
word onset transients (results available at www.jneurosci.org as
supplemental material). Nor can these results be explained by
increased phase entrainment of an intrinsic 4 – 8 Hz oscillation
(also available at www.jneurosci.org as supplemental material).
Thus, attending to a speech signal increased its continuous neural
representation compared with the unattended sentence, in the
4 – 8 Hz range.

Hemispheric differences in speech representation
Further analysis of source hemisphere was performed only on the
frequency ranges with a significant discrimination index in the
previous analysis. Separate paired two sample t tests were per-
formed on the 1– 4 Hz, 4 – 8 Hz and 8 –12 Hz waveforms from the
Speech Encoding comparison. There was a significant main effect
of source hemisphere only for the 4 – 8 Hz range (t(12) � 3.40, p �
0.0053), with the right hemisphere having a significantly greater
discrimination index than the left hemisphere.

The same analysis was performed with the Attentional Gain
comparison at the 4 – 8 Hz range, again finding greater discrimi-
nation in the right versus left source (t(12) � 2.31, p � 0.040). In
the Generalized Attentional Gain condition, the 4–8 Hz frequency
range was compared, and though again the right hemisphere ap-
peared to be more discriminative than the left hemisphere, this dif-
ference was not quite significant (t(12) � 2.13, p � 0.054). In general,
the cortical response in the right hemisphere was more robust in
predicting which sentences were presented or attended, in the fre-
quency range of 4–8 Hz.

Enhancement of the speech representation by
selective attention
While the discrimination index distinguishes EEG waveforms
produced by attending to a particular sentence while ignoring the
other, it cannot show whether discrimination results from en-
hancement of the attended sentence signal and/or suppression of
the unattended sentence signal. To test each possibility, attended
and unattended activity was compared with a passive listening
“baseline.” Specifically, the passive listening template-matching
regression coefficients were subtracted from the attended and
unattended regression coefficients, forming an index of enhance-
ment and suppression, respectively. This was performed for all
participants with positive selective attention discrimination indi-
ces at 4 – 8 Hz (n � 10). These values were further corrected to
discount any values resulting from nonorthogonality in the two
template waveforms (see Materials and Methods). A positive
value in this index means the attended signal was enhanced, while
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a negative value indicates that the unattended signal was
suppressed.

At 4 – 8 Hz, the index on enhancement of the attended speech
was significantly greater than zero, as revealed with a one-tailed t
test (t(9) � 1.90, p � 0.045), while the index of suppression of the
unattended speech was not significantly different from zero,
showing a weak negative trend in a one-tailed test (t(9) � �0.96,
p � 0.18). Auditory selective attention to continuous speech
therefore acts at least via an enhancement of the attended signal,
as opposed to a strong suppression of the unattended signal.

Auditory spatial attention results in differential hemispheric
alpha power
Having indexed the content of selective attention to speech, we
tested whether alpha power in posterior cortex could predict the
location of speech presentation and selective attention. Based on
studies in the visual domain, we expected relative contralateral
alpha suppression and ipsilateral alpha enhancement when atten-
tion is focused laterally. As can be seen in Figure 4a, presenting a
sentence to the left versus right in virtual auditory space (Single
Talker condition) induces a clear difference between the hemi-
spheres at parietal channels due to stimulus location, with relative
ipsilateral alpha enhancement and relative contralateral alpha
suppression. We performed a Student’s t test using the alpha
lateralization index for the Single Talker condition (ALIST) across
all participants and found it was significantly greater than zero
(t(12) � 3.14, p � 0.0043), meaning that lateralized alpha power
was significantly predictive of the side of speech presentation.
When both sentences are presented simultaneously (Selective At-
tention condition), the differential alpha response based solely on
selective attention appears to have a similar time course and to-
pography as the Single Talker condition (Fig. 4a). A Student’s t
test of the Selective Attention alpha lateralization index (ALISA)
revealed the index was significantly greater than zero (t(12) �
2.37, p � 0.018), meaning lateralized alpha power predicted the

direction of auditory selective attention
in the absence of stimulus differences, in
a manner similar that of visual-spatial
selective attention.

Signals of speech representation and
selection over time
The neural mechanisms of allocating spa-
tial attention and selecting a talker may
not occur uniformly through time. We
therefore examined the time course of
both alpha lateralization and the discrim-
ination index over the duration of the sen-
tence, shown normalized in magnitude in
Figure 4, a and b. A one-way ANOVA of
the ALIST across time (9 time windows),
collapsed over all other bins, revealed a
significant main effect of time (F � 7.34,
p � 0.0001), starting at a value signifi-
cantly above zero and peaking at �340
ms. There was also a significant main ef-
fect of time for the ALISA (F � 2.9, p �
0.0057), though peaking somewhat later
at 682 ms.

A one-way ANOVA of the Speech En-
coding discrimination index at 4 – 8 Hz
across time (9 time windows), collapsed
over all other bins, also revealed a signifi-

cant main effect of time (F � 18.42, p � 0.0001) as did the
Generalized Attentional Gain discrimination index (F � 3.24,
p � 0.0026). The time course of the Generalized Attentional Gain
index appears to be quite similar to that of the Speech Encoding
index. This is not surprising, as the ability to discriminate sounds
based on selective attention should depend on the degree to
which their responses can be separated when presented alone.
However, as with the alpha lateralization index, the signal due
purely to selective attention (Generalized Attentional Gain DI)
peaks later than the signal evoked by external stimulus differences
(Speech Encoding DI), suggesting there may be a buildup period
for gain by selective attention. Consistent with this, the spatial
alpha effect tends to dominate early in the sentence, while the
attentional discrimination effect dominates later in the sentence.

Lateralized alpha power and attentional gain
Given that both phase-locked sentence-specific responses at 4 – 8
Hz and non-phase-locked power at 8 –12 Hz are sensitive to at-
tention among multiple talkers, we sought to test whether there is
a relationship between the two signals. We predicted that in the
Selective Attention condition, participants with greater early al-
pha lateralization, which is linked to attending to a particular
location, would also tend to have a greater Generalized Atten-
tional Gain discrimination index, which is a measure of selecting
the sentence content at the attended location. To test this, we
calculated the Pearson’s correlation coefficient between the mean
Selective Attention alpha lateralization index early in the sentence
(0 –512 ms) and the mean Generalized Attentional Gain discrim-
ination index later in the sentence (682–1364 ms) for each par-
ticipant (Fig. 5). A significant, positive correlation was found
between the two indices (r � 0.495, t(12) � 1.89, p � 0.043).

Although the topographies of these signals were quite differ-
ent, it is possible that this correlation reflected individual differ-
ences in factors independent of selective attention. However, we
found no significant correlation between the early Speech Encod-
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Figure 4. Spatial attention and sentence content selection. a, Scalp topographic maps over time of alpha activity following the
onset of the sentences (left minus right cued conditions). The superimposed line plots represent the normalized time course of the
Single Talker and Selective Attention alpha lateralization indices. b, Topographic maps of the discrimination indices following
the onset of the sentences. The superimposed line plots represent the normalized time course of the Speech Encoding and
Generalized Attentional Gain discrimination indices, averaged from the two source waveforms.
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ing DI and late ALISA (r � �0.148), ruling out general differences
in an individual’s stimulus driven response as the cause of the
relationship. We could also rule out that individual differences in
alpha activity over the entire time course caused this relationship,
as there was no significant correlation when the ALISA was taken
from the same time window as the late Generalized DI (r �
0.074), nor if the ALISA was replaced with the overall alpha power
in the same time period (r � 0.17). Thus, the relationship be-
tween lateralized alpha activity and the gain of sentence content
reflects an interaction between distinct mechanisms of spatial
and selective attention.

Discussion
We have shown that selective attention in a “cocktail party” mod-
ulates the early cortical representation of speech via a gain mech-
anism. Specifically, selective attention increases discrimination of
the attended speech signal in auditory cortex in the range of 4 – 8
Hz, a frequency band strongly represented in the speech envelope
and known to be important for speech comprehension. We dem-
onstrate furthermore that this attentional gain is due to enhance-
ment of the attended sentence, and possibly suppression of the
unattended stream.

In addition to the neural gain in speech representation, our
results establish that alpha power lateralization at parieto-
occipital sites reflects the direction of auditory attention to con-
tinuous speech in space. Posterior parietal cortical involvement
in attentional selection of speech-in-noise has been shown with
high spatial resolution using fMRI, with greater bilateral superior
parietal lobule (SPL) activity when participants select a talker
based on spatial attributes rather than pitch (Hill and Miller,
2009) and for shifts versus maintenance of auditory selective at-
tention (Shomstein and Yantis, 2006). Furthermore, a recent
MEG study found occipitoparietal alpha activity when subjects
maintained lateralized sounds in working memory (Kaiser et al.,
2007), and recent fMRI studies find sensitivity to auditory spatial
attention in occipital as well as parietal cortex (Wu et al., 2007;
Cate et al., 2009). Notably, the topography of our alpha lateral-
ization is nearly identical to that in cued visuospatial attention
(Worden et al., 2000; Sauseng et al., 2005; Kelly et al., 2006; Rihs

et al., 2009) and intermodal attentional switching (Foxe et al.,
1998). Although the arrow cue in the current experiment could
have evoked pure visuospatial attention with alpha lateralization,
this interpretation is unlikely as the cue onset occurred long be-
fore (2 s) the ALI analysis window and no visual stimuli were ever
colocalized with the voices. The overlap of alpha modulation at
parieto-occipital sites for both auditory and visuospatial atten-
tion adds to growing behavioral and physiological evidence for a
supramodal mechanism of attentional selection (Farah et al.,
1989; Spence and Driver, 1996; Eimer et al., 2004).

Not only does alpha power at parieto-occipital sites reflect
where the brain allocates selective attention to continuous speech
in space, but it also predicts how well the auditory cortex distin-
guishes which sentence is attended. The correlation between alpha
power lateralization and the strength of the selective attention
response to continuous speech provides a mechanistic link be-
tween parieto-occipital alpha activity and selective enhancement
of the attended auditory stimulus. The time courses of our chosen
measures of selective attention also suggest an order to these
effects. Alpha lateralization due to spatial attention peaks early
and disappears before the end of the sentence, which implies that
differential parieto-occipital activity is needed to select an audi-
tory object in space, but is not required to maintain the auditory
stream over time. This is consistent with fMRI evidence for
greater activity in the SPL to auditory speech stream switching
than maintenance (Shomstein and Yantis, 2006). The time
course of the neural selection of speech content, as indexed by the
Generalized Attentional Gain comparison, peaks later and is sus-
tained throughout the sentence. This time course is more difficult
to interpret, and could be well explained by differences in the
stimulus envelope over time, such that the more the envelopes of
two sentences differ, the easier it is to detect a difference in the
neural response between them (Abrams et al., 2008; Aiken and
Picton, 2008). However, other cognitive temporal effects, such as
perceptual buildup in the streaming of the attended sentences
(Shinn-Cunningham and Best, 2008), or the increased task rele-
vance around sentence endings in our paradigm, may also play a
role. Future experiments with a variety of longer and systemati-
cally varied sentence structures are needed to disambiguate the
issue. Regardless, the attentional gain of sentence content clearly
continues after the offset of alpha lateralization, implying that
alpha spatial selection mechanism is resolved before the entire
sentence has been processed.

Though the current study shows clear attentional enhance-
ment of a 4 – 8 Hz signal in auditory cortex, our approach is
agnostic with respect to the representational nature of the signal
itself. As in similar, previous studies (Suppes et al., 1998, 1999;
Luo and Poeppel, 2007), we find robust speech representations in
these lower frequencies. Further analysis (results available at
www.jneurosci.org as supplemental material) established that the
low-frequency attentional gain is an ongoing phenomenon, as
with ongoing attention to tone sequences (Elhilali et al., 2009),
and cannot be explained by a traditional, transient word onset N1
response. Several possibilities for the nature of this ongoing signal
remain. Most likely, much of the initial 4 – 8 Hz signal reflects a
response to the speech envelope, which has substantial power in
the 2–20 Hz range (Purcell et al., 2004; Aiken and Picton, 2008)
and is known to evoke a following response preferentially at the
natural frequencies of speech envelope (Ahissar et al., 2001). Fur-
thermore, this low-frequency encoding is greater in the right than
left hemisphere, also consistent with prior work on the speech en-
velope (Tremblay and Kraus, 2002; Abrams et al., 2008), as well as
asymmetric sampling in time theory, in which syllabic timescales
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are processed preferentially in the right hemisphere (Poeppel,
2003; Giraud et al., 2007; Abrams et al., 2008; Overath et al.,
2008). An alternative view is that the 4 – 8 Hz signal is not a speech
representation per se but rather reflects intrinsic oscillatory neu-
ral activity that is phase reset by an ongoing stimulus (Makeig et
al., 2002; Luo and Poeppel, 2007; Lakatos et al., 2008; Bonte et al.,
2009). Although possible, in line with recent papers in the visual
domain (Mazaheri and Jensen, 2006; Risner et al., 2009), we
found little evidence that the 4 – 8 Hz signal from auditory cortex
before the stimulus maintained phase information for multiple
cycles (results available at www.jneurosci.org as supplemental
material). A parsimonious interpretation of our results suggests
that this speech encoding signal is closely related to the properties
of stimulus acoustics, such as the speech envelope, and limited by
the temporal resolution of auditory cortical networks.

While previous studies on the cortical response frequencies to
natural continuous speech report no differentiating frequencies
�50 Hz (Suppes et al., 1998, 1999; Ahissar et al., 2001; Bidet-
Caulet et al., 2007; Luo and Poeppel, 2007; Buiatti et al., 2009), we
found weak evidence of neural speech encoding �80 Hz. At 80 –
120 Hz, the finding of a positive discrimination index requires a
phase-locked response, shared among participants with latency
differences of less than �6 ms (1/2 the longest wavelength).
Higher frequencies may reflect transient responses to particular
plosives, fricatives, or transitions within the speech stream or
possibly higher order processes, such as matching external audi-
tory stimuli to templates in working memory (Kaiser et al., 2003,
2008; Lenz et al., 2008; Shahin et al., 2009). Further studies are
required to determine whether phase-locked speech encoding
responses are truly present in cortex at these frequencies.

Our attentional gain analyses were performed using a dipole
model aimed at maximizing signal originating in or near early
auditory cortex. Such generators produce a canonical frontal-
central and posterior scalp distribution and can be modeled to a
large extent by one dipole in each hemisphere (Scherg et al., 2007;
Aiken and Picton, 2008). We expected that most time-locked
cortical activity in response to an extended, complex acoustic
stimulus such as speech would come from this region of cortex,
producing a similar pattern on the scalp. Indeed, the discrimina-
tion index at 4 – 8 Hz across all scalp sites is largely consistent
with our two dipole source model based on the early auditory
onset response (N1) (see supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). This finding agrees with
the MEG results of Luo and Poeppel, which found sentence dis-
crimination greatest in the same channels as the auditory M100
(Luo and Poeppel, 2007). Nevertheless, this approach cannot
exclude the possibility that other regions, particularly language
related areas such as superior temporal sulcus, may also have
time-locked, differential responses between sentences that con-
tribute to the source waveforms.

We should emphasize that many of our results rely on a novel
application of EEG template matching to produce the discrimi-
nation index. This technique has several advantages when com-
pared with traditional ERP or oscillatory power analysis. Notably,
it allows for the measurement of a shared response pattern to an
extended stimulus without requiring any prior knowledge of the
pattern, and with very few assumptions about its time course and
frequency content. This makes the method ideal for exploratory
studies in which, unlike traditional ERP analysis, unexpected but
consistently time-locked responses can be detected. It has some
limitations, including the requirement that the same stimulus
must be presented multiple times and that the responses must
be phase locked. But as a complement to more established

methods, it offers substantial advantage in characterizing the
multiple, temporally overlapping signals so common in natu-
ralistic environments.

We propose that auditory selective attention in a cluttered,
realistic environment begins with allocating spatial attention.
This is evidenced by increased contralateral alpha suppression,
which may reflect networks in the contralateral posterior parietal
cortex shifting from a passive to active state, or active suppression
of the unattended space. The posterior parietal cortex may then
bind the auditory object to a location in space to assist in the
selection and streaming of the auditory content. Once the
object is successfully streaming, supramodal spatial activity
reduces and stream selection continues based on nonspatial as
well as spatial cues. In contrast to the suppression of non-
phase-locked alpha in the parieto-occipital cortex, phase-
locked early auditory cortical representation of the attended
stream in the temporal lobe is then enhanced via a gain mech-
anism, leading to successful comprehension.
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