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a  b  s  t  r  a  c  t

How  do  we  recognize  what  one  person  is  saying  when  others  are  speaking  at the  same  time?  The  “cocktail-
party  problem”  proposed  by Cherry  (1953)  has puzzled  scientific  societies  for  half  a century.  This puzzle
will not  be  solved  without  using  appropriate  neurophysiological  investigation  that  should  satisfy  the
following  four  essential  requirements:  (1)  certain  critical  speech  characteristics  related  to speech  intel-
ligibility  are  recorded;  (2)  neural  responses  to  different  speech  sources  are  differentiated;  (3)  neural
correlates  of bottom-up  binaural  unmasking  of  responses  to target  speech  are  measurable;  (4)  neural
correlates  of attentional  top-down  unmasking  of  target  speech  are  measurable.  Before  speech signals
reach  the  cerebral  cortex,  some  critical  acoustic  features  are represented  in  subcortical  structures  by  the
frequency-following  responses  (FFRs),  which  are  sustained  evoked  potentials  based  on precisely  phase-
locked responses  of  neuron  populations  to low-to-middle-frequency  periodical  acoustical  stimuli.  This
review summarizes  previous  studies  on FFRs  associated  with  each  of the  four requirements  and  suggests
that FFRs  are  useful  for  studying  the  “cocktail-party  problem”.
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1. Introduction

1.1. What is the “cocktail-party problem”?

In a noisy, multiple-people-talking condition, listeners with nor-
mal  hearing can still recognize and understand the attended speech
and simultaneously ignore background noise and irrelevant speech
stimuli. How do we recognize what one person is saying when oth-
ers are speaking at the same time? This cocktail-party problem, first
proposed by Cherry (1953),  has puzzled the societies of psychology,
neurophysiology, signal processing, and computer engineering for
half a century. It reflects human’s remarkable ability to selectively
detect, locate, discriminate, and identify individual speech sources
in noisy, multiple-people-talking conditions. More specifically, lis-
teners can use various cues available to facilitate their attention
to target speech and follow the target stream against irrelevant-
speech influences. These cues include precedence-effect-induced
spatial separation between the target image and the masker image
(e.g., Freyman et al., 1999; Huang et al., 2008, 2009a; Li et al., 2004;
Rakerd et al., 2006; Wu et al., 2005), prior knowledge about where
and/or when target speech will occur (Best et al., 2008; Kidd et al.,
2005a), knowledge/familiarity of the target-talker’s voice (Brungart
et al., 2001; Helfer and Freyman, 2009; Huang et al., 2010; Newman
and Evers, 2007; Yang et al., 2007), prior knowledge about the topic
of the target sentence (Helfer and Freyman, 2008), and viewing a
speaker’s movements of the speech articulators (Grant and Seitz,
2000; Helfer and Freyman, 2005; Rosenblum et al., 1996; Rudmann
et al., 2003; Sumby and Pollack, 1954; Summerfield, 1979, 1992). It
appears that any perceptual or cognitive cue that facilitates listen-
ers’ selective attention to target speech can improve recognition
of target speech against competing speech. Among these cues,
both the effect of voice voice voice the voice voice
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recent progresses in investigating the neural



Author's personal copy

Y. Du et al. / Neuroscience and Biobehavioral Reviews 35 (2011) 2046–2057 2049

Fig. 1. Typical response waveforms to the chatter presented at the contralateral ear
(panel A) or the ipsilateral ear (panel B) and the correspondent fast-Fourier spectral
analyses (panels C and D) of FFRs recorded in the inferior colliculus (IC). Note that the
recording site contralateral to the stimulated ear (panel A) exhibits a much larger
onset evoked potential than the site ipsilateral to the stimulated ear (panel B), but
contralateral FFRs and ipsilateral FFRs exhibit similar F0 and h2 amplitudes. The
horizontal bar in panels A and B represents the duration of the chatter stimulus.

(From Du et al., 2009b).

In particular, FFRs preserve spectral peaks corresponding to a
few formants of steady-state vowel-like sounds (Krishnan, 1999,
2002; Russo et al., 2004), time-varying consonant-like sounds and
the formant transition (Krishnan and Parkinson, 2000; Plyler and
Ananthanarayan, 2001; Song et al., in press). Pitch-relevant infor-
mation is also preserved in the phase-locked neural activity that
generates FFRs not only for steady-state complex tones (Greenberg
et al., 1987) but also for lexical tones such as Mandarin sylla-
bles with time-varying pitch contours (Krishnan et al., 2004, 2005,
2009; Xu et al., 2006). Moreover, FFRs can track time-varying pitch
prosody (Russo et al., 2008) and convey emotional status of com-
plex speech sounds (Strait et al., 2009). Using the 40-ms /da/ syllable
to elicit brainstem responses, Kraus and co-workers in a series
of studies have demonstrated how transiently responding com-
ponents and sustained FFRs separately encode sources and filter
characteristics of speech signals in representing paralinguistic and
linguistic information (for reviews see Johnson et al., 2005; Kraus
and Nicol, 2005).

FFRs to speech-like stimuli were also investigated in rats. Du
et al. (2009a,b) have found that the F0 component (2.1 kHz) of
vowel-like rat tail-pain chatter elicits FFRs in all recorded sites in
the IC (Fig. 1) and the LA, the h2 component (4.2 kHz) elicits FFRs in
all recorded sites in the IC but 22 out of the 51 recorded sites in the
LA, and the h3 component (6.3 kHz) barely elicits FFRs in the two
structures.

4. FFRs are useful for studying the “cocktail-party problem”

4.1. Stimulus selectivity of FFRs under multiple-source conditions

The second critical requirement for FFRs to be useful for study-
ing the “cocktail-party problem” is that when a target speech and
a masker are presented at the same time with a considerably low
signal-to-masker ratio (SMR), FFRs to the target speech should be

clearly differentiated from those to the masker. Russo et al. (2004)
recorded brainstem responses to the syllable /da/  and found that
both the transient component and the sustained component (FFRs)
of the brainstem responses to the speech syllable can be reliably
obtained with high test-retest stability and low variability across
listeners. More importantly, FFRs to the harmonics of the syllable,
particularly F0 and F1, are much more resistant to the deleteri-
ous effects of background noise than the transient responses to the
syllable. Since encoding of the F0 and F1 is important for both rec-
ognizing the speech content and identifying the speaker and voice
emotion, the robustness of the neural representation of the F0 and
F1 components in FFRs allows FFRs to be useful for investigating the
neural mechanisms underlying how speech recognition is achieved
under masking conditions. Li and Jeng (2011) recently reported that
the frequency error, slope error, and tracking accuracy of FFRs to
the Mandarin syllable syllable syllable
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Fig. 2. Panels A, B, and C show the spectra of the rat’s pain call (F0 = 2.1 kHz,
h2 = 4.2 kHz, h3 = 6.3 kHz), tone-complex masker 1 (M1: 1.9, 3.8, and 5.7 kHz), and
tone-complex masker 2 (M2: 2.3, 4.6, and 6.9 kHz), respectively. Panel D shows FFRs
recorded in a rat’s IC to the diotically presented mixture of the three stimuli with the
signal-to-masker ratio (SMR) at each ear being 0 dB. Obviously, FFR components to
the F0s of the three stimuli can be distinguished and some low-frequency missing
fundamentals occur in the FFRs.

cessing (Wilson and Krishnan, 2005). The binaural masking level
difference (BMLD) is a well-studied psychophysical phenomenon
showing that the signal, which is presented at both ears and masked
by a noise masker presented at both ears, becomes more detectable
when either the interaural phase of the signal or that of the masker
is reversed (Hirsh, 1948). Thus, the BMLD measures the ability of
listeners to use a difference between signal and masker in bin-
aural attributes to improve their detection of the signal against
the masking noise. In the Wilson and Krishnan study (2005),  the
FFR amplitudes to the noise-masked 500-Hz tone bursts under
antiphasic conditions (S�No or SoN�, with a 180◦ interaural phase
delay between the tone signal and noise masker) were substantially
larger than those under homophasic conditions (SoNo).

One of the advantages of intracranially recorded FFRs is that FFRs
of a particular brain structure can be recorded and differentiated
from those recorded from other structures. This structural resolu-
tion cannot be achieved by human scalp-recorded FFRs, especially
those recorded by the electrode in the vertex. Binaural properties
of FFRs in the rat IC were investigated by Du et al. (2009b). The
results of the Du et al. study have shown that although the rat’s pain
call (the chatter) presented at the contralateral ear evokes much
larger transient onset responses than the chatter presented at the
ipsilateral ear (Fig. 1A and B), the spectral amplitude of FFRs to
the contralateral chatter is similar to that to the ipsilateral chatter
(Fig. 1C and D). Moreover, IC FFRs to binaural chatter stimulation
exhibit a feature of ipsilateral predominance: FFRs are markedly
stronger when the ipsilateral chatter either leads or starts simul-
taneously with the contralateral chatter than when the ipsilateral
chatter lags behind the contralateral chatter (Fig. 3).

More importantly, under noise masking conditions, FFRs to the
chatter signal are markedly improved by introducing an ITD dis-
parity between the signal and the white-noise masker when FFRs
are recorded in either the rat IC (Du et al., 2009b)  (Fig. 4) or the

Fig. 3. Mean normalized F0 spectral amplitudes in IC FFRs under various monaural
and binaural stimulation conditions. F0 amplitude evoked by contralateral stim-
ulation only (C) served as the baseline condition (amplitude = 1) for amplitude
normalization. Error bars represent the standard error of the mean (SEM). I/C,
binaural stimulation with ipsilateral (relative to recording site) chatter leading
contralateral one; ST, simultaneous binaural stimulation; C/I, contralateral chatter
leading ipsilateral; I, chatter at ipsilateral ear only; C, chatter at contralateral ear
only. **P < 0.01, *P < 0.05, repeated-measures ANOVA.

(From Du et al., 2009b).
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Fig. 4. Relative response signal-to-noise ratios (response SNRs) of IC FFRs when the
chatter was co-presented with white noise with different ITD disparities (|ITDS+N|).
Response SNRs were presented separately for conditions when ipsilateral chatter
led  contralateral one (left) and conditions when contralateral chatter led ipsilateral
one (right). Numbers associated with each bar represent the ITD disparity (|ITDS+N|)
value in ms.  sSNR: stimulus signal-to-noise ratio.

(From Du et al., 2009b with modifications).

LA (Du et al., 2009a).  Fig. 4 shows relative response signal-to-noise
ratios of IC FFRs when the ipsilateral chatter leads (left panel) or lags
behind (right panel) the contralateral one and is co-presented with
the noise masker with different ITD disparities. Note that either a
0.1-ms or 0.2-ms ITD disparity between signal and masker is suffi-
cient to enhance the synchrony of phase-locked encoding of signal
in the IC.

The results of the animal studies (Du et al., 2009a,b) are generally
in agreement with the notion that introducing a difference between
signal and masker in binaural configurations improves auditory
representations of the signal, as proved by previous reports on bin-
aural/spatial unmasking of single-unit auditory responses in the
IC of laboratory animals (e.g., Caird et al., 1991; Jiang et al., 1997;
Lane and Delgutte, 2005; Lin and Feng, 2003; Mandava et al., 1996;
McAlpine et al., 1996; Palmer et al., 2000; Ratnam and Feng, 1998)
and previous reports on binaural unmasking of brainstem FFRs in
humans (Wilson and Krishnan, 2005).

It is of interest to know whether the binaural unmasking of FFRs
recorded in the rat’s IC shares similar mechanisms with the BMLD
as measured in the IC of other species. The BMLD has been demon-
strated on single neurons in both the guinea pig’s IC (e.g., Caird
et al., 1991; Jiang et al., 1997; McAlpine et al., 1996; Palmer and
Shackleton, 2002; Palmer et al., 1999, 2000) and the chinchilla’s
IC (Mandava et al., 1996). In general, the BMLD is considered as a
low-frequency phenomenon, because its value has been found effi-
cient when the frequency of the signal is below1-2 kHz (e.g., Caird
et al., 1991; Hirsh, 1948; Mandava et al., 1996). In the Du et al.
studies (2009a,b),  the F0 of the chatter was above 2 kHz, suggesting
that measurements of binaural unmasking based on synchronized
FFRs of a population of neurons exhibit some features that have not
been revealed in measurement of BMLD based on single-unit fir-
ing counting. Since FFRs to binaural stimulation are ITD dependent,
different populations of IC neurons contribute to FFRs differently
under different binaural configurations. In other words, when the
signal ITD is different from the masker ITD, some IC neurons are
driven only by the signal but not by the noise masker, leading
to an improvement in FFRs. This population-disparity strategy for
unmasking FFRs may  be similar to that for BMLD.

However, considering that Lane and Delgutte (2005) have
reported that signal-masker spatial separation improves only the
population thresholds but not necessarily the single-unit thresh-
olds of IC responses to the noise-masked signal in cats, analyses of

FFRs (which are based on synchronized activities of a population
of neurons) in various species are more advantageous than count-
ing numbers of single-unit action potentials in estimating binaural
unmasking of IC responses. Particularly, investigation of binaural
unmasking of IC FFRs in laboratory animals helps understanding
the reports that human brainstem FFRs are both resistant to noise
masking (Li and Jeng, 2011; Russo et al., 2004) and unmasked by
binaural processing (Wilson and Krishnan, 2005). Binaural unmask-
ing of IC FFRs may  also be associated with the benefit in processing
target signals by precedence-effect-induced perceived spatial sepa-
ration between signal and masker (e.g., Freyman et al., 1999; Huang
et al., 2008; Li et al., 2004; Wu et al., 2005).

4.3. Mechanisms underlying bottom-up binaural unmasking of IC
FFRs

In the rat IC, the majority of auditory neurons are predomi-
nantly excited by stimuli at the  IC, underlying the sepa-and of 2008; action at ) of17 0f
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Fig. 5. Effects of blocking the contralateral IC or the contralateral DNLL with
kynurenic acid (KYNA) on binaural unmasking of FFRs when the ipsilateral chat-
ter leads the contralateral one. Unmasking indices (UIs) of FFRs under different ITD
disparities are shown before (shaded bars) and after (hatched bars) injection of
either KYNA (panels A and C) or Locke’s solution (panels B and D) into the contralat-
eral IC (panels A and B) or the contralateral DNLL (panels C and D). Note that the
blockade of glutamate receptors in either structure significantly reduced UIs under
either 0.1-ms or 0.2-ms ITD disparity between chatter and noise. *P < 0.05, **P < 0.01,
paired-samples t-tests.

(From Du et al., 2009b).

review see Li and Yue, 2002). Clearly, ipsilateral stimulation drives
EE neurons in the recorded IC, as well as all the types of neu-
rons in the contralateral DNLL. It has been confirmed that the
contralateral DNLL plays a role in suppressing IC FFRs in quiet
because IC FFRs were enhanced by blocking the contralateral DNLL
when no masker is presented (Du et al., 2009b; Ping et al., 2008).
However, when the masker is presented and the ipsilateral chat-
ter leads the contralateral one, binaural unmasking of IC FFRs is
significantly reduced by blocking excitatory glutamate transmis-
sions in the contralateral DNLL (Fig. 5C), suggesting that GABAergic
projections from the contralateral DNLL play a role in binaurally
unmasking IC FFRs.

It has been well known that GABAergic inhibitory inputs to
the IC shape binaural responses of individual IC neurons (Burger
and Pollak, 2001; Kelly and Li, 1997; Kidd and Kelly, 1996; Li and
Kelly, 1992; Van Adel et al., 1999). Also, Lin and Feng (2003) have
reported that iontophoretic application of bicuculline, a GABAA
receptor antagonist, into the frog IC markedly degraded binaural
processing involved in spatial unmasking of the IC. Thus, ipsilateral
stimulation (relative to the recorded IC) drives the contralateral
DNLL, which not only inhibits IC FFRs but also facilitates binaural
unmasking of IC FFRs. The unmasking effect may  be caused by the

function of the DNLL in both facilitation of binaural responses to
the signal and suppression of responses to the noise masker. Some
studies (e.g., Klug et al., 2002; Xie et al., 2005) have shown that in the
free-tailed bat IC, the neural selectivity to species-specific calls is
primarily attributed to local GABAergic inhibition. Thus, the inter-
ruption of GABAergic innervations from the contralateral DNLL may
also disrupt the response selectivity of IC neurons to the tail-pain
chatter, leading to the reduction of FFRs to the chatter against noise
masking.

Since both enhancement of signal inputs and suppression of
masker inputs can improve the response signal-to-noise ratio in
neural representation of acoustic stimuli, the functional integration
of excitatory inputs from the contralateral IC and inhibitory inputs
from the contralateral DNLL is a critical issue for future studies of
binaural unmasking of FFRs.

4.4. Attentional top-down modulation of FFRs

Under “cocktail-party” conditions, listeners with normal hear-
ing are still able to take advantage of certain perceptual/cognitive
cues to facilitate their selective attention to target speech and fol-
low the target stream against masker influences. Thus, to determine
whether FFRs are useful for studying the “cocktail-party problem”,
it is necessary to investigate whether FFRs can be modulated by
selective attention.

Auditory selective attention refers to the mental ability to resist
distracters and select relevant information from acoustic events
(for a review, see Fritz et al., 2007a).  In spite of the extensive
research on attentional effects at cortical level, the neural basis
of top-down attentional control of auditory processing at lower
levels such as the auditory brainstem and cochlea is still less inves-
tigated. With respect to the brainstem level, a number of early
studies recording ABR elicited by brief acoustic clicks have yielded
negative results on either within-modal or cross-modal attentional
effects (i.e., Picton and Hillyard, 1974; Picton et al., 1981; Woods
and Hillyard, 1978). However, a recent functional magnetic reso-
nance imaging (fMRI) study by Rinne et al. (2008) has shown that
when a strictly controlled selective-listening paradigm requiring
highly focused selective attention throughout the experiment is
applied, human IC activation is significantly modulated by audi-
tory selective attention and this modulation depends on where in
space attention is directed. The study suggests that auditory pro-
cessing in the IC is not solely stimulus driven but is also top-down
modulated according to behavioral tasks.

Studies of FFRs evoked by pure tones and complex auditory
stimuli such as speech syllables have also shown the marked atten-
tional effect on both the FFR amplitude (Galbraith and Arroyo,
1993; Galbraith and Doan, 1995; Galbraith et al., 1998, 2003) and
latency (Hoormann et al., 1994, 2000, 2004). For example, Galbraith
et al. (2003) have shown that FFR amplitudes are substantially
larger when participants direct attention towards evoking tones
within the auditory modality than attend visual stimuli. Galbraith
et al. (1998) have also shown that FFR amplitudes to the F0 of
each vowel are significantly larger when that vowel was attended
than ignored. Since the F0 is perceptually salient and also con-
veys paralinguistic information such as the identity of the speaker,
it is conferred that the early attentional effect of evoked activi-
ties in human auditory brainstem may  differentiate the processing
of task-relevant/irrelevant stimuli based on salient paralinguistic
cues. Moreover, Hoormann et al. (2000) have shown that significant
attentional effects on FFR latency occur when a monotic paired-
stimuli paradigm is used, in which the first stimulus serves as
the reference for the second one, while no attentional effects are
present in a dichotic paradigm with sustained attention to one ear.
The authors therefore concluded that auditory attentional effects
on brainstem FFRs are evident mainly in unimodal situations with
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unilateral stimuli, when attention is highly focused to a restricted
time interval to cope with a difficult task.

The primary auditory cortex (A1) is the main cortical source
for providing auditory signals to other cortical regions and fore-
brain subcortical structures. By measuring regional cerebral blood
flows (Hugdahl et al., 2000; OLeary et al., 1997), hemodynamic
responses (Jancke et al., 1999; Krumbholz et al., 2007), neuromag-
netic fields (Fujiwara et al., 1998; Poghosyan and Ioannides, 2008),
or intracranial electrophysiological activities (Bidet-Caulet et al.,
2007), studies using human participants suggest that the A1 is
involved in auditory attention. Electrophysiological studies using
laboratory animals have also shown that the A1 is important for
mediating attention in rats (Jaramillo and Zador, 2011; Polley et al.,
2006), ferrets (Fritz et al., 2007b), and cats (Lee and Middlebrooks,
2011
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older-adult group compared with the younger-adult group, sug-
gesting that the ability of neurons at the brainstem level to phase
lock to the components of the stimulus is reduced for older adults.
Also, another recent study by Clinard et al. (2010) shows that FFRs
recorded in adult participants declined with advancing age from 22
to 77 years old. Thus, the FFR is useful for investigating why older-
adult listeners experience the difficulty of understanding speech in
“cocktail-party” environments.

5. Summary and future studies

Both bottom-up auditory processes, such as binaural unmask-
ing, and higher-level cognitive processes, such as selective
attention and language experience, facilitate speech perception
in cocktail-party environments. As reviewed in this article, FFRs
encode certain critical speech features related to speech intelligi-
bility and exhibit the marked selectivity to various sound sources.
Under masking conditions, FFRs to target speech can be binaurally
unmasked based on binaural processing in the auditory brainstem
and top-down modulated based on selective attention as well.
FFRs also exhibit both experience-related and age-related plastic-
ity. Thus, both scalp-recorded FFRs in humans and intracranially
recorded FFRs in laboratory animals are useful neurophysiologi-
cal indices for investigating the “cocktail-party problem”. Here we
propose three lines of studies in the future:

(1) Under adverse listening conditions, human listeners can take
advantage of various perceptual/cognitive cues to facilitate
their selective attention to target speech against speech mask-
ing, leading to an increase of the intelligibility of keywords
in target speech. We  propose that under noisy conditions,
the enhanced representation of target-speech signals in the
auditory midbrain contributes to the “cocktail-party problem”.
Supportive evidence has been recently reported by Song et al.
(in press) that under the six-talker speech-masking condition,
FFRs to the F0 during the formant transition of the sylla-
ble/da/are correlated with the performance of speech-in-noise
(SIN) task. Thus, if the keywords are assigned with partic-
ular F0s that are distinctive from those of non-keywords in
target speech and those of masking speech, FFRs specific to
the keywords would become useful markers for studying how
unmasking of target speech in human listeners are achieved by
the cues.

(2) In humans, selective attention to the stimulus enhances FFRs
to the stimulus. However, related animal studies are not avail-
able in the literature. In the future, appropriate animal models
for studying selective attention to acoustic stimuli will be
established and FFRs will be recorded in awake laboratory ani-
mals under simulated “cocktail-party” conditions. Since the A1
directly mediates neural activities in the IC, the potential cor-
ticofugal modulation of FFRs in the IC via its direct projections
should be investigated.

(3) The age-related difficulties in speech recognition under com-
plex listening situations may  be due to both age-related
bottom-up deficits at the sensory level, including reduced tem-
poral and/or spectral selectivity, and age-related top-down
deficits at the cognitive level, including declines in selective
attention, working memory, inhibitory control, and general
slowing. FFRs will be used in the future for further investigating
the age-related bottom-up deficits and top-down deficits.
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