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Abstract

Neural synchronization is a mechanism whereby functionally specific brain regions establish transient networks for
perception, cognition, and action. Direct addition of weak noise (fast random fluctuations) to various neural systems
enhances synchronization through the mechanism of stochastic resonance (SR). Moreover, SR also occurs in human
perception, cognition, and action. Perception, cognition, and action are closely correlated with, and may depend upon,
synchronized oscillations within specialized brain networks. We tested the hypothesis that SR-mediated neural
synchronization occurs within and between functionally relevant brain areas and thus could be responsible for behavioral
SR. We measured the 40-Hz transient response of the human auditory cortex to brief pure tones. This response arises when
the ongoing, random-phase, 40-Hz activity of a group of tuned neurons in the auditory cortex becomes synchronized in
response to the onset of an above-threshold sound at its “preferred” frequency. We presented a stream of near-threshold
standard sounds in various levels of added broadband noise and measured subjects’ 40-Hz response to the standards in a
deviant-detection paradigm using high-density EEG. We used independent component analysis and dipole fitting to locate
neural sources of the 40-Hz response in bilateral auditory cortex, left posterior cingulate cortex and left superior frontal
gyrus. We found that added noise enhanced the 40-Hz response in all these areas. Moreover, added noise also increased the
synchronization between these regions in alpha and gamma frequency bands both during and after the 40-Hz response.
Our results demonstrate neural SR in several functionally specific brain regions, including areas not traditionally thought to
contribute to the auditory 40-Hz transient response. In addition, we demonstrated SR in the synchronization between these
brain regions. Thus, both intra- and inter-regional synchronization of neural activity are facilitated by the addition of
moderate amounts of random noise. Because the noise levels in the brain fluctuate with arousal system activity, particularly
across sleep-wake cycles, optimal neural noise levels, and thus SR, could be involved in optimizing the formation of task-
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relevant brain networks at several scales under normal conditions.
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Introduction

Neural synchronization is a putative mechanism whereby brain
regions subserving specific functions communicate for the purpose
of establishing transient networks that accomplish perception,
cognition, and action [1-2]. It has been demonstrated, in model
neurons, in slice preparations, and in whole brains, that neural
synchronization is facilitated by the addition of optimal amounts of
random fluctuations, or “noise,” to a neural network, whereas less
than optimal amounts have less effect and larger than optimal
amounts destroy synchronization [3]. This is one of a large class of
such effects of noise on nonlinear systems that is called “stochastic
resonance.” Moreover, it has also been demonstrated that SR
occurs in human perception, cognition, and action as well as in
various physiological preparations [4]. Several previous papers
have speculated that SR-mediated neural synchronization is
responsible for the behavioral SR effects [5-6]. In the present
paper we provide new evidence consistent with this hypothesis. In
addition, we describe several different modes of action of SR in the
brain, both as enhancing local neural synchronization responsible
for initial stimulus processing and indexed by local changes in
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spectral power in various frequency bands, as well as enhancing
stochastic phase locking between distant brain regions cooperating
in a network to manage processing of the effects of external stimuli.
These results imply that SR-mediated neural synchronization is a
general mechanism of brain functioning.

Synchronization as used here refers to the establishment and
maintenance of a roughly constant difference between the
oscillatory phases of weakly coupled oscillators through their
mutual effects on each others’ phases [7]. Physical synchronization
was probably discovered by Huygens and has been an important
topic in physics for many years. That it occurs in living systems has
also been known for many years, and its study has been made
easier by the introduction of models of synchronization in
populations of weakly coupled phase oscillators [8-9]. Most
recently, synchronization in complex systems, including chaotic
systems, has been characterized [10-11]. Although several
measures of synchronization have been introduced, particularly
for studying chaotic systems, only a few have been widely adopted
in neuroscience. In the present paper we use a measure closely
related to the idea of roughly constant phase difference, but we
acknowledge that more detailed descriptions of synchronization in
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the brain will be possible with the use of more sophisticated
analyses [12].

Synchronous activity within neural networks in the gamma
range of frequencies (30-50 Hz) is strongly associated with
perception. This was first established robustly when Gray and
Singer [13] showed that approximately 40-Hz oscillations were
entrained and synchronized among cat primary visual cortical
neurons that responded to the onset of a visual stimulus in their
receptive fields. Among the many confirmatory results are those
that established a similar response in human V1 [14] and in
human Al [15]. Synchronized gamma-frequency oscillations may
be involved in binding together distributed neural representations
of the external world [16], and may also play a role in producing
perceptual awareness [16-17].

Importantly, noise can either enhance or destroy synchroniza-
tion in networks of both model and real neurons [3]. Because of
these effects stochastic resonance (SR) can occur in these networks.
Synchronization-related SR is indicated whenever some optimal,
non-zero, noise level leads to maximal synchronization of neural
activity (spiking or oscillating dendritic currents) among elements
of the network according to some appropriate metric. SR itself was
discovered and named in physical systems. The first mention of
SR seems to have been independently by Benzi, Sutara and
Vulpiani [18] and by Nicolis [19] in describing subtle effects of
solar variability on climate. A plethora of theoretical and
experimental studies followed their work (reviewed many times
but notably by Gammaitoni et al. [20]). One development highly
relevant to neural systems was that of non-dynamical SR [21]. In
this phenomenon, the all-important system non-linearity is simply
a threshold such as that implemented in every neuron as the
spiking threshold around -50 mV. This threshold can be “soft,” or
gradual, as long as the transfer function results in areas of non-
invertibility (or many-to-one mapping) between the below- and
above-threshold regimes [22]. Such soft thresholds probably
characterize those found in most living systems, including in
neurons and in human psychophysical thresholds [23], as
mathematically hard thresholds (i.e., a Heaviside function) are
idealizations. Neural network SR was first described by Jung and
Meyer-Kress [24] and has been studied extensively since then
[25]. Thus, because SR can affect neural synchronization, it could
play an important role in the brain implementation of perceptual
and cognitive processes and even in the generation of primary
awareness.

The first direct evidence that SR might operate in the human
brain, to our knowledge, was the study of Srebo and Malladi [26].
They found that the EEG steady-state visual evoked potential
(VEP) to contrast-reversing (at 4 Hz) weak (20% contrast) square-
wave gratings over occipital cortex was enhanced by the presence
of a moderate level of flickering visual noise. Subsequently,
Stufflebeam, Poeppel and Roberts [27] showed that the variability
of the magnetoencephalographic (MEG) M100 response to 6 dB
SL 200-Hz pure tones decreased in the presence of a moderate
level of added noise.

Several more definitive studies have established more firmly the
occurrence of SR in the human brain. Mori and Kai [28] found
that 10 Hz (first harmonic of driving frequency) neural responses
recorded by scalp electrodes placed over the occipital cortex were
more strongly entrained by a sub-threshold 5-Hz flickering
stimulus when intermediate amounts of random visual noise were
added. Similarly, Manjarrez et al. [29] showed that the EEG
signal-to-noise-ratio (SNR) near the driving frequency over
somatosensory cortex to a 2.5 Hz mechanical stimulus applied
to a finger was enhanced by an non-zero level of mechanical noise
added to the stimulus, albeit a different level for different subjects
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(cf. [30]). Finally, Kitajo et al. [6] recorded the EEG while subjects
performed a visual detection task in a design similar to that of
Mori and Kai [28] and Kitajo et al. [5], with noise and stimulus
presented to the two eyes separately so that the two were mixed in
the brain rather than in the stimulus or at the receptor. They
found that average phase locking statistics between all pairs of 19
electrodes distributed equidistantly over the scalp were maximal
for the same, non-zero, noise condition at which performance
peaked, and this occurred for all of the theta (4-7 Hz), alpha/beta
(8-29 Hz) and gamma frequency bands. It is generally agreed that
synchronous oscillations of dendritic currents among large
numbers of cortical pyramidal neurons is the origin of the
electrical potentials recorded by EEG [31]. Thus, we can conclude
that the SR observed in these studies probably was caused by
noise-induced changes in synchronization among cortical neurons.

Interestingly, an early study of masking of the 40-Hz auditory
steady-state response (SSR) by broadband auditory noise reported
the serendipitous discovery of a phenomenon that closely
resembles SR [32-33]. Galambos and colleagues found that
whereas high levels of noise reduced the magnitude of the EEG-
recorded SSR, paradoxically a low level of ipsilateral noise, but not
contralateral noise, actually enhanced the SSR relative to the no-
noise condition. More recently, Tanaka, Kawakatsu and Nemoto
[34] also found some intriguing evidence of SR in the auditory
SSR using MEG.

Although these previous studies do show that SR seems to affect
synchronization among neurons in the human brain, they do not
provide information about exactly where these SR effects are
occurring. The EEG or MEG scalp recordings analysed are
comprised of a mixture of signals from many areas of the brain
and are thus ambiguous as to the sources of these signals. One or
more of the above-described studies are also are limited in
generality to conditions of low frequency driving of neurons, at-
rest, eyes-closed conditions, particular frequency bands, or single-
sensor or averaged-over-sensors synchronization analysis. It is
therefore not possible know on the basis of these previous studies
whether SR affects intra-regional neural synchronization, inter-
regional synchronization, or both, nor exactly which brain regions
are displaying the SR effects.

We built upon this earlier work by implementing brain source
analysis to obtain evidence of SR within and between localized
brain regions. Because of the promising results already obtained
for the auditory 40-Hz SSR we decided to study neural SR within
this general domain. Because of the possibility of analyzing
responses to single stimuli, however, we decided to examine the
effects of added auditory noise on the closely related 40-Hz
transient auditory response. This response also seemed to be a
good choice because its neural etiology is fairly well understood
and it is relevant to perception and attention [35] and thus to
behavior.

The 40-Hz response of the human auditory cortex measured by
EEG or by MEG is an index of neural synchronization that is
directly related to the detection of environmental sounds. The
transient 40-Hz response arises when the ongoing, random-phase,
40-Hz activity of tuned neurons in the auditory cortex is locked to
the onset of a sound stimulus to which they respond, and a steady-
state 40-Hz response (SSR) arises when the activity of responding
neurons is phase-locked to a persistent 40-Hz modulation of a
carrier sound [15,36]. As the steady-state 40-Hz response recorded
by EEG appears to arise from a summation of the potential
oscillations generated by closely spaced transient 40-Hz responses,
the two have often been treated as arising from the same neural
sources [36-37]. Both transient and SSR responses are closely
related to the behavioural threshold for detection of the sounds —
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that is, they appear at roughly the same sound level as that
required for a behavioural response [38—40]. It has been suggested
that the threshold for the 40-Hz response, particularly the SSR,
can be used as a surrogate for the threshold for detection of sounds
in those who cannot or will not make verbal or other behavioral
responses in threshold tests [36,41]. Although this works quite well
for adults [41], the SSR at higher frequencies, 80 Hz in particular,
is better for children and infants [41-42]. In our study we take
advantage of this behavioral surrogate status in adults to present
many more near-threshold stimuli than would be possible in a
typical study that actually obtained behavioral responses to each
stimulus (see Methods section).

We adopted a paradigm similar to that used by Tiitinen et al.
[35] who demonstrated the effect of attention on the transient 40-
Hz response. We presented bilateral streams of peri-threshold
sounds (1000-Hz at 5dB SL to the left ear, termed “left
standards,” and 500-Hz at 5 dB SL to the right ear, termed
“right standards”) in the presence of various levels of added
broadband acoustic noise (no-noise, -5, 0, 5, 10 and 20 dB SL to
the left ear only) while recording 64-channel EEG (see Figure 1 for
stimulus timing). The peri-threshold sounds were randomly mixed
with occasional 20 dB SL intensity “deviants” (5%) at both
frequencies, and subjects were required to push a button when
they detected a deviant in the lefi ear only, so that they were
attending to the stimulus stream in the left ear and ignoring that in
the right ear. We localized the neural sources activated by this task
that were common to most subjects using independent component
analysis and subsequent single dipole fitting. We then measured
the 40-Hz response to the peri-threshold standards, as well as
inter-component synchronization, for selected independent com-
ponents at each of the various levels of added acoustical noise in
order to determine whether the noise would modulate synchro-
nization in the brain, thus implicating SR. Although subjects did
not respond behaviorally to the standard stimuli, the measurement
of the 40-Hz transient response to those stimuli under the various
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noise conditions constitutes a surrogate for a behavioral response
as described earlier, because the strength of the 40 Hz response is
directly related to the probability of a behavioral response in a
standard behavioral threshold task.

Independent component analysis (ICA) is a blind source
separation method [43] that consists of decomposing the EEG
time series, which consists of a linear mixture of signals from many
sources, into a set of statistically independent signals called
independent components (ICs) [44] prior to any dipole fitting
procedure. ICA decomposition is useful as a method of artifact
rejection to separate irrelevant physiological activities originating
from ocular, muscular, and cardiac activity, as well as electrical
interference (line noise), from relevant neural activity, based on the
activity time courses, scalp maps, power spectra, and dipole
locations of the ICs [45], thus increasing the signal-to-noise ratio of
the experimental data. Another advantage of the ICA approach is
that it requires no prior assumptions regarding the number or
locations of active neural sources in a given paradigm (although of
course there is often prior knowledge that constrains regions of
interest, as in the present case). To determine which non-artifact
ICs are task relevant, evidence is sought that some aspect of their
activity was modulated by the task conditions. Furthermore, task-
relevant ICs usually can be associated with single equivalent
dipoles whose locations in the brain are highly similar across
experimental subjects, significantly improving the usually poor
spatial resolution of scalp EEG. Limitations to the data analysis
approach taken in this study are discussed in the Discussion section
and in relevant parts of the Methods section.

In the present study, EEG data analysis was comprised of the
following steps, described in more detail in the Methods section: (1)
decomposition of the continuous 64-channel EEG into 64 ICs for
each participant separately; (2) selection and localization in the
brain of the valid ICs (those with <15% residual variance in a
single equivalent dipole fit localized to Talairach brain space - all
other ICs were rejected as artifact or as uninterpretable); (3)
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Figure 1. Experimental stimuli and procedure.
doi:10.1371/journal.pone.0014371.9001
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division of the continuous record of each valid IC into epochs
containing the peri-threshold left or right ear standards in each of
the six noise conditions; (4) calculation of event-related spectral
perturbations (ERSPs, change in spectral power from pre-stimulus
baseline) for each IC in each subject’s record; (5) cluster analysis of
valid ICs to determine ICs common to most subjects; (6) summing
ERSPs from cluster-selected ICs in a specified time-frequency
window for analysis; and (7) calculation of cross-coherences (phase-
locking statistics) for each subject between each pair of 1Cs for
which there was an IC in each of two relevant clusters.

We expected that at least the primary auditory cortices would
be active in this paradigm because the 40-Hz transient response
has been localized there in previous studies [15], as well as possibly
other areas in frontal and parietal cortex because these are usually
active in any task requiring decisions based on perceptual input.
We expected to see, in at least the auditory cortices and possibly
other areas as well, the largest 40-Hz response, and also the most
synchronization between active brain regions, for a non-zero level
of added noise, demonstrating SR effects mediated by neural
synchronization. We were uncertain which frequency bands might
exhibit changes in long-range synchronization because theta (here
4-8 Hz), alpha (here 9-14 Hz), and gamma (30-50 Hz) bands all
have been implicated in various ways in such phase locking [2,46—
49]. In general, synchronization at lower frequencies is expected
for long-range interactions and that at higher frequencies is
expected for local interactions, but there have been reports of
functionally-related long-range synchronization in the gamma
range [47]. The present study is thus somewhat exploratory
regarding this aspect.

Results

Scalp topography maps of the centroids of all 20 clusters of the
200 valid ICs from our 10 subjects, and in particular of the four
clusters we selected for intense scrutiny, uniformly indicated single
equivalent dipole sources. The results reported here pertain to
these four common clusters (at least 7 of 10 subjects represented by
at least one IC), whose characteristics are described in Table 1 and
whose equivalent dipole locations in the brain are illustrated in the
left column of Figure 2. The remaining clusters were not analyzed
further. A few subjects contributed multiple ICs to one or more of
the common clusters. In these cases a single IC that showed the
greatest SR effect in the power ratio (since the purpose of this
study was to discover such effects) was selected and the others were
discarded. In a single case for the left standard and a single case for
the right standard no SR was evident among the several included
ICs for a subject and in these two cases the IC showing the smallest
departure from SR was chosen. The remainder of the few cases in
which there was no SR effect evident occurred when only a single

Table 1. Cluster Properties.
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IC was available for that subject in that cluster and therefore that
IC was included in the analysis.

Table 2 and Figure 2 summarize the analyses of spectral power
ratios in the 40-Hz transient response time-frequency window
derived from wavelet analyses of the IC time series (see Methods
section for details of the calculations). Table 2 demonstrates that
most subjects displayed an SR effect, in that the maximum power
ratio in the 40-Hz response window (0-100 ms after onset of a
standard) occurred for a non-zero noise level. This was the case for
both types of frequency window determinations, but the custom
analysis (frequency window chosen for individual subjects based on
their 40-Hz response to the deviant stimuli) yielded better results
for the left standards, whereas the broad analysis (30-50 Hz for all
subjects) yielded better results for the right standards. In particular,
all subjects with ICs localized to right superior temporal gyrus (R
STG, n=7) displayed SR for the left standard in the custom
analysis, and all subjects with ICs localized to left superior
temporal gyrus (L STG, n=9) displayed SR for right standards in
the broad analysis. These are the most likely regions to exhibit the
transient 40-Hz auditory response, as these represent primary
auditory sensory processing regions of cortex. Moreover, Table 1
indicates that most subjects also displayed SR in two non-sensory
brain regions: left superior frontal gyrus (L. SFG) and left posterior
cingulate cortex (L PCi).

Figure 2 displays the mean normalized spectral power ratios for
left standard (custom frequency window) and right standard (30—
50 Hz frequency window) stimuli for each noise condition and for
each of the four IC clusters localized to brain region. (See Figure
S1 for the left standard 30-50 Hz window and right standard
custom window data.) Statistically reliable SR is indicated in
Figure 2 by two asterisks (or more weakly by a single asterisk)
located near the error bar at a non-zero noise level, meaning that
the normalized power ratio for that condition is significantly
different from that of the no-noise condition. It can be seen that
statistically reliable SR occurs only for the contralateral stimulus
condition for L STG and R STG respectively.

Similar patterns of SR hold for left and right standards in the
ICs localized to non-sensory brain regions, the L. SFG and the L
PCi. Again, the optimum noise level is higher for the right than for
the left standards, presumably because of greater attenuation of
noise-related activation within the relevant sensory pathways for
the right standards (see Discussion). These results also demonstrate
that the 40-Hz transient auditory response occurs more widely in
the brain than just in the auditory cortex.

The involvement of several brain regions, particularly non-
sensory ones, in the transient 40-Hz auditory response implies that
there should be demonstrable interaction between these brain
regions as information regarding the stimulus environment is
passed among them. Figure 3 displays the results of the cross

Cluster Brain # Subjects with Total # Centroid Mean % RV sD
Region valid IC of ICs BA Talairach x, y, z from dipole fit of RV
R STG 7/10 10 42 72, —11,5 9.62 3.60
L STG 9/10 14 42 =71, =21, 11 8.28 4.44
L SFG 9/10 16 11 —4,52, —22 8.47 3.1
L PCi 10/10 12 31 —24, —26, 39 6.63 3.96

superior temporal gyrus.
doi:10.1371/journal.pone.0014371.t001
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BA Brodmann Area; IC independent component; L left; PCi posterior cingulate; R right; RV residual variance; SD standard deviation; SFG superior frontal gyrus; STG
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Figure 2. Neural source locations and normalized power ratios in those sources as a function of noise level. Left column depicts the
locations of the individual sources in their clusters (blue dots) and the cluster centroids (red dots). The middle and right columns depict mean
normalized power ratios plotted versus noise condition for the left standards (custom frequency window) and right standards (broad frequency
window). Error bars indicate 1 standard error of the mean. *One asterisk next to a point means that the indicated maximum power ratio condition
differs from no-noise condition by more than 2 standard errors. **Two asterisks next to a point means that the indicated maximum power ratio
condition differs from no-noise condition by more than 2 standard errors and at p<<0.05 by Dunnett’s test in ANOVA setting. (See Figure S1 for results

for left standard broad window and right standard custom window.)
doi:10.1371/journal.pone.0014371.g002

coherence (phase locking) analysis, which should be sensitive to at
least some of the occasions on which such information passing is
likely to be occurring, assuming that neuronal communication is
facilitated by increased phase locking [50]. The colored entries in
Figure 3 describe the results of a permutation-resampling non-
parametric statistical comparison of added-noise conditions with
the no-noise condition (see Methods section for analysis details and
Figure 3 caption for meaning of the colored entries; detailed time-
frequency plots that show phase-locking values in each condition
that were significantly different from zero for the majority of
subjects can be found in Figure S2). It is clear from Figure 3 that
the brain regions that exhibit SR also exhibit significantly more
phase-locking between them in alpha and gamma frequency
bands, in at least one added-noise condition, than they do in the
no-noise condition. This means that the added noise enhanced
phase locking between relevant brain regions, often during the 0
100 ms interval in which we assessed the transient 40-Hz auditory
response.

Also of interest in Figure 3 is the relationship between the LSFG
and the RSTG, and between the LPCi and the RSTG. These
pairs of regions appear to have been synchronized in the theta
frequency band (blue colored squares) during nearly the entire
experiment for nearly all noise conditions (see Figure S2). That is,
because they were phase-locked during pretty much the entire
duration of both right and left standard epochs, and because these
epochs alternated, the phase locking must have been effectively
continuous. The fact that this occurred for pretty much all noise
conditions, including the no-noise condition, implies that it arose
from the requirement to respond to the left ear deviant stimuli,
presumably represented mostly by neural activity in the RSTG.

The central importance of the RSTG in the performance of the
deviant detection task also appears in another way in the phase-
locking analysis. In 11 of 14 instances of significant SR that
involved the RSTG (RSTG-LSTG, RSTG-LSFG, RSTG-LPCi),
noted in Figure 3, the lowest level of noise at which phase locking
exceeded that in the no-noise condition was -5 dB. In contrast, in
only 2 of 6 cases instances of increased phase locking involving
LSTG and some other area was -5 dB the lowest noise level to

Table 2. Numbers of subjects with IC displaying SR by brain
region.

Right Left
Brain Left Standard  Standard Standard Right Standard
Region  *Custom *Custom 30-50 Hz 30-50 Hz
R STG 7/7 6/7 6/7 6/7
L STG 6/9 8/9 7/9 9/9
L SFG 8/9 8/9 9/9 7/9
L PCi 9/10 9/10 10/10 9/10

L left; SFG superior frontal gyrus; PCi posterior cingulate; R right; STG superior
temporal gyrus.

*Custom = frequency range determined for each subject separately from their
frequency range for transient 40 Hz response to deviant stimuli (20 dB SL).
doi:10.1371/journal.pone.0014371.t002
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show the effect. Thus, it would appear that the sensitivity to SR
effects of the interaction of the RSTG with other areas was
influenced by its role in processing of the deviant stimuli.
Interestingly, this occurred both for left and right standards,
possibly because of the establishment of the deviant-processing
network via theta-band synchronization (see Discussion).

Discussion

We have presented a set of results that establish the existence of
SR effects both for the 40-Hz transient auditory response of the
brain to near-threshold sound stimuli, implying effects on intra-
regional neural synchronization, and for the synchronization of
oscillations in several brain regions involved in processing the
neural representations of these sounds. Such SR effects occur in all
of the theta, alpha, and gamma frequency bands. These results
raise a number of issues that require further discussion.

First, what roles could brain regions outside of auditory cortex
be playing in processing of the stimuli in the present experiment?
The L SFG has been implicated in diverse types of cortical
information processing, including especially integration of sensory
mput with working memory and spatially oriented processing [51].
In the present case this could involve comparing the memory of a
loudness deviant presented to the left ear with the current auditory
input, similar to the frontal processing that occurs in other oddball
tasks such as those that yield a mismatch negativity [52]. The PCi
also performs several functions, including that of episodic memory
retrieval [53], experiential but outward directed self-reflection
such as thinking about duties and obligations [54], and attention
allocation [55]. In the present context PCi activity could reflect the
ongoing preoccupation with detecting, allocating attention to, and
responding to the left-ear deviants. Both areas would be activated
for any auditory stimulus that could be adequately represented in
the brain and thus would require a decision to be made as to
whether to respond to it (left ear deviant) or not (all others).

Second, it is striking that synchronization in the theta band has
a more continuous and general character in this experiment, and is
significantly non-zero even in the no-noise condition, whereas that
in the alpha and gamma bands is more intermittent and tends to
be significantly non-zero only in the added-noise conditions. This
dissociation parallels that between stimuli that required a response
(left-ear deviants) and those that did not (all others). It is consistent
with the idea that the LPCi and the LSFG were continuously
linked to the RSTG (but, interestingly, not to each other) via theta-
band synchronization in order to make that discrimination,
whereas the more intermittent linkages between other pairs of
areas in the alpha and gamma bands represented transient
communication relevant to the 40-Hz response elicited by deviants
and standards alike (although much weaker and often absent for
the standards).

Third, there is considerable asymmetry in the noise effects on
the auditory cortex (see Figure 2). This is reasonable as there is
significant hemispheric crossing in the auditory pathway from the
cochlea through the brain stem nuclei to the primary auditory
cortex, albeit not as complete as in the visual pathway from the
retina. Moreover, the noise level at which the power ratio is
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Figure 3. Significant differences in cross-coherence (phase locking values) between added-noise and no-noise conditions for
indicated IC pairs. Red: Average phase-locking statistic over indicated time-frequency window for listed added-noise condition significantly
different by non-parametric permutation-resampling test at p<<0.001 from that in no-noise condition and phase locking significantly different from
zero for several contiguous pixels in the added-noise condition by EEGLAB binomial test. Blue: Phase locking significantly different from zero for both
no-noise and most or all added-noise conditions by EEGLAB binomial test with indicated added-noise conditions significantly different from the no-
noise condition by permutation test. Gray: No significantly non-zero phase locking and/or no significant differences in phase locking between no-

noise and an added-noise condition.
doi:10.1371/journal.pone.0014371.g003

significantly greater than that in the no-noise condition (thus
exhibiting SR) is higher for the right standards (10 dB SL) than for
the left standards (0 dB SL). This is also reasonable, as the noise
would be integrated with the signal at the receptor for the left
standard, where signal and noise were mixed physically, but only
in the brain for the right standard. For the right standards, noise-
related activation would be mixed with right-standard-stimulus-
related activation either in subcortical auditory nuclei (possibly as
early as the superior olive) or in auditory cortical regions (e.g., L
STG or R STG; cf. [28]), although from the present results alone
we cannot distinguish between these possibilities. Noise mixture in
the brain would be expected to require a greater noise-to-signal
ratio for effective SR according to a recent model because of
attenuation of noise-related acti