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Abstract: Selective attention can be a useful tactic for speech-in-noise (SiN) interpretation as it
strengthens cortical responses to attended sensory inputs while suppressing others. This cortical
process is referred to as attentional modulation. Our earlier study showed that a neurofeedback
training paradigm was effective for improving the attentional modulation of cortical auditory evoked
responses. However, it was unclear how such neurofeedback training improved attentional modula-
tion. This paper attempts to unveil what neural mechanisms underlie strengthened auditory selective
attention during the neurofeedback training paradigm. Our EEG time–frequency analysis found
that, when spatial auditory attention was focused, a fronto-parietal brain network was activated.
Additionally, the neurofeedback training increased beta oscillation, which may imply top-down pro-
cessing was used to anticipate the sound to be attended selectively with prior information. When the
subjects were attending to the sound from the right, they exhibited more alpha oscillation in the right
parietal cortex during the final session compared to the first, indicating improved spatial inhibitory
processing to suppress sounds from the left. After the four-week training period, the temporal cortex
exhibited improved attentional modulation of beta oscillation. This suggests strengthened neural
activity to predict the target. Moreover, there was an improvement in the strength of attentional
modulation on cortical evoked responses to sounds. The Placebo Group, who experienced similar
attention training with the exception that feedback was based simply on behavioral accuracy, did not
experience these training effects. These findings demonstrate how neurofeedback training effectively
improves the neural mechanisms underlying auditory selective attention.

Keywords: selective attention; auditory modulation; neural oscillation

1. Introduction

Actively managing conversations in social interactions, known as “speech in noise
(SiN)” understanding, recruits selective attention: enhancement of target speech and inhibi-
tion of noise. Large variance in understanding SiN is observed, even for individuals with
normal hearing [1,2]. Poor understanding of SiN may be related to a decline in selective
attention, due to the role of selective attention in enhancing target speech and inhibiting
noise [3]. According to our recent finding [4], attentional modulation on neural encoding
of acoustic inputs in the auditory cortex (AC) would be a crucial neural mechanism for
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successful SiN understanding. This finding showed that the amplitude ratio of auditory cor-
tical responses to the target speech and noise during a SiN task correlated with behavioral
SiN performance [5–8].

Recent studies [9,10] demonstrated that training on maintaining attention to low-
intensity signals extracted from background noise improved SiN performance and was
transferable to untrained stimuli. In these studies, both auditory segregation and selective
attention were involved in the training effects. To explicitly reinforce attentional modula-
tion of cortical auditory evoked responses, our previous study created a neurofeedback
training paradigm [11]. Two voice streams—spoken by a high-pitched and a low-pitched
speaker—were played from different directions (left and right) with no physical overlap in
time (i.e., no energetic masking) to maximize stream segregation. Subjects were tasked with
focusing on one voice stream at a time. Throughout this auditory selective attention train-
ing, 64-channel electroencephalography (EEG) decoded auditory selective attention from
single-trial EEG signals [12–14]. Only the Experimental Group participants received visual
feedback based on the EEG-based attention decoder. The Control Group went through
a comparable selective attention training program without receiving neurofeedback to
rule out a placebo effect. The accuracy of attention decoding from single-trial EEG signals
reflects the strength of attentional modulation on cortical auditory evoked responses [13].
Therefore, giving users the outcome of EEG-based attention decoding in the form of
neurofeedback [15] may strengthen their attentional modulation of cortical response.

However, it is still elusive which neural mechanisms enable strengthened auditory
selective attention and which crucial auditory cues drive the training effect in the neurofeed-
back training paradigm, where the competing streams varied in location, speaker identity,
and tempo to maximize stream segregation. This poses the question of how to reveal what
neural mechanisms and auditory cues explicitly reinforce attentional modulation of cortical
auditory evoked responses. The present study utilized the induced oscillation activity to
investigate this. More specifically, this paper provides further analyses of our previous
data [11] focusing on how cortical oscillations changed over the course of repeated training.

A fronto-parietal brain network is activated when spatial auditory attention is focused.
Attention to spatial auditory features leads to increased fronto-parietal network activity in
functional magnetic resonance imaging (fMRI; [16–20]), electroencephalography (EEG; [21]),
and magnetoencephalography (MEG; [22]). Similar to visual spatial attention, auditory
spatial attention causes parietal lateralization of alpha oscillation power in the intraparietal
sulcus (IPS; [21,23–25]). Alpha lateralization varies systematically when attentional focus
changes, similar to vision [26]. Alpha lateralization is more transient if non-spatial char-
acteristics encourage stream segregation, but it is persistent when competing streams are
comparable aside from spatial attributes [23].

Spatial signals are nevertheless an efficient means for focusing top-down attention
while having a weak role in auditory grouping and streaming [27–29]. Both bottom-up
auditory cues and top-down cognitive processes are used when listening to speech in noisy
environments [30]. There are low-level oscillatory cortical mechanisms that use sensory
sampling or prediction while maintaining different neural rhythms based on the task [31].
As previous work supports, the beta wave employs top-down processing to transmit
descending information [32]. The brain relies extensively on predictions and expectations
to fill in the blanks, thus employing prior information.

Therefore, we hypothesize that while a subject actively recruits selective attention
during the task, the alpha band oscillation would be present in the IPS, and the beta band
oscillation would be located in the middle temporal gyrus (MTG), superior temporal sulcus
(STS), and inferior frontal gyrus (IFG) during the preparatory period. The preparatory
period represents the time interval between the presentation of the auditory cue and the
target speech with the masker, during which a cognitive process to steer the listeners’
selective attention is expected to emerge.
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2. Materials and Methods

This study utilized data from [11]. As such, most methods are consistent with the
previous study.

2.1. Participants

A total of 20 native American English speakers with normal hearing thresholds were
recruited from the University of Iowa student population (mean age: 23.2 years, SD:
1.33 years, 6 males: 30%). All the participants had 20 dB HL or lower thresholds at any
tested frequency, measured in octaves from 250 to 8000 Hz. After consenting to participate
in the trial, participants were randomized to either the Experimental or Placebo Group
(i.e., single-blinded design). All participants underwent four consecutive weeks of training
lasting one hour per week, as well as pre- and post-training speech-in-noise (SiN) tests
at their first and last visits. The work was finished in compliance with the International
Medical Association’s Code of Ethics, and written informed consent was acquired (Declara-
tion of Helsinki). The Institutional Review Board at the University of Iowa examined and
approved all study methods [11].

A power analysis based on the effect size reported by earlier perceptual training
studies, such as [9], can support the sample size. These estimates indicated that 10 people
per group would be needed for the current study, assuming a significance level of 0.05 and a
power of 0.80. We chose a 4-week training period, as did [9], in order to (1) ensure overnight
consolidation, which has been claimed to be essential for perceptual training [33–35] and
(2) prevent learning and memory of speech stimuli that were used in pre- and post-training
tests [36,37].

2.2. Task Design and Procedures
2.2.1. Attention Training Procedure: Experimental Group

Three overlapping auditory streams were presented during each training session: a
male voice saying the word “down” four times from the right (+30 azimuth) loudspeaker, a
female voice saying the word “up” five times from the left (−30 azimuth), and an unrelated
distractor noise that sounds like a water splash played three times intermittently from the
loudspeaker directly in front of the subject. The presentation level was 70 dB SPL calibrated
using an SPL meter which means the experiment’s auditory stimulus was played at a
volume that led the SPL meter to indicate 70 dB in the listening position, and this level was
verified each time the experiment was performed. A visual cue (“Target: Up” or “Target:
Down”) was used for each of the 120 trials during each visit to direct participants’ attention
to the “up” or “down” stream (60 trials each). The attended stream was decoded from the
EEG after the stimuli were shown. After each trial, visual feedback (“+” sign on the screen
going up or down) was presented to show the decoded direction of attention (i.e., whether
the “up” or “down” stream” was attended). An example of a trial going “down” stream is
shown in Figure 1 [11].

2.2.2. Attention Training Procedure: Placebo Group

The Placebo Group heard the similar three overlapping auditory streams with the
exception that one of the last three (for the “up” stream) or two (for the “down” stream)
utterances in each stream had a three-semitone higher pitch. These streams consisted of
isochronous repetitions of “up” and “down” spoken by the female and male speakers with
a distractor noise. They chose the utterance with a higher pitch in the attended stream
by hitting the number key as the visual cue directed their attention to either the “up” or
“down” stream in each trial (i.e., an oddball detection task within a trial). Depending
on the correctness of their button response, they received visible feedback (“Correct” or
“Incorrect”) after pressing the button [11].
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Visual cue Visual feedbackSound streams

Template:”Up”

Template:”Down”

Single trial ERP
Attend “Up”  
Attend “Down” 

Computing similarity to templates

Decoded attention:
Up or Down




Figure 1. An example of the neurofeedback training’s trial structure assigned to the Experimental
Group. An attend-down case is shown [11].

2.3. Induced Oscillatory Activity Analysis

Using the BioSemi ActiveTwo system, 64 channels of scalp EEG data were cap-
tured throughout the training tasks at a sampling rate of 2048 Hz using the international
10–20 configuration. For the induced oscillatory activity analysis, 64-channel EEG data
from 5 subjects in the Experimental Group and 10 subjects in the Placebo Group were
collected and analyzed. EEG data from the other 5 subjects in the Experimental could not
be used since the full 64-channel single-trial data were not saved for later off-line analyses in
the version used for those subjects, while the behavioral and single-trial EEG classification
analysis could be applied to all the 20 subjects.

A template-matching approach was utilized to decode the attended stream from
single-trial EEG signals and deliver neurofeedback to the Experimental Group [13]. EEG
recordings from linked mastoids were averaged and re-referenced to the front-central
channels (Fz, FCz, FC1, FC2, and Cz). After baseline correction and bandpass filtering
between 1 and 9 Hz, EEG data were compared to two template waveforms created from
grand-average cortical evoked responses to the single “up” and “down” streams while
passive listening in silence. The attention was decoded by choosing the template that
has a larger correlation coefficient with the single-trial EEG data. The fixation cross was
then moved upward or downward on the computer screen to provide visual feedback in
response to the detection of attention on the “up” stream or “down” stream, respectively.

The spectrograms were processed from the resampled EEG signal per channel and
trial based on a 256-sample fast Fourier transform with a period of 64 samples and an
overlap of 63 samples in 256 Hz sampling rate. These spectrograms were categorized into
“up” or “down”, and weeks. The paired t-tests between “up” and “down” every week were
taken. Furthermore, the paired t-test between “up”−“down” in week 4 and “up”−“down”
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in week 1 were taken to explore the difference in the attentional modulation. In addition,
the cluster-based permutation analysis was performed to find the significantly different
clusters of attentional modulation between week 4 and week 1 for the Experimental Group
and the Placebo Group [38]. To observe the difference between week 4 and week 1 in each
alpha and beta oscillation, we selected frequency bands for each alpha and beta range
(8–13 Hz and 24–29 Hz, respectively), set the minimum cluster length as around 50 ms,
and set the p-values for the t-test as 0.05 in the spectrograms. For the Experimental Group
and the Placebo Group, the cluster-based permutation analysis was performed separately
in each alpha and beta band and the obtained clusters implied the statistically significant
difference between week 4 and week 1 for each group.

Source localization is needed to analyze temporal dynamics with the estimated
source spatial distribution because sensor data in some channels may not sufficiently
capture the geographic distribution of neural sources and the temporal dynamics of ERP
components [39]. The inverse operator was estimated using minimum norm estimation
(MNE) [40–42] based on assumptions of multiple sparse priors [43] on an average template
brain in order to project the sensor space data into source space. By using the inverse
operator, source space time courses of ERPs were acquired over all cortical voxels in both
hemispheres. As a method of noise normalization, they were projected onto the cortical
maps to create dynamic statistical parametric maps (dSPMs) [44]. Each cluster for beta and
alpha waves in the preparatory period was selected and all voxels were averaged during
each selected cluster for beta and alpha waves. The timely averaged voxels were presented
as snapshots of the clusters for the Experimental Group and the Placebo Group.

3. Results
3.1. Enhanced Attentional Modulation

A single-trial EEG waveform and the grand-average cortical evoked responses to the
single “up” and “down” streams were compared using Pearson correlation coefficients to
decode selective attention. With continued training, attentional modulation altered over
time. In the Experimental Group, the mean decoding accuracy increased monotonically
from 55.9% (SD = 4.1%) in the first week to 57.4% (SD = 6.2%) in the second week, 58.0%
(SD = 3.8%) in the third week, and 60.2% (SD = 3.7%) in the fourth week. The Placebo
Group, on the other hand, did not exhibit a progression in attentional modulation with
time. For the first, second, third, and most recent weeks, the mean decoding accuracies
were 60.7, 59.7, 54.1, and 58.9%, respectively. The relative standard deviations were 7.0, 3.5,
5.0, and 3.4% [11].

A two-way mixed ANOVA on the decoding accuracy observed in the first and last
week was conducted to further investigate the effect of training time (first vs. fourth week),
the type of feedback (neurofeedback vs. behavioral), and the interaction of those effects
on the attentional modulation (i.e., quantified as the decoding accuracy). There were
no significant main effects of time (F1,18 = 0.99, p = 0.33) or group (F1,18 = 1.0, p = 0.32)
on decoding accuracy, indicating that (1) there was no baseline difference in attentional
modulation between the groups and (2) there was no significant improvement in attentional
modulation over time with repeated training. However, the results showed a significant
interaction between time and group (F1,18 = 5.7, p = 0.028), showing that the effects of
training on attentional modulation over time varied significantly between the groups. In
the Experimental Group, the post hoc paired t-test between decoding accuracy in the first
and last weeks showed a Bonferroni corrected p-value of 0.022 (six times the uncorrected
p-value of 0.0036) [11].

3.2. Induced Cortical Activity Changes in Source Space Topography to Selective Attention

Examining the ERPs acquired at the sensor space was the initial step in determining the
EEG data’s quality. The induced cortical activity from the EEG data was able to be assessed
due to the clear auditory components (like N1) discovered from the front-central channels.
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T-tests were taken between “Up” and “Down” in the spectrogram domain for week
1 and week 4, and of “Up”−“Down” in the spectrogram between week 4 and week 1 to
analyze the difference of auditory modulation for both the Experimental Group and the
Placebo Group. The cluster-based permutation tests were performed in the spectrogram
which included the difference of attentional modulation between week 4 and week 1.
Significantly different clusters were obtained within alpha and beta wave ranges (8–13 Hz
and 24–29 Hz, respectively), in the Experimental Group, displayed as solid-line boxes in
Figure 2A. These significant differences were not observed in the Placebo Group, so in
order to indicate the regions of interest, the clusters from the Experimental Group were
displayed as dotted line boxes in Figure 3A. As the clusters showed, attentional modulation
was significantly improved only in the Experimental Group which received neurofeedback
in every trial. When examining the alpha and beta waves in the preparatory timeline (from
−1 to 0 s), each cluster appeared in the alpha and beta frequency ranges. The sensor space
topographies and the source space topographies for both groups were averaged in the
time–frequency range of the clusters from the Experimental Group, shown in Figure 2B,C
and Figure 3B,C. The sensor space topographies of the beta oscillation within the cluster
show a significantly stronger power on the parietal region of both hemispheres in week 4
of the Experimental Group. The source space topographies of the beta wave range indicate
more power on MTG, STS, and IFG of both hemispheres in week 4 of the Experimental
Group, illustrated in Figure 2B. The beta oscillations expand their role to anticipate selective
attention on the given auditory cues during preparatory time periods in week 4 of the
Experimental Group. Between week 1 and week 4 of the Placebo Group, there was no
significant difference in the sensor space and source space topographies of the beta wave
range during the preparatory time periods.
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Figure 2. Spectrograms and topographies of induced activities in the Experimental Group. (A) The
t-score spectrograms of auditory modulation between “Up” and “Down” in week 1, week 4 and the
t-score spectrogram of “Up” vs. “Down” between week 4 and week 1 are obtained during the neuro-
feedback training from the Experimental Group. The solid-line boxes indicate significantly different
clusters within the alpha and beta wave ranges (8–13 Hz and 24–29 Hz, respectively), obtained by
the cluster-based permutation tests from the Experimental Group [38]. (B) The topographies of the
beta wave cluster are obtained in the preparatory time range before target speech onset (from −0.50
to −0.45 s) at the sensor space and source space. (C) The topographies of the alpha wave cluster
are obtained in the preparatory time range before target speech onset (from −0.48 to −0.43 s) at the
sensor space and source space.
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Figure 3. Spectrograms and topographies of induced activities in the Placebo Group. (A) The t-score
spectrograms of auditory modulation between “Up” and “Down” in week 1, week 4, and between
week 4 and week 1 are obtained during the neurofeedback training from the Placebo Group. No
significantly different clusters are found in the Placebo Group. To indicate where the regions of
interest are, the dotted line boxes indicate significantly different clusters within the alpha and beta
wave ranges (8–13 Hz and 24–29 Hz, respectively), obtained by the cluster-based permutation tests
from the Experimental Group [38]. (B) The mean topographies of the beta wave cluster taken from
the Placebo Group are obtained in the preparatory time range before target speech onset (from −0.50
to −0.45 s) at the sensor space and source space. (C) The topographies of the alpha wave cluster
taken from the Placebo Group are obtained in the preparatory time range before target speech onset
(from −0.48 to −0.43 s) at the sensor space and source space.

The sensor space topographies of the alpha wave range from the time periods of the
cluster show a significantly strong power on the right parietal region in week 4 of the
Experimental Group. The source space topographies of the alpha wave range show more
power on IPS of the right hemisphere in week 4 of the Experimental Group in Figure 2C.
The alpha oscillations increase to inhibit the left auditory stimuli during preparatory time
periods in week 4 of the Experimental Group. During the preparatory time periods, there
was no significant difference in the sensor space and source space topographies of the alpha
wave range between week 1 and week 4 of the Placebo Group.

4. Discussion
4.1. Conclusions

The current study investigated what cortical mechanisms are involved when auditory
selective attention is improved by perceptual training. For this purpose, we further an-
alyzed our previous dataset [11] which demonstrated the efficacy of our neurofeedback
training paradigm for improving auditory selective attention [4–11]. By examining induced
cortical oscillations, in the Experimental Group (who received neurofeedback), we found
that alpha (~10 Hz) and beta (~25 Hz) oscillations in the right parietal cortex increase
over the course of training. The Placebo Group (who did not receive neurofeedback) did
not show any significant change in cortical oscillations. There was no significant change
in alpha and beta oscillations in the Placebo Group. These findings provide novel per-
spectives of the brain plasticity related to enhanced auditory selective attention following
neurofeedback training, which was not provided by our previous report [11]. We claim
that the stronger beta oscillation in the Experimental Group indicates more strongly en-
gaged top-down processing to predict forth-coming sounds to attend in advance [45,46].
Beta oscillation is believed to be related to top-down prediction based on the context of
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stimuli [46,47]. Especially, enhancement in beta is observed during the tasks that require
top-down attention [48,49]. Theves et al. [50] showed that for the audiovisual onset syn-
chrony task, the preparatory beta oscillations in the central, parietal, and temporal lobes
increased after training. Our result indicates that this is also true in more auditory-centered
tasks. Our result provides more support with contrasting outcomes in the Placebo Group
where no neurofeedback was given.

Likewise, the increase in alpha oscillation in the right parietal region can be inter-
preted as enhanced inhibitory processing to ignore competing sounds. According to
Viswanathan et al. [51], single-trial speech intelligibility in speech-in-noise tasks consider-
ably correlates with, and independently contributes to the overall magnitudes of alpha
power in parieto-occipital EEG channels and beta power in frontal channels. Furthermore,
Price et al. [52] demonstrated that accuracy in SiN is predicted by the alpha modulation be-
tween clean and noise-degraded speech. Similarly, in this study, SiN results were improved
when alpha power modulation was shown across the training period in the Experimental
Group, and SiN results were not improved when alpha power modulation was not shown
across the training in the Placebo Group [11]. Moreover, as in Obleser and Weisz [53], the
enhancement of alpha in the parietal region can be used as a predictor of the SiN results.
The right parietal stimulation of alpha was observed, but rightward spatial attention was
not enhanced, consistent with the results by Deng et al. [54]. It is also consistent with the
finding by Frey et al. [55] that the parietal cortex is asymmetrical and alpha oscillation
inhibits contralateral attention. In addition, as in the topography of Deng et al. [26], parieto-
occipital alpha power during the attentional preparatory period appeared strongly on the
right side despite attention to the left side. Additionally, the topographies were asymmetric
and did not show a linear relationship with attention along the side from left to right. This
could be because the left auditory cortex mainly localizes stimuli in the contralateral space,
while the right auditory cortex processes stimuli in the whole space [55].

4.2. Limitations of the Study

There are several limitations of this study. First, the current experimental paradigm
divided the Experimental Group and the Placebo Group depending on whether visual
neurofeedback was given or not. A future study will also be conducted on how attentional
modulation would change when neurofeedback is intentionally provided to participants as
incorrect results by randomizing visual feedback.

The concurrent speech streams were disparate in location, speaker identity, and tempo
in order to maximize stream separation. Both parietal alpha oscillation and temporal beta
oscillation were observed during the preparatory period when the subjects were focused,
and valid feedback was provided. This indicates both spatial and pitch-related mechanisms
contributed. In order to specify key auditory cues that contribute to the training effect,
future research should test the effectiveness of various auditory cues for selective attention
training and determine whether these cues are also present in a more general SiN task.

Pearson correlation coefficients between the grand-average cortical evoked responses
and a single-trial EEG waveform were used for decoding selective attention in this study.
The intraclass correlation coefficients might be used for the decoder. For the follow-up
study, it would be considered if the decoding algorithm is updated to improve the mean
decoding accuracy by using machine learning algorithms. Also, the whole 64-channel
EEG data from a smaller number of subjects in the Experimental Group were used for the
induced activity analysis, and the small sample size in one group was a limitation of this
study. A future study will recruit a greater number of subjects.

This study did not reveal whether the training impact endures after the training
time or disappears. A follow-up study is anticipated to investigate this question. Lastly,
because selective listening in background noise is hampered by peripheral hearing loss [56],
additional research is required to examine the training effect in clinical populations (e.g.,
hearing aid or cochlear implant users [11]).
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