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Abstract
Recent studies have related enhancements of theta- (!4–8 Hz) and alpha-power (!8–
13 Hz) to listening effort based on parallels between enhancement and task difficulty.
In contrast, nonauditory works demonstrate that, although increases in difficulty are
initially accompanied by increases in effort, effort decreases when a task becomes so
difficult as to exceed one’s ability. Given the latter, we examined whether theta- and
alpha-power enhancements thought to reflect effortful listening show a quadratic trend
across levels of listening difficulty from impossible to easy. Listeners (n5 14) per-
formed an auditory delayed match-to-sample task with frequency-modulated tonal
sweeps under impossible, difficult (at !70.7% correct threshold), and easy (well
above threshold) conditions. Frontal midline theta-power and posterior alpha-power
enhancements were observed during the retention interval, with greatest enhancement
in the difficult condition. Independent component-based analyses of data suggest that
theta-power enhancements stemmed from medial frontal sources at or near the ante-
rior cingulate cortex, whereas alpha-power effects stemmed from occipital cortices.
Results support the notion that theta- and alpha-power enhancements reflect effortful
cognitive processes during listening, related to auditory working memory and the
inhibition of task-irrelevant cortical processing regions, respectively. Theta- and
alpha-power dynamics can be used to characterize the cognitive processes that make
up effortful listening, including qualitatively different types of listening effort.
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1 | INTRODUCTION

An increasing number of studies are exploring how oscillatory
dynamics of the electro- and magnetoencephalograms (EEG
and MEG, respectively) reflect the use of cognitive resources
in effortful listening (for review, see Krause, Lang, Laine,
Kuusisto, & P€orn, 1996; Weisz, Hartmann, M€uller, Lorenz, &
Obleser, 2011; Wisniewski, 2017). Much of this work has

demonstrated sustained enhancements to within-band power
during auditory selective attention and working memory tasks
that vary in difficulty. For instance, frontal-midline theta power
in the EEG has been found to increase as signal-to-noise ratio
(SNR) decreases during sentence recognition (Wisniewski
et al., 2015). The same is not observed when listeners pas-
sively hear speech in noise while watching a silent movie
(Dimitrijevic, Smith, Kadis, & Moore, 2017; Wisniewski
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et al., 2015). Obleser, W€ostmann, Hellbernd, Wilsch, and
Maess (2012) observed alpha-power enhancements in a speech
listening task that increased with increasing degradation of
acoustic input and increasing memory load. Similar alpha-
band enhancements have been observed in a variety of differ-
ent listening tasks (Dimitrijevic et al., 2017; Krause et al.,
1996; McMahon et al., 2016; Pesonen, Bj€ornberg, Hämäläi-
nen, & Krause, 2006; Peterson, W€ostmann, Obleser, Stenfelt,
& Lunner, 2015). Though commonly observed during speech
listening, these theta- and alpha-power enhancements also
occur during simple nonspeech listening tasks such as fre-
quency discrimination (e.g., van Dijk, Nieuwenhuis, & Jensen,
2010; Wisniewski, 2017), demonstrating that they are not
speech specific.

Several have proposed that enhancements of theta and
alpha power (Eckert, Teubner-Rhodes, & Vaden, 2016;
McMahon et al., 2016; Obleser et al., 2012; Wisniewski
et al., 2015; Wisniewski, 2017) can be used as indices of lis-
tening effort—“the mental exertion required to attend to, and
understand, an auditory message” (McGarrigle et al., 2014).
Frontal-midline theta dynamics have been repeatedly associ-
ated with working memory and cognitive control processes
(Gevins, Smith, McEvoy, & Yu, 1997; Jensen & Tesche,
2002; Klimesch, Schack, & Sauseng, 2005; Onton, Delorme,
& Makeig, 2005; for intracranial EEG recordings, also see
Raghavachari et al., 2001), while current theoretical work in
cognitive neuroscience suggests that alpha-power enhance-
ments reflect functional inhibition of unattended inputs (for
review, see Klimesch, 2012) or task-irrelevant brain regions
(for review, see Jensen & Mazaheri, 2010). Interestingly,
models from cognitive hearing science developed in parallel
posit that working memory and top-down attentional resour-
ces become increasingly used as listening increases in diffi-
culty (e.g., the Ease of Language Understanding Model;
R€onnberg, Rudner, Foo, & Lunner, 2008; R€onnberg et al.,
2013). For instance, when speech is masked by background
noise (e.g., multiple talkers in a crowded room), attention
and memory resources become increasingly important for
understanding the target speech stream. In silence, the same
speech stream would be understood effortlessly (for review,
see R€onnberg et al., 2013).

The relationship between task difficulty and effort, how-
ever, is well demonstrated to be nonmonotonic (Brehm &
Self, 1989; Kukla, 1972; for review, see Richter, 2016). In
general, the effort one invests into a given task is low if the
amount of effort needed to successfully accomplish that task
exceeds ability (e.g., if the task is impossible; Kukla, 1972).
This notion is consistent with repeated reports from clinicians
that individuals suffering from hearing impairments avoid
conversation, or give up on listening, to reduce the costs
associated with increased effort (e.g., Weinstein & Ventry,
1982). Few studies have investigated potential nonmonotonic

relationships between theta- or alpha-power enhancements
and task difficulty during listening. Peterson et al. (2015)
found that individuals suffering from moderate hearing loss
showed an increasing enhancement of alpha power as SNR
decreased and memory load increased. This was only up to a
point. When the task was sufficiently difficult (e.g., 6-digit
load at 24 dB relative to !80% threshold), alpha power
enhancement was reduced relative to easier conditions (e.g.,
4-digit load at 0 dB relative to !80% threshold). A nonmono-
tonic trend over a continuum of task difficulty, though dem-
onstrated with hearing impaired listeners (Peterson et al.,
2015), has not been observed using normal hearing listeners
to our knowledge. Nor has any related study used a non-
speech auditory task (although, for peripheral psychophysio-
logical measures, see Richter, 2016). A focused examination
of nonmonotonic trends across task difficulty in the frontal
midline theta rhythm has also not been conducted.

Here, we asked how theta- and alpha-power enhance-
ments change as a nonspeech auditory delayed match-to-
sample task (i.e., ABX task) becomes impossibly difficult.
Frequency-modulated tonal sweeps of varying rates were pre-
sented in A, B, and X order with a 2.5-s delay between the
offset of B and the onset of X. X was always a match to
either A or B. A participant’s task was to indicate whether
X matched A or B. Three levels of difficulty were compared:
impossible, difficult, and easy. In the impossible condition,
an individual could not feasibly accomplish the task. Stimu-
lus A, B, and X were identical. In the difficult condition, A
and B differed at an individual’s predetermined !70.7% cor-
rect threshold. In the easy condition, A and B differed well
above the predetermined threshold. High-density (135 chan-
nels) EEG recordings were made throughout the experiment.
It was hypothesized that both frontal midline theta-power and
alpha-power enhancements during the retention interval
would be greatest in the difficult condition. The easy condi-
tion would show low enhancement since the task could be
accomplished successfully without extensive use of cognitive
processes indexed by theta- and alpha-power enhancements.
The impossible condition would be so difficult as to not jus-
tify the cost of utilizing such resources, and would thus also
show very little enhancement of theta and alpha power.

We performed both planned analyses of theta- and alpha-
power enhancements on data obtained at electrodes, and
exploratory analyses of independent component processes
extracted from the high-density EEG data. The former served
as a way to assess our hypotheses with a restricted analysis
clearly derived from previous work. The latter served to
examine the roles of potentially multiple brain processes in
theta- and alpha-power enhancements seen in the channel
data. EEG reflects a mixture of brain and nonbrain processes
(e.g., several different cortical processes and eye movement
artifacts). Independent component analysis (ICA) is a blind
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source separation algorithm that can decompose linearly
mixed processes contributing to the EEG recorded at scalp
channels (Delorme & Makeig, 2004; Delorme, Palmer,
Onton, Oostenveld, & Makeig, 2012). An ICA decomposi-
tion of EEG data returns a spatially fixed and maximally tem-
porally independent set of component processes without
relying on a priori assumptions about the spatial distributions
and temporal dynamics of those processes. As with channel
activities, activities of independent components (ICs) can be
examined in the time-frequency domain for theta- and alpha-
power enhancements. ICs identified by ICA are often found
to account for a significant amount of variability in both fron-
tal midline theta (e.g., Onton et al., 2005; Scheeringa et al.,
2008; Wisniewski et al., 2015) and alpha rhythms (e.g., Gra-
mann et al., 2010; Makieg & Onton, 2009; Wisniewski, Mer-
cado, Church, Gramann, & Makeig, 2014; Wisniewski,
Mercado, Gramann, & Makeig, 2012). The ICA approach is
especially useful for the current research because analyses of
ICs have the potential to disentangle the contributions of mul-
tiple brain sources to theta- and alpha-power effects seen at
channels.

2 | METHOD

2.1 | Participants

Fifteen individuals (6 females; ages 19–30) from the area
surrounding Wright-Patterson Air Force Base, OH, were
paid to participate or participated on a volunteer basis. All
reported normal hearing, had prior experience with psycho-
acoustic tasks, and signed a U.S. Air Force Institutional
Review Board informed consent document. One individual
was dropped from analysis because of an excessively noisy
EEG. The final sample contained 14 participants.

2.2 | Stimuli, task, and apparatus

Frequency-modulated (FM) tonal sweeps, sweeping from
low to high in frequency from 800 to 1600 Hz, were used as
stimuli. FM sweeps are acoustically complex, like many
real-world sounds (e.g., speech), yet are unfamiliar to partici-
pants and are unlikely to be associated with any preexisting

biases or labels (see deCharms, Blake, & Merzenich, 1998;
Wisniewski, Church, & Mercado, 2010).

An auditory delayed match-to-sample task was used (see
Figure 1). On each trial, two FM sweep stimuli (A, then B)
were presented back to back with 200 ms of silence in
between. One of these stimuli was always a standard rate.
The other was a nonstandard rate selected to make the task
“impossible,” “difficult,” or “easy” (see below). After a 2.5-s
retention interval, a comparison sound (X) was presented
that matched either A or B. Participants’ task was to indicate
whether X matched A or B using marked keys on a computer
keyboard. There was no feedback of correctness. Participants
were instructed to withhold responding until after the offset
of X. There were no response deadlines. Whether or not X
was a match to A or B and the assignment of standard and
nonstandard stimuli to the A and B intervals was completely
counterbalanced.

A rate of 8 octaves per second was used as the standard
rate of FM. Two other rates of FM were assigned individu-
ally based on !70.7% correct thresholds for telling the
standard rate from slower rates. These thresholds were
measured in a preexperimental session on a separate day
prior to the experiment. Thresholds were determined for
each individual using two-up, one-down adaptive tracks
(Levitt, 1971), adapting the rate of the nonstandard FM
stimulus (initially 3 octaves per second) up 0.15 octaves
per second after every two consecutive correct responses,
and down 0.15 octaves per second after every incorrect
response. In the preexperimental session, there were two of
these adaptive tracks run per participant. Tracks were
ended after eight reversals, and the threshold for a track
was considered to be the mean of the last four reversals.
The mean of thresholds for the two tracks was taken as that
participant’s threshold. Two individualized rates were then
selected. One rate was selected to be the comparison rate at
an individual’s threshold (M5 6.05 octaves per second,
SD5 .59). The other was half the rate of that threshold rate
(M5 3.03 octaves per second, SD5 .29). For the experi-
ment, on impossible trials, A and B FM rates were identi-
cal at the standard 8 octaves per second rate. Trials in
which A and B rates differed at threshold were considered
difficult, and trials using rates half the rate of the threshold
rate were considered easy. There were 36 trials in each of

FIGURE 1 Depiction of a typical easy trial in the employed delayed match-to-sample task. Single FM sweeps are shown. All combinations of sweep
rate assignments to A, B, and Xwere used in the actual experiment
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six blocks (216 trials total; 72 per condition). Conditions
were randomized across trials within a block.

Experimental procedures and data acquisition were per-
formed using MATLAB R2013a (Natick, MA) and BioSemi
Acquisition software (BioSemi, Amsterdam, Netherlands).
Sounds were presented over Etymotic ER-2 earphones (Ety-
motic Research, Elk Grove Village, IL) in a sound-
attenuating booth.

2.3 | Electrophysiological data collection and
processing

A 135-channel array of electrodes was used. A BioSemi
Active II system, recording at a 2048 Hz sampling rate and
24-bit A/D resolution, was used to collect data. One hundred
and twenty-eight electrodes were fixed within a cap and
arranged according to a BioSemi equiradial layout. The
remaining seven electrodes were placed at the mastoids, on
lateral sides and below each eye, and on the tip of the nose.
Data were referenced online to the common-mode-sense/
driven-right-leg (CMS/DRL) reference of the BioSemi sys-
tem (see www.biosemi.com). Electrode offsets relative to
CMS/DRL were brought within 25 lV or else were rejected
from analysis.

All offline analyses were performed using EEGLAB
(Delorme & Makeig, 2004; http://sccn.ucsd.edu/eeglab) and
custom MATLAB scripts/functions. The data were refer-
enced offline using an average reference, resampled at 256
Hz, and digitally band-pass filtered between 0.5 and 100 Hz.
Channels contaminated by excessive noise or movement arti-
facts by visual inspection were then removed.

Full-rank extended infomax ICA was applied to each
individual’s data using the binica() function in EEGLAB.
ICA finds a set of weights (W) that linearly unmixes the
channel data (x) into a sum of maximally temporally inde-
pendent and spatially fixed components (u) such that u 5
Wx. The rows of u are IC activities that can be analyzed in
a manner identical to scalp channels. Columns of the
inverse weight matrix, W21, give projection weights from
each IC to the scalp. Projections can then be used to esti-
mate the locations of equivalent current dipoles for individ-
ual ICs in a head model. For each dataset, an ICA model
was trained for 512 iterations or until weight change fell
below 1e-7. Here, ICs were selected for rejection based on
visual inspection of their activities and spectra (for review
and guidelines on IC selection, see Jung et al., 2009;
Makeig & Onton, 2009). These IC processes were subse-
quently removed from channel data (i.e., artifact correction
was conducted) in order to examine theta- and alpha-power
dynamics in their absence. For further information on the
application of ICA in EEG research, see Makeig, Debener,

Onton, and Delorme (2004) and Makeig, Jung, Bell, Ghah-
remani, and Sejnowski (1997).

2.4 | Channel groups

Based on previous work (e.g., Krause et al., 1996; Pesonen
et al., 2006; Wisniewski et al., 2015; Wisniewski, 2017), two
different groups of channels were selected for the analysis of
theta- and alpha-band power modulations. A frontal midline
group of channels and a group of channels over the occipital
lobes were expected to show enhancements in theta- and
alpha-power, respectively (see Figure 2).1

2.5 | IC process selection and clustering

IC processes not already identified as artifacts were selected
for further analysis based on the proportion of variance in
channel data they accounted for, their scalp projections, and
the location of their equivalent current dipole models. IC
processes that ranked in the top 60 of IC processes in regard
to their contribution to variability in channel data were
retained. Next, scalp maps judged as dipolar were selected
(see Delorme et al., 2012). These IC processes were then fit
with single equivalent current dipole models. In this process,
electrode locations were fit to a template boundary element
head model and then localized in the template brain using
the dipfit() function in EEGLAB (Oostenveld & Oostendorp,
2002). ICs retained for later clustering were those for which
the estimated equivalent current dipole was in the brain vol-
ume and for which the scalp projection of the equivalent

FIGURE 2 Locations of electrodes within the frontal midline and
occipital electrode groups used in the analysis of channel data

1An alternative group of electrodes containing parietal channel locations
was also examined. Analyses on this group of channels produced the
same trends over conditions as the occipital group of channels. In gen-
eral, there was less enhancement observed for this channel grouping (see
scalp maps of alpha power in Figure 3).
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dipole accounted for at least 85% of the variance in the IC
scalp projection. An average of 9.92 ICs (SD5 3.45) were
retained per participant.

Retained IC processes were clustered into groups based
on the location of equivalent current dipoles and PCA
reduced representations of their spectra. A k-means proce-
dure was used to group each IC process into one of 10 differ-
ent clusters. The number of clusters for clustering was
determined objectively based on the average number of ICs
per individual meeting the selection criteria.

2.6 | Event-related spectral dynamics

Channel data and ICs were analyzed similarly. Epochs of
5.5 s (from 4.5 s before to 1 s after the onset of X) were
extracted from continuous data. The newtimef() function of
the EEGLAB toolbox was used to compute each channel’s
and IC’s event-related spectrum using complex Morlet wave-
lets in a frequency range between 3 and 50 Hz (3 cycles at
the lowest frequency to 25 cycles at the highest) centered at
200 time points within an epoch (!22-ms time steps). The
mean power spectrum from 24,500 ms to 23,300 ms
(across all epochs within a condition) was used as a baseline
for computing relative power. Percentage of baseline power
(see Cohen, 2014; Mazaheri & Picton, 2005) was used as a
relative power measure. The following equation shows how
relative powers were computed:

Relative Power %tf 5 100
activitytf2baselinef

baselinef

Here, activitytf is the mean absolute power across epochs
at time t and frequency f. baselinef is the mean absolute
power across all epochs and time points within the baseline
period at frequency f. The relative powers at all time-
frequency points make up the event-related spectral perturba-
tion (ERSP; Makeig, 1993).

2.7 | Statistics

Given the expectation of effects in the retention interval
between the offset of B and the onset of X, times between
22,000 ms and 0 ms relative to the onset of X where
selected. Note that this time window starts a sufficient length
of time past the onset and offset of A and B stimuli (at least
500 ms) in order to minimize the influence of transient
responses to those sounds (cf. Wisniewski et al., 2014). Fre-
quencies of theta and alpha selected for analysis were within
canonical bands, 4–8 Hz and 8–13 Hz, respectively. Mean
relative powers within these time- frequency windows were
extracted for each condition.

Linear and quadratic contrast tests were conducted on
these mean relative powers. A contrast statistic, denoted w,

was computed by multiplying the observed mean relative
powers by coefficients describing a condition’s role in the
contrast, and then summing those values. For linear con-
trasts, mean relative powers for impossible, difficult, and
easy conditions were associated with coefficients of 1, 0, and
21, respectively. For quadratic contrasts, the impossible, dif-
ficult, and easy conditions were associated with coefficients
of -.5, 1, and -.5, respectively. The contrast wlinear reflects
the degree to which the data fit a trend of increasing power
with greater task difficulty, with higher values indicating a
better fit. Similarly, the contrast wquadratic reflects the degree
to which the data fit a trend of greater power for the difficult
condition, compared to the impossible and easy conditions.
Statistical significance was assessed using a nonparametric
permutation-based procedure. For 1,000 iterations, condition
labels were randomly shuffled and w was recomputed. These
w values made up a null hypothesis distribution that was
used to determine p values. p values were considered to be
the proportion of iterations showing a larger w statistic than
the actual data (for review, see Cohen, 2014).

3 | RESULTS

3.1 | Behavior

Table 1 shows accuracies on impossible, difficult, and easy tri-
als. Unsurprisingly, performance was better as task difficulty
decreased. A one-way repeated measures analysis of variance
(ANOVA; using the Greenhouse-Geisser correction; uncor-
rected dfs reported) revealed significant differences among
conditions, F(2, 26)5 245.13, p< .001, h2

p 5 .95. Accuracy
was significantly higher in the easy condition compared to the
difficult condition, t(13)5 13.63, p< .001, Cohen’s d5 2.56,
and the impossible condition, t(13)5 24.03, p< .001, Cohen’s
d5 8.49. Accuracy was also significantly higher in the diffi-
cult condition compared to the impossible condition, t(13)5
7.38, p< .001, Cohen’s d5 1.60.

3.2 | Electrophysiology—channels

Figure 3 displays ERSPs averaged across levels of difficulty
for frontal-midline (a) and occipital (b) electrode groups.
Both theta (4–8 Hz) and alpha (8–13 Hz) power showed

TABLE 1 Proportion correct data

Task Proportion correct

Impossible .51 (.02)

Difficult .68 (.02)

Easy .98 (.01)

Note. Standard error of the mean appears in parentheses.
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increases relative to baseline during the retention interval
between the offset of B and the onset of X. Note that relative
increases in theta appear strongest at frontal sites, as is evi-
dent in the ERSPs and the scalp map of relative theta power
(cf. Onton et al., 2005; Wisniewski et al., 2015). Enhance-
ments of alpha power appear strongest at occipital sites, but
these enhancements tend to be more widespread across the
scalp than theta-power enhancements (cf. Wisniewski et al.,
2012, 2014). Traces of relative theta and alpha power
extracted from ERSPs for each difficulty condition are
depicted below their respective ERSP images in Figure 3.
Theta traces for the frontal midline electrode group depict
greatest relative theta for the difficult condition (solid blue
line). The impossible (dotted pink line) and easy conditions
(dashed green line) show relative theta closer to 0% across
the retention interval. The same trend is observable for rela-
tive alpha power (Figure 3b).

Time-frequency windows used for statistical analyses
(see above) are depicted by the white dashed rectangles in
Figure 3. Linear contrasts on mean relative powers across
conditions were nonsignificant for both theta and alpha,

ps> .30. Quadratic contrasts were significant for both theta,
wquadratic5 27.34, p5 .006, and alpha, wquadratic5 31.35,
p5 .003. Thus, it appears as though both theta- and alpha-
power enhancements initially increase as task difficulty
increases, but then decrease when the task becomes impossi-
ble. That is, a nonmonotonic relationship exists such that rel-
ative theta- and alpha-power enhancements are strongest for
a sufficiently difficult listening task that is accomplishable.
Theta- and alpha-power enhancements during an easy or
impossibly difficult version of the same task show relatively
small increases in power relative to baseline.

3.3 | Electrophysiology—IC processes

An exploratory analysis of ICs was conducted to examine
the contributions of multiple independent brain processes to
effects seen in the channel data. Figure 4 shows characteris-
tics of seven different clusters of IC processes. The other
clusters (not shown) displayed either less tight groupings of
equivalent current dipoles or did not contain data from
enough individuals to warrant further analysis. Figure 4a
shows cluster spectra, 4b shows the locations of estimated
equivalent current dipoles, 4c shows mean scalp maps (aver-
aged across all ICs within a cluster), 4d shows mean ERSPs
(averaged across all conditions and ICs within a cluster), and
4e shows traces of either relative theta or alpha power for
each condition.

To make reference to specific IC process clusters in the
following text, we named clusters based on their locations
within the template brain (see Figure 4b). These were left
frontal (11 participants, 15 ICs), right frontal (11 participants,
15 ICs), left central (11 participants, 15 ICs), central parietal
(10 participants, 14 ICs), right parietal (10 participants, 16
ICs), right occipital (10 participants, 14 ICs), and left occipi-
tal (10 participants, 13 ICs). Note that there can be consider-
able error in the estimated localization of single equivalent
current dipoles, especially when individualized head models
are unavailable (Akalin-Acar & Makeig, 2013). We do not
have individual anatomical data for the participants in this
study. Accordingly, when referring to particular anatomical
locations, we use the phrase “at or near” (e.g., at or near the
anterior cingulate cortex). Below, we first qualitatively
describe the data from each cluster. Qualitative descriptions
of clusters are followed by permutation-based testing of lin-
ear and quadratic contrasts as performed above for channel
data. Given that 14 tests were to be conducted (1 linear and
1 quadratic contrast for each cluster), results were interpreted
with fdr corrections to the familywise error rate (corrected p
values reported; Benjamini & Hochberg, 1995).

ICs in the left frontal cluster had estimated equivalent cur-
rent dipoles centered at or near the left anterior cingulate cor-
tex, with most dipoles falling at or near the anterior cingulate

FIGURE 3 (a) Mean ERSP (across all conditions) for the frontal
midline electrode group. Traces of relative theta power for each difficulty
condition are shown below the ERSP. A scalp map of relative theta power
within the analysis window (white dashed box) is also shown. (b) Mean
ERSP for the occipital electrode group. Traces of relative alpha power for
each difficulty condition are shown below the ERSP. A scalp map of rela-
tive power within the analysis window is also shown

6 | WISNIEWSKI ET AL.



cortex itself (white spheres, Figure 4b). The mean spectrum
for ICs within the cluster showed a peak in the theta range
(white line, Figure 4a), the cluster’s scalp map showed strong
projection of ICs within the cluster to frontal-midline scalp
locations (Figure 4c), and the mean ERSP showed theta
enhancement during the retention interval (Figure 4d). All of
these characteristics are consistent with prior examinations of
ICs corresponding to frontal midline theta (Delorme et al.,
2012; Onton et al., 2005; Wisniewski et al., 2015). Traces of
relative theta power for the different conditions show some hint
of greater theta enhancement for the difficult condition (i.e., the
solid blue line is higher than the pink and green dashed lines).
The linear contrast was not significant, p> .20. The quadratic
contrast was significant, wquadratic5 9.48, p5 .045.

The right frontal cluster was similar to the left frontal clus-
ter in regard to dipoles (cyan spheres in Figure 4b), spectra
(cyan line in Figure 4a), and scalp map (Figure 4c), but was

slightly right lateralized. The mean ERSP showed even stron-
ger theta enhancement during the retention interval than the
left frontal cluster (Figure 4d). In addition, theta traces showed
a striking similarity to channel data in that enhancement was
stronger in the difficult condition compared to the easy and
impossible conditions (Figure 4e). Like the right frontal clus-
ter, the linear contrast was not significant, p> .20. The quad-
ratic contrast was significant, wquadratic5 43.05, p5 .021.

Spectra of ICs in the left central cluster showed a clear
alpha peak and a hump in the beta range (!13–30 Hz), char-
acteristic of the motor-related mu rhythm (blue line in Figure
4a). Most dipoles were localized at or near the left precentral
and postcentral gyri. Also, the mean ERSP revealed strong
suppression of this mu rhythm during and after the retention
interval. These characteristics are consistent with prior
reports of ICs corresponding to mu rhythm features (e.g.,
Delorme et al., 2012; Gramann et al., 2010). Note that the

FIGURE 4 (a) Mean spectra for ICs within each cluster. (b) Estimated individual equivalent current dipoles of IC processes within each cluster.
(c, d, e) From top to bottom, these clusters are referred to in the text, respectively, as left frontal, right frontal, left central, central parietal, right parietal, right
occipital, and left occipital. (c) Mean scalp projection of ICs within each cluster. (d) ERSPs averaged across all difficulty conditions for each cluster.
(e) Either theta or alpha relative power traces for each condition
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motor-related mu rhythm is known to decrease in power in
preparation to manual responses (Pfurtscheller & Lopes da
Silva, 1999). This observation in the current data is thus
unsurprising. Potentially important, however, is that alpha-
power traces show that this mu suppression is strongest for
the easy condition. The linear contrast for alpha power was
significant, wlinear5 20.02, p5 .028, suggesting that alpha
suppression was strongest for the easy condition. The quad-
ratic contrast was not significant, wquadraic5 18.42, p5 .072.

The central parietal cluster had a clear spectral peak in
the alpha band (yellow line, Figure 4a), and dipoles centered
in parietal cortex at or near the precuneus (yellow spheres in
Figure 4b). The mean ERSP showed clear alpha-band
enhancement during the retention interval (Figure 4d); how-
ever, there were no clear differences in this alpha enhance-
ment across conditions (Figure 4e). Neither the linear nor
quadratic contrasts were significant, ps> .380.

A right parietal cluster of ICs showed a spectral peak in
the alpha band (red line, Figure 4a), and dipoles centered at
or near the right parietal cortex (red spheres, Figure 4b). The
cluster displayed some alpha enhancement during the reten-
tion interval. This cluster also showed a decrease in alpha
power shortly after the offset of B (Figure 4d). However,
there were no clear condition differences in alpha power
across conditions (Figure 4e). Linear and quadratic contrasts
were nonsignificant, ps> .10.

A right occipital cluster of ICs showed a clear peak in
the alpha band (pink line, Figure 4a), and dipoles centered at
or near the right occipital lobe (pink spheres, Figure 4b). A
strong enhancement of alpha power is observable in the
mean ERSP (Figure 4d). Relative alpha-power traces show
that this alpha enhancement was greatest for the difficult
condition, as it was at channels (Figure 4e). The linear con-
trast was nonsignificant, p> .22. The quadratic contrast was
significant, wquadraic5 32.11, p5 .035.

A left occipital cluster of ICs also showed a clear peak in
the alpha band (green line, Figure 4a). Dipoles for the left
occipital cluster were centered at or near the left occipital
lobe (green spheres, Figure 4b). This cluster showed the
strongest enhancement of alpha power in the mean ERSP
(Figure 4d). Further, relative alpha-power traces show great-
est alpha enhancement for the difficult condition (Figure 4e).
The linear contrast was nonsignificant, p> .22. The quad-
ratic contrast was significant, wquadraic5 58.64, p5 .028.

4 | DISCUSSION

Sustained enhancements of theta and alpha power have been
repeatedly observed during difficult listening tasks (Kolev,
Yordanoca, Sch€urmann, & Baţar, 1999; Mazaheri & Picton,
2005; McMahon et al., 2016; Obleser et al., 2012; Pesonen
et al., 2006; Wisniewski, 2017; Wisniewski et al., 2015). In

the context of listening effort research, these features have
received a great deal of attention as indices of cognitive
resource allocation (e.g., attention, working memory; for
review, see Eckert et al., 2016; McGarrigle et al., 2014; Wis-
niewski, 2017). Here, we investigated how making listening
impossibly difficult impacted such enhancements of theta
and alpha power in a nonspeech delayed match-to-sample
task (i.e., an ABX task). Given qualitative reports from clini-
cians that hearing-impaired individuals give up on listening
under extremely difficult listening conditions (e.g., Weinstein
& Ventry, 1982), and nonauditory empirical work demon-
strating consistent nonmonotonic relationships between task
difficulty and effort (for review, see Richter, 2016), we
hypothesized that theta- and alpha-power enhancements
would show a quadratic trend from the impossible, to the dif-
ficult, to the easy conditions. Indeed, relative increases in
both frontal midline theta power and posterior alpha power
were observed during retention in the delayed match-to-
sample task. These enhancements were largest for the diffi-
cult condition, which was individually adjusted to match par-
ticipants’ preexperimental thresholds (70.7%). When the task
was made impossible, or was sufficiently easy, both theta-
and alpha-power enhancements were reduced relative to the
difficult condition.

IC processes identified in the channel data were clustered
based on the similarity of their equivalent current dipole
models and the spectra of their time-varying activities. Sev-
eral clusters of similar IC processes showed task-related
modulations of theta and alpha power. Two medial frontal
clusters of IC processes showed theta enhancement during
the retention interval between the offset of B and the onset
of X. The frontal clusters, like the channel data, showed
greater theta enhancement for the difficult condition com-
pared to the impossible and easy conditions. Task-related
perturbations of the alpha band were observable for several
different IC process clusters: left central, central parietal,
right parietal, left occipital, and right occipital clusters. How-
ever, enhancements of alpha power were most prominent for
the left and right occipital clusters of IC processes. Further,
both of these occipital clusters showed trends in alpha-power
enhancements across conditions that correlated with effects
observed at the channel level. In addition, a left central clus-
ter of IC processes, likely related to the mu rhythm, showed
suppression during the retention interval. This suppression
was greatest in the easy condition.

4.1 | Relationship to previous EEG work on
theta- and alpha-power enhancements during
listening

Unlike some previous studies showing either theta- or alpha-
power enhancements (e.g., Obleser et al., 2012; Peterson
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et al., 2015; Wisniewski, 2017), we were able to see both
concurrently (cf. Pesonen et al., 2006). Further, although
theta- and alpha-power trends across conditions largely paral-
leled each other, ICA-based analyses revealed that these
effects stemmed from temporally independent processes.
Along with several other works (e.g., Klimesch, 1999; Kli-
mesch et al., 2005; Pesonen et al., 2006; Strauß, Kotz, Schar-
inger, & Obleser, 2014), the data suggest that these two
types of enhancements reflect separable processes involved
in listening.

Frontal midline theta enhancements are well known to
vary as a function of memory load in nonauditory paradigms
(e.g., Gevins et al., 1997; Jensen & Tesche, 2002; Klimesch
et al., 2005; Onton et al., 2005). Further, single equivalent
current dipole models of ICs within the current frontal clus-
ters were consistent with reports using intracranial electro-
physiological methods that the frontal midline theta rhythm
stems at least in part from activity in the anterior cingulate
and other nearby frontal areas (Tsujimoto, Shimazu, Isomura,
& Sasaki, 2010). Following work on the frontal midline theta
rhythm in memory research, we suspect that the observed
theta-power enhancements reflect increased utilization of
working memory resources during listening (cf. R€onnberg
et al., 2008, 2013). In the current task, the difficult condition
entails memory for sounds (A and B) that are very similar
acoustically. As a consequence, matching X to either A or B
requires maintenance of a relatively detailed memory repre-
sentation of previous stimulation. In contrast, in the easy
condition, an individual need only remember the order of the
slow and fast sounds to identify stimulus X as either slow or
fast. Hence, enhancements in the theta band are weak (cf.
Wisniewski, 2017).

A role for theta enhancements in working memory dur-
ing listening may also potentially explain why some others
have failed to find theta enhancements that correlate with
task difficulty and perceived listening effort. For instance, in
a task where spoken numbers separated by a retention inter-
val are to be compared (e.g., W€ostmann, Herrmann, Wilsch,
& Obleser, 2015), working memory resources may not be
taxed enough to detect any enhancement in the power of the
frontal midline theta rhythm. This would be similar to the
lack of clear theta enhancement in the easy condition of
the current study. Another study specifically manipulated the
number of items to be stored in working memory and found
significant effects in the alpha band (Obleser et al., 2012).
Although a trend was seen for greater theta enhancement
with greater memory load, this trend did not reach signifi-
cance using a nonparametric cluster-based statistical method
(Maris & Oostenveld, 2007). Another possibility for the lack
of significance is an insensitivity of the statistical procedures
employed. Such clustering procedures are biased to assign
significance to data points in time-frequency-electrode space

that are in large clusters of data points showing similar trends
(Cohen, 2014). As our data well shows, theta effects tend to
have a more focused distribution on the scalp (over frontal
midline electrodes) than alpha effects (see Figure 3). Further,
there may be more independent sources driving alpha
dynamics at scalp electrodes compared to theta. Statistical
clustering procedures (e.g., Maris & Oostenveld, 2007) may
thus be less sensitive to detecting differences in theta than
alpha enhancement between conditions.

Alpha-power enhancements have also been associated
with memory processes (e.g., Jensen, Gelfand, Kounios, &
Lisman, 2002; Klimesch, 1999, 2012; Liu, Glizer, Tannock,
& Woltering, 2016), but more recently have received consid-
eration from those studying attention processes as a mecha-
nism of inhibition in the brain (for review, see Jensen &
Mazaheri, 2010; Klimesch, 2012; Weisz et al., 2011). In this
theoretical framework, alpha enhancement indicates inhibi-
tion of task-irrelevant cortical regions, whereas alpha sup-
pression indicates release from inhibition. Inhibition of task-
irrelevant processing regions can serve to route processing to
regions that are important for the task at hand (Jenson &
Mazaheri, 2010). That enhancements of alpha power were
strongest for two occipital clusters of IC processes supports
the notion that alpha enhancements reflect this type of pro-
cess. In this paradigm, visual processing areas likely have lit-
tle to provide and are thus inhibited. Others have made
similar conclusions after finding increased parietal/occipital
alpha enhancement when participants are cued to pay atten-
tion to auditory features (for review, see Foxe & Snyder,
2011). Although alpha enhancements were also seen for pari-
etal clusters of IC processes, these enhancements did not
show any clear relationship with task difficulty. If the current
parietal-based enhancements reflect some sort of inhibitory
top-down attentional process, this does not appear to vary as
a function of difficulty as much as in other listening tasks
that implicate parietal alpha rhythms (e.g., Obleser et al.,
2012; W€ostmann et al., 2015).

An important consequence of the ICA-based analyses of
alpha dynamics performed here is evidence that the mu
rhythm can contribute to alpha-band effects observed when
manipulating listening difficulty. If easy listening conditions
show a stronger suppression in mu rhythm power (see Figure
4), this could be interpreted as a weaker enhancement in
alpha-band power in the channel data when the mu rhythm is
mixed by scalp conduction with other rhythms that show rel-
ative increases in power (cf. Wisniewski et al., 2014). One
study found that presentations of speech sounds in noise
were accompanied by suppression of the mu rhythm
(Bowers, Saltuklaroglu, Harkrider, & Cuellar, 2013). Further,
suppression was greater when SNRs were higher (i.e., when
the task was easier). That study essentially showed greater
alpha suppression for easy conditions rather than
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enhancement for harder conditions. We were able to see that
alpha-band differences between conditions were not depend-
ent upon differences in mu suppression. Nevertheless,
motor-related alpha-band suppression differences between
conditions should be considered and ruled out in analyses of
differences in alpha-power enhancements, perhaps with an
ICA approach.

4.2 | Relevance to the study of “listening
effort” in cognitive hearing science

Recent years have seen an increasing focus on the role of
cognition in the speech and hearing sciences, reflecting the
emerging field of cognitive hearing science. A central topic
of the field has been listening effort. Work has largely
focused on developing methods to quantify effort, or on
characterizing the stimulus factors that modulate it (for
review, see McGarrigle et al., 2014). Some have begun to
explore psychophysiological measures to these ends. Pupil
diameter is larger in low compared to high SNRs (Zekveld,
Kramer, & Festen, 2010), and speech compared to non
speechmaskers (Koelewijn, Zekveld, Festen, & Kramer,
2012). Similar trends have been observed with skin conduct-
ance when varying SNR (Mackersie & Cones, 2013). In
analyses of evoked MEG/EEG activity, intertrial phase lock-
ing within the time range of the auditory N1 (!100 ms post-
stimulus onset) shows increased amplitudes when speech
sounds become increasingly difficult to discriminate (Ber-
narding, Strauss, Hannemann, Seidler, & Corona-Strauss,
2013; also see Wisniewski, 2017). Similar results have been
obtained using components of the ERP (Bertoli & Bodmer,
2014; Obleser & Kotz, 2011). In general, increased ampli-
tudes of these measures have been presumed to reflect
greater allocation of cognitive resources to listening as diffi-
culty increases.

These methods may prove useful as either clinically via-
ble measures of effort, or means of testing the effects of spe-
cific clinical treatments on effort. Nevertheless, weaknesses
exist for characterizing the neural and cognitive components
of effortful listening. Pupil dilation is correlated with activity
in various brain regions (Zekveld, Heslenfeld, Johnsrude,
Versfeld, & Kramer, 2014), providing little discriminative
information regarding the neural networks involved. Pupill-
ometry and other peripheral measures also collapse effortful
listening into a single measure, making it difficult to examine
specific cognitive processes involved. Transient ERP fea-
tures, though affected by cognitive processes associated with
effort (e.g., attention; Hillyard, Hink, Schwent, & Picton,
1973), cannot fully characterize the listening brain. As the
current data demonstrate, one can be utilizing cognitive
resources at time points prior, and far exceeding sound onset.
An exclusive focus on EEG/ERP features occurring within

the first few hundred milliseconds poststimulus onset will
fail to capture components of effortful listening that lie out-
side this small time window.

Listening effort has been defined as “the attention and
cognitive resources required to understand speech,” and was
just recently reformed into a working definition as “the men-
tal exertion required to attend to, and understand, an auditory
message” (McGarrigle et al., 2014). Terms like cognitive
resource and mental exertion entail an enormous amount of
unmentioned processes (e.g., long-term memory retrieval,
imagery, expectation, selective attention, maintenance, deci-
sion making, categorization, etc.). Perhaps, as a result, many
studies have ignored specific processes. Studies of oscillatory
dynamics of EEG and MEG can be useful in this regard. For
instance, the potential for different types of listening effort
that involve maintenance of information in working memory
or attention-related gating of sensory information may be
studied through analyses of the theta and alpha bands,
respectively. Other work in auditory science shows that proc-
esses of encoding and recognition may be examined sepa-
rately through enhancement or suppression of the alpha band
(e.g., Krause et al., 1996). The phase of ongoing oscillations
in the EEG also appears to be under some top-down control
and can have modulatory effects on auditory performance
(Wilsch, Henry, Herrmann, Maess, & Obleser, 2015), and
may potentially relate to effort. The study of listening effort
in cognitive-hearing science may benefit from a detailed
investigation into the processes involved in effortful listening
with the use of psychophysiological measures like EEG that
are useful for detecting processing-related differences
between individuals and conditions. Further, since auditory
cognition is undoubtedly complex, it will behoove cognitive
hearing science to consider multiple indices of listening
effort.

4.3 | Conclusions

That both theta- and alpha-power enhancements during lis-
tening were found to be strongest under conditions of high
difficulty, but lower under a condition where the task was
impossible, supports the notion that these features relate to
the effortful cognitive processes one brings to a given listen-
ing task. It is not the case that these enhancements relate
monotonically to listening difficulty. ICA-based analyses
support the notion that alpha-power enhancements at least
partially reflect the inhibition of task-irrelevant cortical
regions. Based on the nature of the employed delayed match-
to-sample task, and similar nonauditory paradigms showing
enhancements in frontal midline theta, we believe that the
observed theta enhancements (likely stemming from medial
frontal sources near the anterior cingulate cortex) are related
to demands placed on an individual’s use of working
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memory resources. Future work on listening effort will bene-
fit from examinations that move beyond the quantification of
effort as a singular phenomenon and toward a conceptualiza-
tion of listening effort that qualitatively varies given the
demands of a specific listening task. This approach will
require examination of a fuller range of the features available
in EEG and the manipulation of specific cognitive processing
demands (e.g., need to utilize working memory).

ACKNOWLEDGMENTS

M. G. W. was supported by a fellowship awarded by the
National Research Council and a postgraduate research par-
ticipant program from the Oak Ridge Institute for Science
and Education. None of the authors have potential conflicts
of interest to be disclosed.

REFERENCES
Akalin-Acar, Z., & Makeig, S. (2013). Effects of forward model

errors on EEG source localization. Brain Topography. 26, 378–
396. https://doi.org/10.1007/s10548-012-0274-6

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discov-
ery rate: A practical and powerful approach to multiple testing.
Journal of the Royal Statistical Society Series B, 57, 289–300

Bernarding, C., Strauss, D. J., Hannemann, R., Seidler, H., &
Corona-Strauss, F. I. (2013). Neural correlates of listening effort
related factors: Influence of age and hearing impairment. Brain
Research Bulletin, 91, 21–30. https://doi.org/10.1016/j.brainres-
bull.2012.11.005

Bertoli, S., & Bodmer, D. (2014). Novel sounds as a psychophysio-
logical measure of listening effort in older listeners with and with-
out hearing loss. Clinical Neurophysiology, 125, 1030–1041.
https://doi.org/10.1016/j.clinph.2013.09.045

Bowers, A., Saltuklaroglu, T., Harkrider, A., & Cuellar, M. (2013).
Suppression of the l rhythm during speech and non-speech dis-
crimination revealed by independent component analysis: Implica-
tions for sensorimotor integration in speech processing. PLOS
ONE, 8, e72024. https://doi.org/10.1371/journal.pone.0072024

Brehm, J. W., & Self, E. A. (1989). The intensity of motivation.
Annual Review of Psychology, 40, 109–131. https://doi.org/10.
1146/annurev.ps.40.020189.000545.

Cohen, M. X. (2014). Analyzing neural time series data: Theory and
practice. Cambridge, MA: MIT Press.

deCharms, R. C., Blake, D. T., & Merzenich, M. M. (1998). Optimiz-
ing sound features for cortical neurons. Science, 280, 1439–1443.
https://doi.org/10.1126/science.280.5368.1439

Delorme, A., & Makeig, S. (2004). EEGLAB: An open source tool-
box for analysis of single-trial EEG dynamics including independ-
ent component analysis. Journal of Neuroscience Methods, 134,
9–21. https://doi.org/10.1016/j.jneumeth.2003.10.009

Delorme, A., Palmer, J., Onton, J., Oostenveld, R., & Makeig, S.
(2012). Independent EEG sources are dipolar. PLOS ONE, 7,
e30135. https://doi.org/10.1371/journal.pone.0030135

Dimitrijevic, A., Smith, M. L., Kadis, D. S., & Moore, D. R. (2017).
Cortical alpha oscillations predict speech intelligibility. Frontiers

in Human Neuroscience, 11, 88. https://doi.org/10.3389/fnhum.
2017.00088

Eckert, M. A., Teubner-Rhodes, S., & Vaden, K. I., Jr. (2016). Is lis-
tening in noise worth it? The neurobiology of speech recognition
in challenging listening conditions. Ear & Hearing, 37, 101S–
110S. https://doi.org/10.1097/AUD.0000000000000300

Foxe, J. J., & Snyder, A. C. (2011). The role of alpha-band brain
oscillations as a sensory suppression mechanism during selective
attention. Frontiers in Psychology, 2, 154.

Gevins, A., Smith, M. E., McEvoy, L., & Yu, D. (1997). High-reso-
lution EEG mapping of cortical activation related to working
memory: Effects of task difficulty, type of processing, and prac-
tice. Cerebral Cortex, 7, 374–385. https://doi.org/10.1093/cercor/
7.4.374

Gramann, K., Onton, J., Riccobon, D., Mueller, H. J., Bardins, S., &
Makeig, S. (2010). Human brain dynamics accompanying use of
egocentric and allocentric reference frames during navigation.
Journal of Cognitive Neuroscience, 22, 2836–2849. https://doi.
org/10.1162/jocn.2009.21369

Hillyard, S. A., Hink, R. F., Schwent, V. L., & Picton, T. W. (1973).
Electrical signs of selective attention in the human brain. Science,
182, 177–180. https://doi.org/10.1126/science.182.4108.177

Jensen, O., Gelfand, J., Kounios, J., & Lisman, J. E. (2002). Oscilla-
tions in the alpha band (9–12 Hz) increase with memory load dur-
ing retention in a short-term memory task. Cerebral Cortex, 12,
877–882. https://doi.org/10.1093/cercor/12.8.877

Jensen, O., & Mazaheri, A. (2010). Shaping functional architecture
by oscillatory alpha activity: Gating by inhibition. Frontiers in
Human Neuroscience, 4, 186. https://doi.org/10.3389/fnhum.2010.
00186

Jensen, O., & Tesche, C. D. (2002). Frontal theta activity in humans
increases with memory load in a working memory task. European
Journal of Neuroscience, 15, 1395–1399. https://doi.org/10.1046/
j.1460-9568.2002.01975.x

Jung, T. P., Makeig, S., Humphries, C., Lee, T. W., McKeown, M.
J., Iragui, V., & Sejnowski, T. J. (2000). Removing electroen-
cephalographic artifacts by blind source separation. Psychophysi-
ology, 37, 163–178. https://doi.org/10.1111/1469-8986.3720163

Klimesch, W. (1999). EEG alpha and theta oscillations reflect cogni-
tive and memory performance: A review and analysis. Brain
Research: Brain Research Reviews, 29, 169–195. https://doi.org/
10.1016/S0165-0173(98)00056-3

Klimesch, W. (2012). Alpha-band oscillations, attention, and con-
trolled access to stored information. Trends in Cognitive Sciences,
16, 606–617. https://doi.org/10.1016/j.tics.2012.10.007

Klimesch, W., Schack, B., & Sauseng, P. (2005). The functional sig-
nificance of theta and upper alpha oscillations. Experimental Psy-
chology, 52, 99–108. https://doi.org/10.1027/1618-3169.52.2.99

Koelewijn, T., Zekveld, A. A., Festen, J. M., Kramer, S. E. (2012).
Pupil dilation uncovers extra listening effort in the presence of a
single-talker masker. Ear & Hearing, 33, 291–300. https://doi.
org/10.1097/AUD.0b013e3182310019

Kolev, V., Yordanova, J., Sch€urmann, M., & Baţar, E. (1999). Event-
related alpha oscillations in task processing. Clinical Neurophysi-
ology, 110, 1784–1792. https://doi.org/10.1016/S1388-2457(99)
00105-4

WISNIEWSKI ET AL. | 11



Krause, C. M., Lang, A. H., Laine, M., Kuusisto, M., & P€orn, B.
(1996). Event-related EEG desynchronization and synchronization
during an auditory memory task. Electroencephalography and
Clinical Neurophysiology, 98, 319–326. https://doi.org/10.1016/
0013-4694(96)00283-0

Kukla, A. (1972). Foundations of an attributional theory of perform-
ance. Psychological Review, 79, 454–470. https://doi.org/10.1037/
h0033494

Levitt, H. (1971). Transformed up-down methods in psychoacoustics.
Journal of the Acoustical Society of America, 49, 467–477.
https://doi.org/10.1121/1.1912375

Liu, Z. X., Glizer, D., Tannock, R., & Woltering, S. (2016). EEG
alpha power during maintenance of information in working mem-
ory in adults with ADHD and its plasticity due to working memory
training: A randomized controlled trial. Clinical Neurophysiology,
127, 1307–1320. https://doi.org/10.1016/j.clinph.2015.10.032

Mackersie C. L., & Cones, H. (2011). Subjective and psychophysio-
logical indexes of listening effort in a competing-talker task. Jour-
nal of the American Academy of Audiology, 22, 113–122. https://
doi.org/10.3766/jaaa.22.2.6

Makeig, S. (1993). Auditory event-related dynamics of the EEG spec-
trum and effects of exposure to tones. Electroencephalography
and Clinical Neurophysiology, 86, 283–293. https://doi.org/10.
1016/0013-4694(93)90110-H

Makeig, S., Debener, S., Onton, J., & Delorme, A. (2004). Mining
event-related brain dynamics. Trends in Cognitive Sciences, 8,
204–210. https://doi.org/10.1016/j.tics.2004.03.008

Makeig, S., Jung, T.-P., Bell, A. J., Ghahremani, D., & Sejnowski, T.
J. (1997). Blind separation of auditory event-related brain
responses into independent components. Proceedings of the
National Academy of Sciences USA, 94, 10979–10984. https://doi.
org/10.1073/pnas.94.20.10979

Makeig, S., & Onton, J. (2009). ERP features and EEG dynamics:
An ICA perspective. In S. Luck & E. Kappenman (Eds.), Oxford
handbook of event-related potentials. New York, NY: Oxford
University Press.

Maris, E., & Oostenveld, R. (2007). Nonparametric statistical testing
of EEG- and MEG-data. Journal of Neuroscience Methods, 164,
177–190. https://doi.org/10.1016/j.jneumeth.2007.03.024.

Mazaheri, A., & Picton, T. W. (2005). EEG spectral dynamics during dis-
crimination of auditory and visual targets. Cognitive Brain Research,
24, 81–96. https://doi.org/10.1016/j.cogbrainres.2004.12.013

McGarrigle, R., Munro, K. J., Dawes, P., Stewart, A. J., Moore, D.
R., Barry, J. G., & Amitay, S. (2014). Listening effort and
fatigue: What exactly are we measuring? A British Society of
Audiology Cognition in Hearing special interest group ‘white
paper’. International Journal of Audiology, 53, 433–440. https://
doi.org/10.3109/14992027.2014.890296

McMahon, C. M., Boisvert, I., de Lissa, P., Granger, L., Ibrahim, R.,
Lo, C. Y., . . . Graham, P. L. (2016). Monitoring alpha oscilla-
tions and pupil dilation across a performance-intensity function.
Frontiers in Psychology, 7, 745. https://doi.org/10.3389/fpsyg.
2016.00745

Obleser, J., & Kotz, S. A. (2011). Multiple brain signatures of inte-
gration in the comprehension of degraded speech. NeuroImage,
55, 713–723. https://doi.org/10.1016/j.neuroimage.2010.12.020

Obleser, J., W€ostmann, M., Hellbernd, N., Wilsch, A., & Maess, B.
(2012). Adverse listening conditions and memory load drive a
common alpha oscillatory network. Journal of Neuroscience, 32,
12376–12383. https://doi.org/10.1523/JNEUROSCI.4908-11.2012

Onton, J., Delorme, A., & Makeig, S. (2005). Frontal midline EEG
dynamics during working memory. NeuroImage, 15, 341–356.
https://doi.org/10.1016/j.neuroimage.2005.04.014

Oostenveld, R., & Oostendorp, T. F. (2002). Validating the boundary
element method for forward and inverse EEG computations in the
presence of a hole in the skull. Human Brain Mapping, 17, 179–
192. https://doi.org/10.1002/hbm.10061

Pesonen, M., Bj€ornberg, C. H., Hämäläinen, H., & Krause, C. M.
(2006). Brain oscillatory 1–30 Hz EEG ERD/ERS responses dur-
ing the different stages of an auditory memory search task. Neu-
roscience Letters, 399, 45–50.

Peterson, E. B., W€ostmann, M., Obleser, J., Stenfelt, S., & Lunner,
T. (2015). Hearing loss impacts neural alpha oscillations under
adverse listening conditions. Frontiers in Psychology, 6, 177.
https://doi.org/10.3389/fpsyg.2015.00177

Pfurtscheller, G., & Lopes da Silva, F. H. (1999). Event-related EEG/
MEG synchronization and desynchronization: Basic principles.
Clinical Neurophysiology, 110, 1842–1857. https://doi.org/10.
1016/S1388-2457(99)00141-8

Raghavachari, S., Kahana, M. J., Rizzuto, D. S., Caplan, J. B., Kir-
schen, M. P., Bourgeois, B., . . . Lisman, J. E. (2001). Gating of
human theta oscillations by a working memory task. Journal of
Neuroscience, 21, 3175–3183.

Richter, M. (2016). The moderating effect of success importance on
the relationship between listening demand and listening effort.
Ear & Hearing, 37, 111S–117S. https://doi.org/10.1097/AUD.
0000000000000295

R€onnberg, J., Rudner, M., Foo, C., & Lunner, T. (2008). Cognition
counts: A working memory system for ease of language under-
standing (ELU). International Journal of Audiology, 47, S99–
S105. https://doi.org/10.1080/14992020802301167

R€onnberg, J., Lunner, T., Zekveld, A., S€orqvist, P., Danielsson, H.,
& Lyxell, B., . . . Rudner, M. (2013). The ease of language under-
standing (ELU) model: theoretical, empirical, and clinical advan-
ces. Frontiers in Systems Neuroscience, 7, 31. https://doi.org/10.
3389/fnsys.2013.00031

Scheeringa, R., Bastiaansen, M. C. M., Petersson, K. M., Oostenveld,
R., Norris, D. G., & Hagoort, P. (2008). Frontal theta EEG activ-
ity correlates negatively with the default mode network in resting
state. International Journal of Psychophysiology, 67, 242–251.
https://doi.org/10.1016/j.ijpsycho.2007.05.017

Strauß, A., Kotz, S. A., Scharinger, M., & Obleser, J. (2014). Alpha
and theta brain oscillations index dissociable processes in spoken
word recognition. NeuroImage, 97, 387–395. https://doi.org/10.
1016/j.neuroimage.2014.04.005

Tsujimoto, T., Shimazu, H., Isomura, Y., & Sasaki, K. (2010). Theta
oscillations in primate prefrontal and anterior cingulate cortices in
forewarned reaction time tasks. Journal of Neurophysiology, 103,
827–843. https://doi.org/10.1152/jn.00358.2009

van Dijk, H., Nieuwenhuis, I. L. C., & Jensen, O. (2010). Left tem-
poral alpha band activity increases during working memory reten-
tion of pitches. European Journal of Neuroscience, 31, 1701–
1707. https://doi.org/10.1111/j.1460-9568.2010.07227.x

12 | WISNIEWSKI ET AL.



Weinstein, B. E., & Ventry, I. M. (1982). Hearing impairment and
social isolation in the elderly. Journal of Speech and Hearing
Research, 25, 593–599. https://doi.org/10.1044/jshr.2504.593

Weisz, N., Hartmann, T., M€uller, N., Lorenz, I., & Obleser, J.
(2011). Alpha rhythms in audition: cognitive and clinical perspec-
tives. Frontiers in Psychology, 2, 73. https://doi.org/10.3389/
fpsyg.2011.00073

Wilsch, A., Henry, M. J., Herrmann, B., Maess, B., & Obleser, J.
(2015). Alpha oscillatory dynamics index temporal expectation
benefits in working memory. Cerebral Cortex, 25, 1938–1946.
https://doi.org/10.1093/cercor/bhu004

Wisniewski, M. G. (2017). Indices of effortful listening can be mined
from existing electroencephalographic data. Ear & Hearing, 38,
e69–e73. https://doi.org/10.1097/AUD.0000000000000354

Wisniewski, M. G., Church, B. A., & Mercado, E., III. (2010). Tem-
poral dynamics of generalization and representational distortion.
Psychonomic Bulletin & Review, 17, 809–814. https://doi.org/10.
3758/PBR.17.6.809

Wisniewski, M. G., Mercado, E., III, Church, B. A., Gramann, K., &
Makeg, S. (2014). Brain dynamics that correlate with effects of
learning on auditory distance perception. Frontiers in Neuro-
science, 8, 396. https://doi.org/10.3389/fnins.2014.00396

Wisniewski, M. G., Mercado, E., III, Gramann, K., & Makeig, S.
(2012). Familiarity with speech affects cortical processing of audi-
tory distance cues and increases acuity. PLOS ONE, 7, e41025.
https://doi.org/10.1371/journal.pone.0041025

Wisniewski, M. G., Thompson, E. R., Iyer, N., Estepp, J. R., Goder-
Reiser, M. N., & Sullivan, S. C. (2015). Frontal midline u power
as an index of listening effort. NeuroReport, 26(2), 94–99. https://
doi.org/10.1097/WNR.0000000000000306

W€ostmann, M., Herrmann, B., Wilsch, A., & Obleser, J. (2015). Neu-
ral alpha dynamics in younger and older listeners reflect acoustic
challenges and predictive benefits. Journal of Neuroscience, 35,
1458–1467. https://doi.org/10.1523/JNEUROSCI.3250-14.2015

Zekveld, A. A., Heslenfeld, D. J., Johnsrude, I. S., Versfeld, N. J., &
Kramer, S. E. (2014). The eye as a window to the listening brain:
Neural correlates of pupil size as a measure of cognitive listening
load. NeuroImage, 101, 76–86. https://doi.org/10.1016/j.neuro-
image.2014.06.069.

Zekveld, A. A., Kramer, S. E., & Festen, J. M. (2010). Pupil
response as an indication of effortful listening: The influence of
sentence intelligibility. Ear & Hearing, 31, 480–490. https://doi.
org/10.1097/AUD.0b013e3181d4f251

How to cite this article: Wisniewski MG, Thompson
ER, Iyer N. Theta- and alpha-power enhancements in
the electroencephalogram as an auditory delayed
match-to-sample task becomes impossibly difficult.
Psychophysiology. 2017;00:000–000. https://doi.org/
10.1111/psyp.12968

WISNIEWSKI ET AL. | 13


