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ARTICLE INFO ABSTRACT

Keywords: Listening requires selective neural processing of the incoming sound mixture, which in humans is borne out by a
Attention surprisingly clean representation of attended-only speech in auditory cortex. How this neural selectivity is ach-
EEG

ieved even at negative signal-to-noise ratios (SNR) remains unclear. We show that, under such conditions, a late
Auditory cortex cortical represe.ntatio.n (e, neurt.zl tracking) of tl}e. ignored acoustic signal is key to successful separation c_)f
Fronto-parietal attention network attended and distracting talkers (i.e., neural selectivity). We recorded and modeled the electroencephalographic
SNR response of 18 participants who attended to one of two simultaneously presented stories, while the SNR between
the two talkers varied dynamically between +6 and —6 dB. The neural tracking showed an increasing early-to-late
attention-biased selectivity. Importantly, acoustically dominant (i.e., louder) ignored talkers were tracked
neurally by late involvement of fronto-parietal regions, which contributed to enhanced neural selectivity. This
neural selectivity, by way of representing the ignored talker, poses a mechanistic neural account of attention under
real-life acoustic conditions.

Speech encoding

1. Introduction

Human listeners comprehend speech surprisingly well in the presence
of distracting sound sources (Cherry, 1953). The ubiquitous question is
how competing acoustic events capture bottom-up attention (e.g., by
being dominant, that is, louder than the background), and how in turn
top-down selective attention can overcome this dominance (e.g.,
listening to a certain talker against varying levels of competing talkers or
noise; Kaya and Elhilali, 2017).

Auditory selective neural processing has been mainly attributed to
auditory cortex regions. It is by now well-established that the auditory
cortical system selectively represents the (spectro-)temporal envelope of
attended, but not ignored speech (i.e., neural phase-locking; Magneto-
encephalography: Ding and Simon, 2012; Electroencephalography: Ker-
lin et al., 2010; Power et al., 2012; Horton et al., 2013; O'Sullivan et al.,
2014). Accordingly, auditory cortical responses allow for a reconstruc-
tion of the spectrogram of speech and to detect the attended talker (e.g.,
Mesgarani and Chang, 2012; Zion Golumbic et al., 2013). In sum, se-
lective neural processing in auditory cortices establishes an isolated and
distraction-invariant spectro-temporal representation of the attended
talker.

However, as has been shown, degradations of the acoustic signals
attenuate the neural phase-locking to speech. Experimental degradations
have included artificial transformations of temporal fine structure (Ding
et al.,, 2014; Kong et al., 2015), or rhythmicity (Kayser et al., 2015),
reverberation (Fuglsang et al., 2017) or decreased signal-to-noise ratio
(SNR; Kong et al., 2014; Ding and Simon, 2013; Giordano et al., 2017).
Not least, neural selection of speech appears weakened in people with
hearing loss (Petersen et al., 2016). In sum, those studies suggest that the
strength of neural phase-locking indicates behavioral performance such
as speech comprehension.

Additionally, higher order non-auditory neural mechanisms facilitate
speech comprehension as well. The supra-modal, fronto-parietal atten-
tion network is a candidate to be involved in top-down selective neural
processing during demanding listening tasks (Woolgar et al., 2016).
Beyond the phase-locking in lower frequency bands (i.e., ~1-8 Hz; Wang
et al., 2018, Pomper and Chait, 2017), top-down selective neural pro-
cessing has also been associated with changes in the power of induced
alpha-oscillations (i.e., ~8-12Hz; Obleser et al., 2012; Kayser et al.,
2015, Wostmann et al., 2016). Specifically, increased parietal
alpha-power is related to enhanced suppression of the distracting input
(Wostmann et al., 2017). This reflects that, besides the neural
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spectro-temporal enhancement of the attended talker, a crucial role in
top-down neural selective processing was attributed to the suppression of
the ignored talker.

Neural signatures of suppression can be two-fold. First, suppression
can attenuate the neural response to an ignored talker compared to an
attended talker, like it was found in neural phase-locking from latencies
of around 100 ms (Ding and Simon, 2012; Wang et al., 2018). Second,
active suppression can add or increase components in the neural response
to the ignored talker, given that the response is dissociable from the
response to the attended talker (e.g.; a louder ignored talker evoking a
stronger neural response anti-polar to the response to a louder attended
talker). Here we asked, how the components of the phase-locked neural
response are affected by selective attention under varying signal-to-noise
ratio (SNR).

The phase-locked neural response to broad-band continuous speech
can be obtained from EEG by estimating the (delayed) covariance of the
temporal speech envelope and the EEG, which results in a linear model of
the cortical response; a temporal response function (TRF; Lalor et al.,
2009; Crosse et al., 2016). Analogous to the event-related potential
(ERP), the components of the TRF can be interpreted as reflecting a
sequence of neural processing stages where later components reflect
higher order processes within the hierarchy of the auditory system (Davis
and Johnsrude, 2003; Picton, 2013; Di Liberto et al., 2015).

Here, we use a listening scenario in which two concurrent talkers
undergo continuous SNR variation. Our results demonstrate differential
effects of bottom-up acoustics vs. top-down selective neural processing
on earlier vs. later neural response components, respectively. Source
localization reveals that not only auditory cortex regions are involved in
the selective neural processing of concurrent speech, but that a fronto-
parietal attention network contributes to selective neural processing
through late suppression of the ignored talker.

2. Methods
2.1. Participants

Eighteen native speakers of German (9 females) were invited from the
participant database of the Department of Psychology, University of
Liibeck, Germany. We recruited participants who were between 23 and
68 years old at the time of testing (mean: 49, SD: 17), to allow valid
conclusions from such a challenging listening scenario to middle-aged
and older adults. All reported normal hearing and no histories of
neurological disorders. Incomplete data due to recording hardware fail-
ure were obtained in four more, initially invited participants. All par-
ticipants gave informed consent and received payment of 8 €/hour. The
study was approved by the local ethics committee of the University of
Liibeck.

2.2, Stimuli

The goal of this study was to investigate the selective neural pro-
cessing of one of two talkers under a continuously varying signal-to-noise
ratio (SNR). Here, the signal is a to-be-attended talker and the noise is a
to-be-ignored talker. Our study was conducted in a within subject 2 by 3
design (attention by SNR; three levels).

We selected two audiobooks read by native German speakers, one
female (Elke Heidenreich, ‘Nero Corleone kehrt zuriick’, read by Elke
Heidenreich) and one male (Yuval Noah Harari, ‘Eine kurze Geschichte
der Menschheit’, read by Jiirgen Holdorf). The following steps of stim-
ulus preparation were done using custom code written in MATLAB
(Version 2017a; Mathworks Inc., Natick, MA). Sequences of silence longer
than 500 ms were truncated to 500 ms to avoid long parts of silence
(O'Sullivan et al., 2014). The first hour of each audiobook was selected
for further preparation. The first 30 min of each audiobook served as the
to-be-attended and the rest served as the to-be-ignored speech, such that
all subjects could attend both stories from the beginning and attended
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(and ignored) both the female and the male voice the same amount of
time.

The identical mixture of the attended and ignored talker was pre-
sented on both ears, resulting in a concurrent listening scenario without
any spatial cue (i.e. diotic, Fig. 1A). Hence, the only cues available for
talker segregation consisted in the spectro-temporal features of the
talkers, such as pitch, formants, and amplitude modulation.

The SNR was modulated symmetrically around 0 dB. An SNR of 0 dB
refers to concurrent talker signals with a matched long-term root-mean-
square (rms) amplitude as used previously in numerous studies (e.g.
Power et al., 2012; O'Sullivan et al., 2014; Mirkovic et al., 2015). Coming
from an SNR of 0 dB, the SNR was either increased to +6 dB by raising
the sound pressure level (SPL) of the to-be-attended talker by 6 dB or
decreased to —6 dB by raising the SPL of the to-be-ignored talker by 6 dB.
Thus, the talkers were either balanced (Fig. 1B, black) or one of the talkers
was dominant (Fig. 1B, purple) and the other was non-dominant (Fig. 1B,
grey). The particular SNR-range (—6 to +6 dB) was chosen to create a
challenging but at the same time solvable listening task. Even if an SNR of
—6 dB is rare in real-life listening scenarios (Smeds et al., 2015), the
neural tracking of attended speech has been reported as intact at SNRs as
low as —6dB (Ding and Simon, 2013). However, speech perception
(number of words repeated correctly) of normal hearing subjects starts to
suffer around an SNR <0dB and the speech-reception threshold (i.e.
50% correct) usually lies between —5 and 0dB (Pichora-Fuller et al.,
1995; Bentler et al., 2004).

As building blocks for SNR modulation, we created a sample of pla-
teaus (i.e., constant SNR of —6, 0 or +6 dB) and ramps (i.e., transition
between plateaus). The length of plateaus was uniformly distributed
between 5 and 9 s in discrete steps of one second. The ramps were linear
interpolations between SNRs with the length uniformly distributed be-
tween 1 and 5 s in discrete steps of one second. The length distributions
of plateaus and ramps were kept uniform within each talker and within
their assignments as being attended or ignored. We concatenated pla-
teaus via ramps such that a 0 dB plateau was either followed by a +6 dB
or a —6 dB, whereas a +6 dB or a —6 dB plateau were always followed by
a 0 dB plateau via a respective ramp. Randomly varying SNR time courses
were created for each subject individually in order to avoid systematic
overlap between the SNR modulation and the audiobooks. Stimulus
material was cut into twelve blocks, which resulted in an average block
length of five minutes. Sound files were created with a sampling rate of
44.1 kHz and a 16-bit resolution. The experiment was implemented in
the software Presentation (Neurobehavioural Systems). Stimuli were pre-
sented via headphones (Sennheiser HD25).

2.3. Task

The twelve blocks were presented such that subjects were instructed
to attend to the female or to the male talker in an alternating fashion.
After instruction before each block (i.e. attend to female or attend to
male), subjects were asked to start the stimulus presentation by a button
press, which enabled the participants to take a break between blocks.
During listening, subjects were asked to fixate a cross presented on the
screen in order to reduce eye movement.

Every other block, the stories picked up at the point it ended two
blocks before. After each block, subjects were asked to rate the difficulty
of maintaining attention by mouse-clicking on a continuous color bar
ranging from red (difficult) to green (easy). For later analysis, the
continuous color bar was discretized into ten segments (1 = difficult,
10 =easy). Subsequently, participants were asked to answer four
multiple-choice questions concerning the content of the to-be-attended
audiobook. The average rating of difficulty was neither significantly
correlated with the number of questions correctly answered (Pearson's
r=0.1, p=0.73), nor with participants' age (Pearson's r=-0.17,
p=0.51). Furthermore, we found no significant correlation of the
number of correctly answered questions with age (Pearson's r = —0.11,
p=0.65).
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2.4. Data acquisition and preprocessing

EEG was recorded with 64 electrodes Acticap (Easycap, Herrsching,
Germary) connected to an ActiChamp (Brain Products, Gilching, Germany)
amplifier. EEG signals were recorded with the software BrainVision
Recorder (Brain Products) at a sampling rate of 1 kHz. Impedances were
kept below 10kQ. Electrode TP9 (left mastoid) served as reference
during recording.

The EEG data were pre-processed in MATLAB (2017a) using both the
Fieldtrip-toolbox (version: 20170321; Oostenveld et al., 2011) and
custom written code. The EEG data were re-referenced to the average of
the electrodes TP9 and TP10 (left and right mastoids) and resampled to
fs=125Hz. The continuous EEG data were highpass-filtered at f, =1 Hz
and lowpass-filtered at f, = 30 Hz (two-pass Hamming window FIR, filter
order: 3fy/f.).

From the continuous EEG data, we extracted the parts during which
the twelve blocks of audiobooks were presented (see above). For every
subject, we applied independent component analysis (ICA; Makeig et al.,
2004) on the concatenated data of the twelve blocks and manually
rejected components that were clearly related to eye movements, eye
blinks, muscle artifacts, heartbeat as well as single-channel noise. On
average, 26 of 62 components (SD: 7.3) were rejected.

For further analysis, we lowpass-filtered the data again at f.=10 Hz
(two-pass Hamming window FIR, filter order: 3fy/f.), which assured that
the amplitudes at all frequencies up to 8 Hz were not reduced. Previously,
neural activity phase-locked to the envelope was only found up to a
frequency of approximately 8 Hz (Zion Golumbic et al., 2013; Ding et al.,
2014). We could confirm this finding by incrementally raising the cutoff
frequency, which didn't change the morphology of the TRFs (see below)
but only decreased the prediction accuracy due to the interference of
non-phase-locked neural activity and external noise in higher
frequencies.

2.5. Extraction of envelope onsets

A temporal representation of the acoustic onsets, further called en-
velope onsets, was extracted from the presented speech signals (Fiedler
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Fig. 1. Experimental design, forward model,
and neural selectivity. A) Two mixed talkers
(female & male) were presented on both ears
without spatial segregation (diotic). B) The
signal-to-noise ratio (SNR) between attended
(signal) and ignored (noise) talker was varied
between —6, 0 and + 6 dB by either raising the
level of the attended talker or the ignored talker.
Length of ramps and plateaus were drawn from
uniform distributions. C) Neural selectivity here
expressed as classification accuracy in detection
of the attended and ignored talker averaged
across subjects. Shown here is accuracy as ob-
tained by prediction of EEG signals (Fiedler et al.,
2017) at single EEG channels and single voxels in
source space, respectively. Highlighted channels
of topographic maps indicate that the lower
bound of the confidence interval (bootstrapped
mean on the group level) was greater than the
95%-confidence bound of a binomial distribution
(ClIy.05 = 60%; Combrisson and Jerbi, 2015). D)
Temporal response functions (TRF) to the atten-
ded and ignored talker were extracted by a for-
ward (encoding) regression model based on the
assumption that the measured EEG signal is the
superposition (convolution) of the envelope on-
sets (of the attended and ignored talkers) and the
TRFs, respectively. TRFs reflect the neural
response evoked by a single envelope onset. Col-
ormaps are drawn from Thyng et al. (2016).

Neural selectivity

0.95.
chancei 50

et al., 2017). Those representations later served as regressors to model
neural responses to the talkers (see below). First, we extracted an audi-
tory spectrogram containing 128 spectrally resolved sub-band envelopes
of the speech signals logarithmically spaced between approximately 90
and 4000 Hz using the NSL toolbox (Chi et al., 2005). Second, the
auditory spectrogram was summed up across frequencies, which resulted
in broad-band temporal envelopes of the audiobooks. Taking the deriv-
ative of the envelope and zeroing all values smaller than zero (Hertrich
et al., 2012) returned the envelope onsets, which only contain positive
values at time periods of an increasing envelope, as can be found at
acoustic onsets (Fig. 1C).

Using the envelope onsets as regressor does not imply that we only
modeled the encoding of acoustic onsets. Every onset is followed by a
peak in the speech envelope (Fig. 1C), which is then again followed by an
offset and the next onset and so forth, resulting in a high autocorrelation
between those features. Nevertheless, onsets are the earliest feature that
could possibly evoke a neural response (Picton, 2013). The latency of
modeled responses to envelope onsets (compared to envelopes) was
found to be most similar to conventional ERPs (Fiedler et al., 2017,
supplemental material).

2.6. Estimation of temporal response functions

We applied an established method to estimate a linear forward
(encoding) model (Lalor et al., 2009; Crosse et al., 2016). The model
contains temporal response functions (TRFs), which are estimations of
the neural response to a continuously varying stimulus feature. In our
case, this stimulus feature is the envelope onsets (see above) of both, the
attended and the ignored talker. Based on the assumption that every
sample in the EEG signal r(t) is the superposition of neural responses to
past onsets and thus can be expressed for one talker by a convolution
operation:

r(t) = s*TRF = [s(t —7) - TRF ()] @

where s(t) is the envelope onsets, TRF is the temporal response function
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that describes the relationship between s and r over a range of time lags =
(Fig. 1C). The TRF contains a weight for each time lag 7. We investigated
time lags in the range from —100 to 500 ms. In order to obtain the
B-weights of the TRF to both talkers contained in the matrix Gygp, ridge
regression (Hoerl and Kennard, 1970) was applied, which can be
expressed in the linear algebraic form:

Gy = (S™S + imI)”'S'R )

where S is matrix containing the onset envelopes of both the attended
and ignored talker and its sample-wise time lagged replications, R con-
tains the measured EEG signal, A is the ridge parameter for regularization,
the scalar m is the mean of the trace of STS (Biesmans et al., 2016) and I is
the identity matrix.

Note that the usage of the scalar m is equivalent to normalizing the
auto-correlation matrix X'X (i.e., dividing it by the variance of the re-
gressors), such that the amount of regularization is proportional to the
variance of the regressors.

The optimal ridge parameter A was estimated according to Fiedler
et al. (2017) and was set to A = 10. Due to the low-pass characteristic of
the envelope onsets, we need regularization because neighboring sam-
ples are highly co-linear. Using the time-lagged envelope onsets as re-
gressors, this co-linearity usually results in high-frequent artifacts as well
as implausible high regression weights at the edges of the TRFs (Fig. S4).
We iteratively increased A and inspected the TRFs. We chose the lowest A

1 Attended

vs. 0

A
iV

T[ms]

Neurolmage 186 (2019) 33-42

that removed those high-frequent artifacts.

TRFs were estimated on a trial-by-trial basis, where trial refers to
a part (e.g. a plateau of +6 dB) of certain length cut from the
continuous stimulus and the respective EEG data. For the subsequent
analysis, we subdivided the data in two ways: First, to get a general
estimate of the model's ability to dissociate between attended and
ignored talkers, we cut the data into one-minute trials, resulting in
trial lengths comparable to previous studies (O'Sullivan et al., 2014;
Mirkovic et al., 2015; Biesmans et al., 2016; Fiedler et al., 2017).
This resulted in 60 trials per subject. Second, we cut the data based
on the applied SNR modulation, which resulted in three groups of
trials: —6 dB, 0 dB and +6 dB. To use the entire recording, the data
were cut at the time points where ramps of the SNR time courses
either crossed —3 dB or +3 dB (Fig. 1B). This resulted in 180 trials of
0 dB and 90 trials of —6 and +6 dB, respectively. The average length
of those trials was 10 s (i.e. average length of a plateau (7 s) and
average length of two halves of a ramp (2 x 1.5 s)). In order to
balance the number of trials across SNRs, 90 trials from 0 dB were
randomly drawn from the 180 trials of every subject. During the
analysis, we contrasted TRFs not only within conditions, but also
contrasted the TRFs to the talkers within their role of being dominant
(Fig. 2B, purple; attended under SNR +6 dB, ignored under
SNR = —6 dB) or non-dominant (Fig. 2B, grey; attended under
SNR = —6 dB, ignored under SNR = +6 dB). We will use those terms
and schematic bar graphs (Fig. 1B) throughout the entire article.

Channels of
interest

max(|B|) - W

A e e ie PN\
,'/..C.-.C..\

-max(|B|) e

Fig. 2. Temporal response functions (TRF) to continuous speech of concurrent talkers under balanced SNR (0 dB). TRF f-weights depict average across
subjects and average across channels of interest. Confidence bands (95%) were obtained by bootstrapping the mean across subjects. Horizontal lines indicate time
ranges of significant difference from zero obtained from a cluster-based permutation test at the group level. Topographic maps show p-weights of clusters averaged
across the cluster time range. Highlighted channels are part of the significant clusters. Source localizations show the 20% most strongly contributing voxels with full
opacity and faded to transparency towards zero. A) Response to the attended talker (green, upper topographic maps) clearly show a cascade of three components
(P11rp-N11rr—P271rE). Response to the ignored talker (red, lower topographic maps) only show a P1tgrp, whereas the N1tgp and P2y are suppressed. B) Significant
differences between neural responses to the attended and ignored talker are present in the N1tgrp- and P2rre-timerange. Thin grey lines show single subject TRFs

averaged across channels of interest.
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2.7. Statistical analysis on temporal response functions

To extract significant spatio-temporal deflections in the TRFs at an
SNR of 0 dB, we applied a two-level statistical analysis (two-level cluster-
test; e.g. Obleser et al., 2012). At the single-subject level, we used
one-sample t-tests to test the TRF to the attended, the ignored as well as
the attended-ignored difference against zero. Resulting t-values were
transformed to z-scores. At the group level, the deflection of z-scores from
zero was tested by a cluster-based permutation one-sample t-test (Maris
and Oostenveld, 2007), which clusters t-values with p-values < 0.001 of
adjacent time-electrode bins (with a minimum of 4 neighboring elec-
trodes). The extracted cluster is compared to 4000 clusters drawn
randomly from the data by permuting condition labels. The resulting
cluster p-value reflects the relative number of Monte Carlo iterations in
which the summed t-statistic of the observed cluster is exceeded. This
contrast indicates how components of the TRF are generally affected by
attention under balanced conditions.

In a second step, the identical cluster-based permutation test was
applied to obtain significant differences between the TRFs depending on
whether a talker was dominant or non-dominant. This contrast was sepa-
rately computed for the attended an ignored talker and it indicates, how
the TRFs are affected by changing SNR.

In a third step, the difference between the TRFs to the attended and
ignored talker were contrasted separately for dominant and non-dominant
talkers. This contrast describes how attention affects the TRF to a domi-
nant talker (easy-to-attend, hard to ignore) or a non-dominant talker
(hard-to-attend, easy-to-ignore), respectively.

For illustration of the neural responses, we averaged single-subject
TRF p-weights across channels of interest. Channels of interest were
defined as the channels being part of both significant clusters found in the
attended-ignored difference between TRFs under a balanced SNR of 0 dB
(Fig. 2B). The 95%-confidence-bands were obtained by bootstrapping
(Efron, 1979) across the averaged TRFs of all subjects, using 4000
iterations.

2.8. Neural tracking and neural selectivity

To further disentangle bottom-up and top-down effects, we investi-
gated the TRFs based on two measures: neural tracking and neural selec-
tivity. While neural tracking is a measure of how strongly a talker is
encoded in the EEG (irrespective of attention), neural selectivity is a
measure of how differential (i.e., attended vs. ignored) those represen-
tations are due to the impact of selective attention.

As a base for those two measures, we followed the forward method of
predicting EEG signals and comparing those to the measured EEG signal,
as described in detail by in Fiedler et al. (2017). In a leave-one-out

fashion, we predicted EEG signals of a single trial contained in R
following the equation:
R = SGugr 3
where S is the matrix containing the onset envelopes and Grgr is the
matrix containing the trained TRFs.

Neural tracking was defined as the Pearson-correlation coefficient r
between the predicted and recorded EEG signals using the estimated
TRFs (see above). While TRFs are zero-centered and components alter-
nate between positive and negative deflections like ERPs, one advantage
of the r-value is its directionality towards positive values (negative values
are due to noise). Hence, the strength of neural tracking can be directly
evaluated without dissociation between positive and negative
deflections.

Neural selectivity was defined as the percentage of trials the TRFs could
successfully identify a talker as being attended or ignored. Therefore, two
different EEG signals were predicted per trial (Eq. (3)), the first repre-
senting a talker being attended and the second representing the same
talker being ignored. While one of the EEG signals is representing the task
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instruction (i.e., attend the to-be-attended talker; ignore the to-be-
ignored talker), the other EEG signal represents the alternative (i.e.
attending the to-be-ignored talker; ignoring the to-be-attended talker).
We calculated the Pearson correlations for both predicted EEG signals
with the measured EEG signal (Fiedler et al., 2017). Talker identification
was successful if the EEG signal referring to the task instruction yielded
higher correlation. Note that during unbalanced SNRs (i.e., —6 dB &
+6 dB), the alternative EEG signal was predicted based on the TRFs
estimated on the opposite SNR (e.g., under an SNR of +6 dB, the alter-
native to attending the to-be-attended talker (dominant) is ignoring the
to-be-ignored talker under an SNR of —6 dB).

Since this is a forward model approach, neural tracking and neural
selectivity were obtained at every single EEG channel (Crosse et al., 2016).
Likewise, both measures were obtained at the source level at every single
voxel. We split up the prediction by either using only the prediction of the
to-be-attended, only the prediction of the to-be-ignored or the sum of
both predictions, such that the talker-specific contribution to neural
tracking (neural selectivity) could be compared to the overall neural
tracking (neural selectivity).

In order to evaluate the unfolding of neural tracking and neural selec-
tivity over TRF time lags, we used a sliding-window of time lags (size:
48 ms, 6 samples) with an overlap of 24 ms (3 samples) for the predic-
tion. For every position of the window, neural tracking and neural selec-
tivity were calculated (see above).

To estimate if the found effects are just random observations, we
created surrogate data by circularly shifting the stimulus relatively to the
EEG signal, such that the temporal structure was preserved but the
stimulus-to-EEG relationship in time got distorted. The number of shifted
samples was randomly varied and at least one second (125 samples). This
procedure was done during prediction of every single trial, such that we
obtained the same amount of values for surrogate neural tracking and
selectivity. As a result, we obtained 95%-confidence bands for both the
observed and the surrogate neural tracking and neural selectivity.

In advance of any arithmetic operation on neural tracking, the un-
derlying Pearson-correlation coefficients were fisher-z transformed.
Accordingly, neural selectivity (i.e., percentage correct) was logit-
transformed.

2.9. Source localization

To further trace the origin of effects observed in sensor space, we
applied LCMV-beamforming (Drongelen et al., 1994; Van Veen et al.,
1997) to obtain source-activity time courses in single voxels of the brain.
Using a standard template brain from Fieldtrip/SPM (Montreal Neuro-
logical Institute) together with the Acticap electrode layout, leadfields
were calculated with a grid resolution of 10 mm. Individual LCMV-filter
weights were obtained using 5% regularization. The continuous
time-domain EEG data were projected to source space, resulting in three
source activity time courses (X-Y-Z) per voxel. In order to obtain a single
time course for each voxel, the direction of highest variance was deter-
mined by principal component analysis and used for further analysis. All
further processing steps in source space were done analogously to sensor
space EEG data. Note that the source maps must be interpreted with
caution due to the limited spatial resolution of EEG data. We only provide
source maps to support our interpretations of the significant effects found
in sensor space (e.g., Sohoglu et al., 2012).

3. Results

We asked participants to listen to one of two simultaneously pre-
sented audiobooks under varying signal-to-noise ratio (Fig. 1A and B; —6
to +6 dB SNR). After each of twelve five-minute blocks, subjects were
asked to rate the difficulty of listening to the to-be-attended talker on a
color bar ranging from red (difficult = 1) to green (easy = 10). The
average difficulty ratings strongly varied between subjects (mean: 5.2,
SD: 2.2, range: 2.3-8.9). No difference in difficulty ratings for listening to
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the female versus the male talker was found (one-sample t-test,
t17=1.17, p=0.26).

To test their successful attending, participants were asked to answer
four multiple-choice questions on the content of the to-be-attended
audiobook after each five-minute block. The percentage of correctly
answered questions was far above chance (25%) for all participants
(mean: 81%, SEM: 2%, range: 60-96%). All participants were thus able to
follow the to-be-attended talker.

3.1. Neural selectivity

To obtain a general estimate of which EEG channels and which voxels
reveal signatures of neural selectivity, we identified the attended (and the
ignored) talker by forward prediction of EEG signals based on one-minute
parts of the EEG and envelope onsets (see methods). Overall neural
selectivity was highest (up to 80%) at fronto-central electrodes and
respective temporal cortex regions in source-space (Fig. 1C).

3.2. Attention modulates neural responses to concurrent speech

Next, we assessed in greater detail the unfolding of attentional se-
lection of to-be-attended speech in time. To this end, we estimated the
TRFs from the balanced SNR trials of 0 dB (i.e. independent of the SNR
manipulation) and assessed the most prominent response components
and their modulation by attention. We inspected both the TRFs to the
attended and ignored talker individually (Fig. 2A), as well as the differ-
ence between the TRFs to the attended and ignored talker (Fig. 2B) to
examine signatures of neural selectivity.
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First, an early positive component (termed P1ligp) appeared in the
TRFs to the attended (Fig. 2A, 24-88ms, p=2 X 10~% and ignored
(Fig. 2A, 24-112ms, p=2 x 10~%) talkers, but without any attention-
related difference (Fig. 2B). Latency, polarity, and topography of this
component compared well to a P1 as found in auditory evoked potentials
(AEPs).

Second, a later negative deflection (termed N1trg) was only present
in the TRF to the attended talker (Fig. 2A; 112-176 ms, p=5 X 1074.
This component was significantly increased in magnitude (i.e., more
negative) for the attended versus the ignored talker (Fig. 2B, 80-176 ms,
p=5x10"% see also Fig. S3). Noteworthy, the significant attentional
modulation of this component (attended-ignored) started already at a
time lag of 80 ms, when both the TRF to the attended and to the ignored
talkers were still in positive deflection (see Fig. 2A).

Third, a positive deflection between 200 and 300 ms (termed P2ry;
Fig. 2A, 216-304 ms, p =5 x 10~*), was again only present in the TRF to
the attended talker. This component mainly drove the significant dif-
ference between the responses to the attended and ignored talker
(Fig. 2B, p=2x 107%).

Interestingly, in the same time interval, a negative deflection was
found in the TRF to the ignored talker (termed N2rgp; Fig. 2B,
248-424ms, p=2 x 10~%). While at earlier stages, TRFs to the attended
and the ignored talker showed the same polarity (P11grg), at the stage of
the P2rgr we see an anti-polar relationship. Effectively, this also
enhanced the late, attended-ignored difference in the P2rgp time range
(Fig. 2B).

In sum, three prominent components (P1trg, N11rp, P21gr; Fig. 2A)
were identifiable with notable consistency across individual subjects.

2 Non-dominant

VS,
Attended

Fig. 3. Temporal response functions (TRF) to continuous speech of concurrent talkers contrasted as dominant vs. non-dominant talkers and attended vs.
ignored talkers, respectively. TRF f-weights depict average across (N = 18) subjects and average across channels of interest. Confidence bands (95%) were obtained
by bootstrapping the mean across subjects. Schematic bar graphs indicate the investigated contrast. Black horizontal lines indicate time ranges of significant difference
obtained from a cluster-based permutation test at the group level. Topographic maps show B-weight differences of clusters averaged across the cluster time range.
Highlighted channels are part of the significant clusters. Source localizations show the 20% most strongly contributing voxels with full opacity and faded to trans-
parency towards zero. A) Responses to the non-dominant attended talker are delayed compared to the dominant attended talker. B) A late component appeared in the
response to the dominant ignored talker, which involved parietal regions. C) Late negative response (N21gr) to the dominant ignored talker appears anti-polar to the
response to the dominant attended talker. Inset: Magnitude of the attended—ignored TRF difference summed across all time lags for dominant and non-dominant talkers.
D) Non-dominant talkers show significant but decreased attention-related differences.
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The latter two components were absent in the TRF to the ignored talker
and thus indicated neural selectivity. All three components (P1tgg, N1grg,
P27gp) mainly localized to superior and inferior temporal regions
(Fig. 2A). Note that the source localizations of the two latter components
(N1tgp, P27grp) compared well to the sources of enhanced neural selectivity
between attended and un-attended talkers (Fig. 1C).

3.3. Late representation of ignored talker enhances towards more
detrimental SNRs

Next, we analyzed the impact of a varying SNR on the Temporal
response functions (TRFs). To this end, we first contrasted the TRFs of the
two extreme conditions (SNRs —6 vs. +6 dB; Fig. 3A&B). Second, we
contrasted TRFs across SNRs matched for the acoustic properties of being
either the louder or the quieter talker (Fig. 3C&D), such that the occur-
ring differences between the TRFs to the attended and the ignored talker
can solely be related to top-down attending versus ignoring. For
simplicity, we will use the terms dominant (attended talker under +6 dB
SNR, ignored talker under —6 dB SNR) and non-dominant (attended talker
under —6 dB SNR, ignored talker under +6 dB SNR). We observed an
SNR-dependent latency shift which hindered time-lag-wise attend-
ed-ignored contrasts within SNRs (Fig. S2; see appendix for more
details).

Importantly, two later additional components appeared whenever the
ignored talker was dominant (Fig. 3B): the first (160-178 ms, p = 0.04)
localized to temporal regions, while the second extended markedly into
parietal regions (232-280 ms, p = 0.001). The enhanced involvement of
parietal regions differentiated this detrimental-SNR, ignored-speech
component from all others. Visual inspection of the TRFs to dominant
talkers (Fig. 3C) highlights the additional late N2 component in the TRF
to the ignored talker, which appears to be anti-polar to the P27gy to the
attended talker.

In contrast, TRFs to non-dominant talkers (Fig. 3D) suggest that the
observed attention-related differences are decreased (cf., Fig. 3C) due to
smaller deflections of the N1trg and P2tgp to the non-dominant attended
talker and the lack of the anti-polar N21gr to the non-dominant ignored
talker. We summed the magnitude of the attended-ignored difference
across all time lags, which revealed a smaller attended-ignored differ-
ence for non-dominant versus dominant talkers (t;7 = 3.80, p=0.0014).
Thus, the neural response to a dominant ignored talker does not resemble
the neural response to a dominant attended talker by capturing bottom-up
attention. Instead, dominant ignored speech retains a distinct “ignored”
neural signature, most likely to due to top-down neural signaling of its to-
be-ignored status.

In sum, our findings indicate that, when a talker is dominant, neural
signatures of selective processing are enhanced (compared to non-domi-
nant). Importantly, this enhancement is not only affecting the represen-
tation of the attended talker, but an important contribution to this
enhanced top-down processing can be attributed to an additional late
component (N27rg) in the neural response to the ignored talker. To
further disentangle the contribution of the selective processing of the
attended and ignored talker, we established the time lag and talker
resolved measures neural tracking and neural selectivity, which will be
discussed in the following section.

3.4. Neural selectivity increases by way of a late cortical representation of
ignored speech

We established two measures to quantify the encoding and the se-
lective neural processing of the talkers during the unfolding of the neural
response reflected in the TRFs. First, neural tracking reflects the strength
of representation (i.e., encoding) of a talker in the EEG and is related to
TRF deflections from zero. Second, neural selectivity quantifies how
accurately an attended talker can be identified as attended and an
ignored talker as ignored, respectively. Thus, neural selectivity reflects the
TRF difference between the attended and the ignored talker.
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Parallel inspection of neural tracking and neural selectivity allowed us
to consolidate our findings and to further disentangle the effects of
bottom-up and top-down attention on the TRFs. A prerequisite for neural
selectivity is neural tracking (i.e., TRF deflection from zero) of at least one
of the talkers. In turn, neural tracking does not necessarily mean that
neural selectivity is involved, since both talkers can be identically tracked
(i.e., TRFs show same deflection from zero). Consequently, mere
enhancement of neural tracking due to acoustic changes indicates pure
increase of bottom-up auditory encoding, as the neural processing of both
talkers is equally affected. In contrast, the co-occurrence of enhanced
neural tracking and enhanced neural selectivity indicates increased top-
down attentional selection, as the neural processing differs between
the talkers.

For example, the increased sound pressure level of a to-be-ignored
talker may increase its saliency and thus bottom-up pull attention to-
wards it. This would result in enhanced neural tracking of the ignored
talker and the neural response would become less distinct from the
respective response to a dominant, but intentionally attended talker.
However, if there exists a counter-acting, top-down process that en-
hances and maintains a neural-response differentiation between the
attended and the ignored talker, neural selectivity would increase at the
same time.

To get a total estimate of neural tracking of the two talkers, we first
used all time lags of the TRFs (i.e., ~100-500 ms). Fig. 4A shows the
neural tracking of the attended, the ignored as well as the overall tracking
of the two talkers (attended & ignored). The overall tracking was found
to be well above zero for all participants as well as the tracking of the two
talkers separately (Fig. 4A, bottom).

In a next step, we estimated the time-lag- and channel-dependent
unfolding of neural tracking. Importantly, we found enhanced neural
tracking of the attended talker compared to the ignored talker under the
balanced SNR of 0dB (Fig. S1 A, 144-288 ms, p =0.02 x 1072), driven
by fronto-central channels. This is congruent with the time ranges and
topographies of the N1tgr and P21rg, which were absent in the TRF to the
ignored talker. Accordingly, enhanced neural tracking of the attended
compared to the ignored talker was also found in the unbalanced con-
ditions (Fig. 4B; —6 dB: 120-192 ms, p = 0.004; +6 dB: 144-288 ms,
p = 0.001).

Interestingly, towards more adverse SNRs (dominant ignored talker),
the late enhanced neural tracking of the attended talker compared to the
ignored talker seems to shrink (Fig. 4B). Visual inspection of the time-lag
resolved neural tracking suggests that this shrinkage is due to an addi-
tional late cortical representation of the ignored talker that appears
whenever the ignored talker is dominant. The contrast of the neural
tracking of the dominant and the non-dominant ignored talker confirmed
such a late cortical representation (Fig. 4C, 240-312ms, p=1.5 x 107°)
originating mainly from fronto-parietal as well as temporal regions.

Importantly, the overall neural selectivity is not affected by adverse
conditions (Fig. 4E, grey bars, —6 vs +6 dB, one-sample t-test, t;7 = 0.24,
p = 0.81). However, the relative contribution of the neural selectivity of
the attended talker and ignored talker changes across SNRs (—6 vs +6 dB;
one-sample t-test; attended: t;7=-4.6, p=2.77 X 10’4; ignored:
t17 = 2.18, p = 0.044): Towards more adverse SNRs, the neural selectivity
of the ignored talker increases, while the neural selectivity of the attended
talker decreases (Fig. 4E, top). This is also discernible in single subjects
(Fig. 4E, bottom), where neural selectivity of the attended talker is
stronger under an SNR of +6 dB (right, 16 of 18 subjects) and stronger for
the ignored talker under an SNR of —6 dB (left, 11 of 18 subjects).

If the increased neural tracking of the dominant ignored talker at later
stages (Fig. 4C) is solely driven by its increased saliency (i.e., higher
dominance evoking a stronger response), we would expect no concomi-
tant increase in neural selectivity (see above). However, we found a late
increase in neural selectivity for the dominant compared to the non-domi-
nant ignored talker (Fig. 4G, 216-264 ms, 2.5 X 1073). Neural sources
compared well to the increased fronto-parietal neural tracking of the
dominant ignored talker (see Fig. 4C&G).
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Fig. 4. Unfolding of neural tracking and neural selectivity reveals late neural selective processing of the ignored talker. Neural tracking and neural selectivity were
estimated based on the extracted TRFs to the attended (green), the ignored (orange), as well as both talkers (grey). Confidence bands (95%) were obtained by
bootstrapping for both the observed data (solid lines and error bars) and surrogate data (dotted lines and error bars). Over time lags, only the upper confidence bound
is shown for the surrogate data. Highlighted channels (topographic maps) are part of a significant cluster. Source localizations show the 20% most strongly
contributing voxels with full opacity and faded to transparency towards zero. A) Neural tracking across all time lags (-100-500 ms). Scatterplots (bottom) show single-
subject data averaged across channels of interest. Grey lines indicate overall neural tracking of both talkers at the 45°-line. B) Unfolding of neural tracking across time
lags under SNR of —6 (left) and +6 dB (right). Black horizontal lines indicate time ranges of significant clusters for the difference between attended and ignored
talkers. C) Contrast of neural tracking between the dominant and non-dominant ignored talker. D) Correlation of change in neural tracking and change of neural selectivity
at T = 256 ms. E) Neural selectivity across all time lags (-100-500 ms). Scatterplots (bottom) show single-subject data averaged across channels of interest. Grey lines
indicate overall neural tracking of both talkers at the 45°-line. F) Unfolding of neural selectivity across time lags under SNR of —6 (left) and +6 dB (right). G) Contrast of

neural selectivity between the dominant and non-dominant ignored talker.

Furthermore, neural tracking and neural selectivity (for dominant vs
non-dominant ignored speech) were positively correlated (Fig. 4D,
r=0.78, p=0.014 x 10~2): If a listener's neural tracking was relatively
strong for the dominant versus non-dominant ignored talker, the neural
response allowed more accurate identification of the ignored talker as
ignored.

In sum, at later stages, not only increased selective neural processing
of the attended talker but also the selective neural processing of the
ignored talker facilitates input segregation under adverse listening
conditions.

4. Discussion

In the present study, human listeners attended to one of two con-
current talkers under continuously varying signal-to-noise ratio (SNR).
We asked to what extent a late cortical representation (i.e., neural
tracking) of the ignored acoustic signal is key to the successful separation
of to-be-attended and distracting talkers (i.e., neural selectivity) under
such demanding listening conditions.
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Forward modeling of the EEG response revealed neural responses to
the temporal envelopes of individual talkers and their modulation by
both, top-down attentional set, and bottom-up SNR. Critically, towards
more adverse SNRs, an additional late negative component occurred in
the neural response to the ignored talker. Under adverse conditions, this
component was found to be accompanied by enhanced selective neural
processing (neural selectivity), emerging primarily from fronto-parietal
brain regions.

The present result suggests that irrelevant, to-be-ignored acoustic
inputs are not simply absent from the late cortical response but become
actively suppressed in regions beyond auditory cortex.

4.1. Early and late neural signatures of selective neural processing

Generally, we replicated previous results that showed that attend-
ed-ignored differences in the neural response can mainly be found at
time lags >80 ms, which were mainly attributed to stronger neural
tracking caused by enhanced N1 and P2 components in the response to
the attended vs. ignored talker (Horton et al., 2013; O'Sullivan et al.,
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2014; Ding and Simon, 2012). Here we show that a P2-counter-acting
response to the ignored talker enhances the attended-ignored differ-
ence as well.

While earlier studies showed that selective neural processing in
auditory cortices is mainly working out a clean representation of the
attended talker (Mesgarani and Chang, 2012; Zion Golumbic et al.,
2013), we show that a late neural representation of a distracting auditory
input is accompanied with enhanced selective neural processing in a
cocktail-party scenario as well. This additional late neural representation
was revealed by going beyond strictly matched sound pressure levels of
attended versus ignored speech (cf., Horton et al., 2013; O'Sullivan et al.,
2014, Ding and Simon, 2012; Mirkovic et al., 2015; Biesmanns et al.,
2016), by presenting speech signals both as target and distractor (cf.,
Ding and Simon, 2013) and by applying SNR-variation symmetrically
around 0dB (cf., Kong et al., 2014). In sum, our design allowed us to
draw conclusions on the neural selective processing of real-world
listening scenarios of dynamically varying listening demand.

Our investigation of concurrent speech under varying SNR helps
disentangle neural mechanisms of early and late selection (Treisman,
1964). Since the ignored talker predominantly masks the attended talker
under adverse listening conditions (i.e., negative SNRs, which we have
labelled dominant), early neural filters tuned to the spectro-temporal
properties of the attended talker might not be sufficient (i.e., neural
gain, Willmore et al., 2014).

Thus, a later filter on the ignored signal must actively suppress dis-
tracting inputs. We found such a neural filter mechanism (Fig. 4C&G)
active in a time range which was previously attributed to processing of
phonological (Di Liberto et al., 2015; Brodbeck at al. 2018) as well as
semantic features (Broderick at al. 2018), which both go beyond basic
acoustic properties of speech (Obleser and Eisner, 2009). One suggestion
of our results is that when phonemes (or even words) of the dominant
ignored talker pull bottom-up attention, their representation is actively
suppressed at a late stage in order not to impair linguistic representation
of the attended talker's speech.

4.2. Late distractor suppression in a non-auditory, fronto-parietal attention
network

Previously, it has been shown that neural selective processing of
concurring auditory stimuli is mainly accomplished in auditory cortex,
resulting in a ‘clean’ and distraction-invariant representation of the
attended talker (Mesgarani and Chang, 2012; Zion Golumbic et al.,
2013).

Critically, under the adverse SNR of —6 dB, our analysis revealed an
enhanced response to the ignored talker in a later time range (i.e.,
200-300 ms) consisting of a positive and a negative component (Fig. 3B).
The latter is anti-polar to the P27gp (to the attended talker). This addi-
tional component, which we interpret as a signature of active suppression
of the ignored talker, involved non-auditory regions, which are part of
the fronto-parietal attention or global-demand network (Woolgar et al.,
2016), where we found enhanced neural selective processing of the
ignored talker.

Under the assumption that such active suppression is costly to the
cognitive system, it has been suggested that it is only deployed if
necessary (Chait et al., 2010). Neural signatures for active suppression of
irrelevant signals during late (~200ms) AEPs have been examined
before (Melara et al., 2002; Chait et al., 2010). Pomper and Chait (2017)
related enhanced centro-parietal activity in the theta band (4-7 Hz) to
enhanced top-down control. Parietal activity in the theta-band was also
found to be inversely related to the delta-band auditory entrainment in
superior temporal gyrus (Keitel et al., 2017). Here we show how late
top-down, fronto-parietal neural processing of the distracting auditory
input is unfolding in time and might facilitate overall selective neural
processing.

In earlier studies, researchers highlighted the predominant tracking
of the attended talker (Mesgarani and Chang, 2012; Ding and Simon,
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2012; Zion Golumbic et al., 2013; O'Sullivan et al., 2014), emphasizing
that a clean representation of the attended talker is key to successful
listening. In some contrast to this, previous results shed light on the
neural processing of the ignored talker (see also Wostmann et al., 2017;
Olguin et al., 2018). We have shown here that the overall neural selective
processing is surprisingly robust against such demanding listening con-
ditions (Ding and Simon, 2013), and that a ‘clean’ or isolated tracking of
the ignored talker is at least as essential.

This finding invites some speculation on the neural implementation of
attentional filters more generally. On the one hand, a selective neural
filter can be solely optimized to let pass relevant features of attended
signals. On the other hand, it can be optimized to let pass features of the
ignored talker, which might be relevant for suppression at a later stage. In
line with earlier studies, we found that the neural tracking was dominated
by the attended talker (speaking for the first strategy). However, under
most demanding listening conditions (i.e., negative SNR), neural selec-
tivity was dominated by the ignored talker.

Neural filter mechanisms might thus adapt depending on the listening
demand. Follow-up studies should investigate the relationship of such
filter adaptation to the concept of listening effort (Ronnberg, 2013;
Mcgarrigle et al., 2014): Additional tracking of the ignored talker leads to
higher neuro-computational load and might also be related to working
memory performance (Rudner et al., 2011).

Within our design, we can only draw limited conclusions on the
behavioral impact of the late neural tracking of the ignored talker. This is
due to the tradeoff between sufficient behavioral data (e.g., trial-based
design) and ecological validity (e.g., presentation of continuous speech;
Hamilton and Huth, 2018). Following studies should acquire more
fine-grained behavioral data, ideally without losing much of the
ecological validity.

Our results show that, within the hierarchy of the central auditory
pathways, the cocktail-party problem might appear to be solved or
settled at the stage of secondary auditory cortex (Mesgarani and Chang,
2012), but higher-order, attentional networks and their dedicated pro-
cessing of distracting speech appear key to this solution.

4.3. Conclusions

The present data show how components of the unfolding temporal
response function as identified in a forward encoding model of the
electroencephalographic signal can reflect distinct neural stages of
attentional filtering. These stages contain the initial, attention-
independent encoding of acoustic signals; the extraction and amplifica-
tion of relevant features; and lastly a robust, purely attention-driven se-
lective response to the attended and ignored acoustic signals.

Most consequential to our thinking about attentional filtering in the
central auditory system, an active-suppression response to ignored
acoustic signals originates from non-auditory, fronto-parietal attentional
networks. In sum, with a design close to real-life listening scenarios, our
study provides insight into how selective neural processing of attended
speech unfolds and is upheld not only by auditory cortices. Instead,
establishing a clean cortical representation of the attended talker as
suggested previously hinges on achieving a late suppression of ignored
signals, with contributions by regions of the fronto-parietal attention
network.
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