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Abstract

When repeated tones are presented among random masker tones, their perceptual
organization is often variable. In some trials, they cannot be segregated from the masker tones.
In other trials, often with a delay, they form coherent streams, segregated from the masker
tones. A strong awareness-related negativity is evoked by each segregated tone of the stream
in auditory cortex. A similar negative-going response has been observed when subtle, isolated
tones are detected versus missed, raising the question of whether target tones that do not form
a stream under informational masking are still perceived or not. Here a paradigm is introduced
to probe this question while activity in auditory cortex was recorded with
magnetoencephalography. Human listeners (13 female, 8 male) were instructed to indicate
when they detected an isochronous stream of tones under multi-tone masking while listening
to the stimulus. Thereafter, they indicated if a cue tone, presented subsequently to each frial,
was comprised in the target and masker combination. Results confirmed that target tones could
still be perceived in the subset of trials where they did not form a coherent stream, but the
detectability in the cued frequency report was higher for tones forming a stream. A prominent
awareness-related negativity was only observed when the tones formed a stream, suggesting
that this response reflects the perceptual organization of the tones into streams and beyond
the pure perception of the tones themselves. We speculate that the perceptual organization

into a stream further enhances the detectability of the tones comprised in the stream.
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Significance Statement

Tone sequences may form streams that segregate from competing aspects of the auditory
scene, a phenomenon considered comparable to visual object grouping. In multi-tone masking,
hearing out streams of repeated tones seemingly enhances tone detectability by a degree that
makes it difficult to judge whether these tones could at all be perceived if they had not formed
a coherent stream. We present a paradigm that allows for probing both, the perception of
target-tone frequency and the formation of coherent streams in the same trials. Applying this
setup in magnetoencephalography showed that the perceptual organization into a stream is
more strongly represented in auditory cortex than the ability to correctly detect a tone frequency

within a random tone masker.
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Introduction

When sequences of tones are presented among multiple other, random tones, they may
sometimes pop out, but be hard to hear at other instances, the latter of which is known as
informational masking (Durlach et al., 2003; Kidd et al., 2002). Detected tone sequences in
this context come with a prominent negative-going wave in auditory cortex (Gutschalk et al.,
2008), evoked by each tone of the detected sequence and referred to as awareness-related
negativity (ARN). A similar wave is evoked by single detected tones in the context of near-
threshold tones or inattentional deafness (Eklund and Wiens, 2019; Schlossmacher et al.,
2021), referred to as auditory awareness negativity (AAN) and conceptualized as a difference
wave between aware and unaware trials. Similar activation patterns in auditory cortex were
confirmed with fMRI (Dellert et al., 2025; Wiegand et al., 2018) and intracranial EEG (Dykstra
et al., 2016). While ARN and AAN are related and may be identical (Dembski et al., 2021), the
contexts in which they are observed are quite distinct: The sound intensity of target tones in
the multi-tone masker paradigm is typically well above the 50% detection threshold, as is the
intensity of the masker tones, but in contrast to inattentional deafness (Schlossmacher et al.,
2021), they are still not easily detected in an active, attended detection task. Once the
sequence is heard out, listeners usually are aware of all subsequent target tones of the
sequence as well (Micheyl et al., 2007). The latter difference is critical, as it suggests that the
percept observed is not just the perception of the single tones, but rather the percept of a
coherent auditory stream (Bregman, 1990). It is well known that parameters promoting stream
segregation reduce informational masking (Kidd et al., 2003, 1994). Moreover, when using
random tone sequences as targets instead of an isochronous repetition of the same tone, it
was demonstrated that an ARN is only observed when listeners correctly identify the sequence
out of the masker tones (Gartner and Gutschalk, 2021). Accordingly, the different percepts
compared in the random multi-tone masker paradigm with sequential targets may be based on
two different perceptual organizations, rather than on one between perceived and unperceived
single tones: When detected, the target tones are grouped in one stream that is segregated

from the masker tones, which form a second, background stream. When masked, all tones are
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perceived as part of the masker. This hypothesis is further supported by the dependence of
the ARN amplitude on the inter-stimulus interval (I1SI) between the target tones, whereas this
ISI has no influence on the amplitude of the evoked response when the tones are undetected
and supposedly depend on the timing relation to the masker tones instead (Raudonat et al.,

2025).

This hypothesis would thus predict that the target tones are still heard, even when no auditory
stream is detected by a listener. Testing this prediction is not trivial, however, since the
streaming perception and the detection of the underlying tones need to be acquired in the
same trials. Here we present a behavioral setup that probes both: In a stream-report (SR) task,
the pop-out of the streams is indicated while listening to the ongoing auditory stimulus
(Gutschalk et al., 2008; Micheyl et al., 2007). Thereafter, a frequency cue is provided and
listeners indicate in a frequency-report (FR) task whether this tone frequency was part of the
tone sequence or not (Demany et al., 2011). Our hypothesis was that the tones can be heard
in both cases, but differently. The magnetoencephalogram (MEG) was recorded in parallel, to

evaluate how these different percepts are reflected at the level of the auditory cortex.

Methods

Participants

A total of 21 participants (13 female, 8 male) took part in the experiment. They were between
21 and 34 years old, with a mean age of 24.8 years. Two participants were excluded from the
study because they did not perform the task correctly (negative d' in SR; details below). Thus,
the data of 19 participants were analyzed (11 female, 8 male), aged between 21 and 34 years
(mean 24,7 years). All participants reported normal hearing and provided written informed
consent. The study was approved by the ethics committee of Heidelberg University, Medical

School (S-485/2018).



109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

Experimental Design and Stimuli

The stimuli were generated with MATLAB (The Mathworks, Natick, MA, USA). All tones had a
duration of 100 ms and were gated with a 10-ms Hanning window at the beginning and ending.
The sound intensity was approximately 71 dB SPL per tone for all frequencies (measured with
continuous tones and corrected for frequency-dependent attenuation of the stimulus device).

A sketch of the stimuli is shown in Figure 1.

There were two types of trials: target trials and catch trials. Each trial had a length of 7200 ms.
The target trials consisted of 6 isochronous target tones with an interstimulus interval (ISI) of
700 ms. The first target tone began at millisecond 800, the second-at millisecond 1600, and so
on. The last target tone began at millisecond 4800. All 6 target tones in one trial had the same
frequency. Across all trials, there were 18 different target-tone frequencies that were equally

distributed on a logarithmic scale between 500 and 2400 Hz.

For each target tone there were 10 masker tones. The masking frequencies were randomly
drawn from a range between 100 and 5000 Hz on a logarithmic scale. The onset of the masking
tones was jittered in a range of 800 ms around the target tone onsets. Within each target-tone
interval, there was a minimum distance of one-twelfth of an octave (i.e. one semitone) between
masker tones. This minimum distance was also applied to the masker tones of the following
interval, so that there were no masking tones of closer frequency overlapping each other. To
reduce energetic masking of the target tones, there was a protected region around the target-
tone frequency of a quarter of an octave in both directions, i.e. there were no masking tones

in this frequency range of half an octave along the whole trial.

The 6 target-masker intervals were followed by a silent interval of at least 1100 ms. After this
silent interval, a cue tone was played, with identical frequency to the target tones but presented
without masker tones. Catch trials were structured in the same way as the target trials, but
unlike the target trials, they did not comprise a stream of target tones. However, they also had

a cue tone at the end and a protected region around the frequency of the cue tone.
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During each ftrial, listeners were asked to press a button as soon as they detected an
isochronous target sequence (SR, stream report). Button presses were acquired up to the
onset of the cue tone 1500 ms after the offset of last target tone. After 7200 ms, shortly after
the cue tone was played, a response instruction was projected, asking whether the post-trial
cue tone was included in the target-masker combination (FR, frequency report). After the
question was answered with "yes" or "no", the projection was blanked, and the next trial was
played after a delay of 600 ms. For the FR task, listeners were informed that in case they had
heard the stream (and supposedly had indicated this in the SR task), they should compare the
frequency of the stream's tones with the cue tone. If they did not hearthe stream, they should
nevertheless indicate if they thought that the cue tone's frequency was part of the masker -

target mixture, even as a single tone.

For each of the 18 target-tone frequencies, three different target trials and one catch trial were
created. Each of these trials was presented four times in the experiment. The trial order was
completely randomized without constraints. Overall, 288 trials were presented to the listeners.
216 (75%) of which were target trials and 72 (25%) were catch trials. The same stimulus set

was used for all participants studied.

Participants who did not perform the SR task correctly, i.e. they showed negative d' in SR,
were excluded from the analysis, because we expected that the classification in detected- and
missed-stream ftrials could not be used for the substratification required for the FR task. Since
the SR task is well established and can usually be performed by most participants, this criterion
was not expected to bias the results. In contrast, negative d' in the FR task was tolerated,
because it was considered possible that tones were generally not detected in SR miss trials.
Excluding negative d' in the FR task would therefore have biased the results towards our

hypothesis and was accordingly not implemented.

Data acquisition
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MEG data were acquired with a Neuromag 122-channel whole-head MEG system (Megin,
Helsinki, Finland) in a two-layer magnetically shielded room (IMEDCO, Hagendorf,
Switzerland). To determine the position of the head in the MEG, four Head Position Indicator
(HPI) coils were attached to the mastoids and temples. Using a 3D-space Isotrack |l system
(Polhemus, Colchester, VT, USA), the position of the HPI coils was digitized relative to three
anatomical landmarks (nasion, right and left peri-auricular point), along with 100 additional

head-surface points later used as reference for fitting the head model.

The auditory stimuli were played with a custom-made MATLAB script using SoundMexPro
(H6rzentrum, Oldenburg, Germany), AD converted with an ADI-8 DS soundcard (RME,
Haimhausen, Germany), relayed through PA5 programmable attenuators, and amplified with
a HB7 headphone buffer (both from Tucker-Davis Technologies, Alachua, FL, USA). Inside
the MEG room, the sounds were presented with ER3 headphones (Etymotic, Elk Grove Village,
IL, USA) and conducted to the ears using 97 cm tubes with foam earpieces attached to their
ends. Directly before recording was started, the position of the HPI coils in the dewar were
measured. The data were recorded continuously with a sampling rate of 1,000 Hz, directly

coupled, and with a low-pass filter of 330 Hz.

Classification of trial perception

The events were registered and the MEG data averaged depending on the perception
indicated by the listeners: All button presses from the first target tone until the cue tone were
considered for SR, but the earliest button presses were observed after the second target tone.
For the tone-wise analysis, button presses starting from 150 ms after tone onset were
considered to indicate detection of this tone, and the previous tone was also considered
detected. This labeling of the two target tones before the button press as hits was based on
the consideration that the detection of tone repetition requires at least two tones. The target
tones before those two tones were labeled as misses, as were all tones in trials where no

button was pressed in SR. To evaluate false alarms for no-signal trials in SR, the onsets where
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the target tones would have started were considered, and the number of tones counted as
false alarms was determined similar as explained above for hits. All other tones in no-signal
trials were considered correct rejections, similar as explained for misses above. For
comparison with FR, SR was also evaluated trial wise, i.e. all trials where a button was pressed
were considered hits or false alarms, and all trials without a button press were considered

misses or correct rejections for signal and no-signal trials, respectively.

For the evaluation of FR, all trials with "yes" responses were classified as hits for signal and
as false alarms for no-signal trials. All trials with "no" responses were classified as misses for
signal trials and as correct rejections for no-signal trials. Moreover, based on the trial-wise
evaluation of SR, two groups of trials were separately evaluated in FR: all SR hits and false
alarms were used for SR+, whereas all miss trials and correct rejections were used for SR-.
The analysis of SR- trials allowed us to evaluate the perception of cue tones in trials where
they were not identified as a perceived stream. In contrast, all SR+ trials tested if the target

stream reported in SR was of the same frequency as the post-stimulus cue.

The detectability (d') was calculated for each category separately. To deal with hit rates and
false-alarm rates of zero percent, the log-linear rule was applied (Hautus, 1995), where the hit
rates and false-alarm rates inserted were re-calculated with 0.5 added to the numerator and 1

added to the denominator.

MEG data analysis

The data were preprocessed and analyzed with MNE-Python version 1.0.3 (Gramfort et al.,
2013). First, a high-pass filter of 0.1 Hz and a low-pass filter of 20 Hz (zero phase shift, finite-
impulse-response filters with 6 dB roll off) were applied. Filters were used to improve the signal-
to-noise ratio and the low-pass filter cutoff was previously evaluated to cause no relevant
distortion to the ARN time course. The raw waveforms of each participant were then visualized
and bad channels were manually identified and interpolated. Signal-space projection was used
to reduce low-frequency environmental noise, mostly caused by nearby streetcars (Uusitalo

and llmoniemi, 1997). Cardiac and ocular artifacts were estimated using independent
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component analysis (Hyvarinen, 1999). If components were removed, the sensor signals were
subsequently reconstructed. Then the epochs were averaged according to the behavioral
categories outlined above into epochs starting 100 ms before and ending 1000 ms after tone
onset. Epochs with artifacts, identified by high amplitude, were repaired or rejected using the
autoreject module from Python (Jas et al., 2017). The average rejection threshold was 2800

fT/cm (SD: 2300 fT/cm). On average, 6.5 % of the epochs were rejected.

The source analysis was based on a minimum-norm estimate (MNE) with depth weighting (Lin
et al., 2006), calculated on an average cortical source space based on the FS-average brain
from FreeSurfer (Fischl et al., 1999). To this end, the head surface of FS average was scaled
in X, Y, and Z dimension to match the coordinates of the head digitization. The individually
rescaled head and segmented brain were then used for calculating the boundary-element head
model, and the individually scaled and segmented brain was used to estimate the individual
source space. The noise covariance matrix was calculated for 100 ms baseline intervals
starting 100 ms before the onset of each tone across all trials. The MEG data were then
evaluated with a region of interest (ROI).in the left and right auditory cortex. The ROI covers
the auditory cortex including Heschl's gyrus and planum temporale (Glasser et al., 2016). The
source time courses in this ROI were first averaged across all dipoles at the single listener
level for the left and right auditory cortex. The amplitude of the ARN was then measured in the
time interval 75—175 ms, and additionally in the interval 175-275 ms with reference to previous
studies (Gartner and Gutschalk, 2021; Gutschalk et al., 2008; Kénigs and Gutschalk, 2012).
In these studies, the earlier time interval also covered the N1 evoked by targets without
masking and the ARN showed similar behavior on lateralization as the N1. In the later time
interval, the ARN - as defined by its presence for detected streams - still continues, but this
interval does not usually include the N1 evoked by unmasked trials, but rather some less well
characterized later negative-going components as well as the P2 and was therefore separated

from the earlier interval.

11
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Statistical Analysis

The sample size was set to 20 participants based on previous MEG studies that had reliably
found the ARN with a sample size of 12-20 participants (Dykstra and Gutschalk, 2015;
Gutschalk et al., 2008; Konigs and Gutschalk, 2012), when the trials were evaluated tone wise.
The study was not powered to detect differences between detected and undetected tones in
auditory cortex, when the tones were not perceived in SR. The best estimate we had for the
expected effect size here was based on a previous study with post-stimulus frequency cues
(Gartner and Gutschalk, 2021), which yielded an estimate of N=328 for the right and N=571
for the left auditory cortex to show a difference between hit and miss trials (Cohen's d=0.117
on the left and d=0.155 on the right). Because we did not have resources to study a sample
coming close to these numbers, we decided to evaluate this comparison on an exploratory
basis, only. In contrast, the behavioral effect was already found robustly in a sample of 20

participants in the latter study.

The statistical analysis of the behavioral data and the ROl analysis was performed with Python
3.10.9, using the SciPy library and the Pingouin package. ROI analyses were evaluated with
an ANOVA for repeated measures including the factors detection (hit, miss) and hemisphere
(left, right). In an additional analysis detailed in the supplement, the six subsequent target tones

were separately averaged and modeled in the ANOVA with the additional factor tone position.

The main hypothesis for the behavioral data was that FR hits that were not previously heard
as a stream (SR-) could still be perceived. If this was the case, we expected two parallel effects:
(1) that the hit rate was higher than the false alarm rate, and (2) that the d' was consequently
larger than and significantly different from zero. Both were tested with planned t-tests, (1) with
a paired-sample, two-tailed t-tests, (2) with a single-sample, two-tailed t-test. The second
hypothesis was that the perception of a stream increased the d' for FR compared to trials not
perceived as a stream. This hypothesis was also tested with a planned, paired-sample, two-
tailed t-test. Further comparisons are purely descriptive. No correction for multiple comparison

was applied for the t-tests reported in this manuscript.
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Signal-Detection-Theory Models

The behavioral results were used to predict the signal strength using signal-detection theory
(Green and Swets, 1966). The basic assumption is that signal strengths in response to both
signal and noise trials are normally distributed, but the mean of the signal distribution is higher
compared to the noise distribution. Hits and misses (and correspondingly false alarms and
correct rejections) are distinguished based on whether the signal is larger or smaller than the

response criterion. This criterion is — usually subconsciously — set by the participant.

For our experiment, we compared two different models with the acquired data: Model 1
assumed that there are two criteria for the two tasks: In trials with sufficient signal strength to
cross the higher, more conservative, criterion 1, the target was already detected in the SR
task. If signal strength was lower, but still strong enough to cross the lower criterion 2, the
target was perceived and correctly detected in the FR task, only. All other trials were not
detected in either task. The mean of the noise distribution pneise Wwas arbitrarily set to 0 and the
standard deviation onsise t0 1, since only the relation between noise and signal distribution
matters. The distance between both distributions is Wsignai - Mnoise defined as d’, here we used
the d’ of the FR task for the complete data set (i.e. without substratification). The standard
deviation Osignal Can be derived from the empirical value of (Usignai = Mnoise)/(Ossignal — Osnoise) = 4.
With the resulting signal distribution, the criteria were calculated to match the observed
detection rates: The area under the signal distribution above criterion 1 corresponds to the hit
rate FR hits (SR+). The area under the curve between criterion 2 (which is lower, i.e. more
liberal than criterion 1) and criterion 1 corresponds to the hit rate FR hits (SR-). Finally, the
probability of FR misses (SR-) is reflected in the area under the curve below criterion 2. The
corresponding amplitudes are the centroids of those intervals. Since those values are in
arbitrary units, we divided both the predicted and the measured amplitudes by the respective

FR hits (SR-) amplitudes for normalization.
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Model 2 assumed that SR+ and SR- trials are reflected by two separate signal distributions
when modeling the FR task. Accordingly, the mean of the right gaussian is based on the d' of
FR for SR+ trials and the left on the d' for FR for SR- trials. The standard deviation is empirically
estimated with the formula provided above. The response criterion is then based on the false-

alarm rate across all FR trials.

Results

Behavioral data

The trial-wise behavioral results are summarized in Figure 2, showing hit rates and false-alarm
rates in panel A, sensitivity (d') in panel B and response criteria (c) in panel C. The average
trial-wise hit rate in SR was 49%, which is almost ideal to separate two subgroups for the
analysis of FR. The trial-wise hit rate in FR was on average 77% and higher compared to SR
(t15=-6.606, p<0.001, d=1.516, n?% =0.71), indicating that some target trials were rated as
detected for which an isochronous target stream was not previously identified in SR. Since the
false-alarm rate was also higher in FR compared to SR (t/s=-3.136, p=0.006, d=0.719, n?%,
=0.353), however, the d' was not significantly different between the two tasks (t1s=-1.653,

p=0.116, d=0.379, 1% =0.132).

Next, we separately evaluated FR only for trials in which listeners had not indicated hearing
an isochronous target stream in SR (SR-), to test our main hypothesis that target-tone and
target-stream perception can be distinguished. Results showed an average hit rate of 58% for
this case with a significantly smaller false-alarm rate of 22% (t:s=8.867, p<0.001, d=2.034, n%
=0.814). This yielded a d' of 1.2, which was significantly different from zero across listeners
(no negative values observed; t1s=7.935, p<0.001, d=1.82, n?%, =0.778). The SR- subset of the
FR task thus confirms that target tones could be perceived within the multi-tone masker, even
when listeners did not indicate perception of the isochronous tone stream before. The SR-

subsample of the FR was then compared to the SR+ subsampile, i.e. all trials in which listeners

14
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had previously indicated to perceive an isochronous tone stream. Our second hypothesis was
that the d' in FR would be higher for SR+ compared to SR-, because the perception of the
tones in a separate stream made them more salient. The average d' for FR detection was 2.3
for SR+, compared to 1.2 for SR-, and the difference was significant (ts=-3.355, p=0.004,
d=0.77, n% =0.385). A problem for calculating d' for SR+ is that the number of no-signal trials
was small, since only false-alarm trials of SR were considered for their estimate. Three
listeners did not have false alarms in SR and their false-alarm rate was therefore also set to
zero in the SR+ subsample of FR shown in Figure 2. Since this could lead to a bias towards
our hypothesis, we tested again with these three listeners excluded (Fig. S1). Results showed
that d' was still higher for SR+ in the remaining 16 subjects (t/5=-2.778, p=0.014, d=0.695, n?%
=0.34). A number of participants showed a very high false-alarm-rate in FR (SR+), because
they had more false alarms per trial in both tasks than correct rejections in FR after a false
alarm in SR. Note that these participants had all been included in this comparison. The false
alarm rate was numerically somewhat larger in the SR+ compared to the SR- subset, with a
trend for statistical significance (t1s=-1.813, p=0.087, d=0.416, n% =0.154). When the
behavioral results were evaluated in three intervals of equal duration along the experiment, all
hit and false-alarm rates remained quite stable (Fig. S2), suggesting that the false alarm rates
are reliable despite the small number of no-signal trials in the SR+ subset. If the common false-
alarm rate, based on all no-signal trials, was used instead, the d' for FR in the SR hits

subsample would be estimated to be somewhat higher (d'=2.8).

It was previously found that the detectability of target streams decreases for frequencies
beyond 1000 Hz (Gutschalk et al., 2008). The present study used constant sound intensity
across frequencies, whereas the previous study used constant sensation level. Despite the
resulting higher sound intensity for high-frequency tones in the present study, the decreasing
hit rate in the SR task for high frequencies was reproduced (Fig. 3A, C). As a result, more SR-
tones are available in the high- compared to the low-frequency range (Fig. 3A). The hit rate in
the FR task of the SR- subset (Fig. 3C) did not show a similarly strong reduction for high

frequencies as observed for the SR task.
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MEG data

The MEG source waveforms calculated for the ROls in left and right auditory cortex are shown
in Fig. 4 for the tone-wise analysis based on the SR task; whole-brain source analysis maps
are shown in Fig. S3A. The corresponding tone-wise hit rate in SR was 32% (SD = 0.16), the
tone-wise false-alarm rate was 5% (SD = 0.08). The results replicate previous findings of a
strong ARN for all tones grouped into a stream, which was significantly stronger than the
response observed for tones not grouped into a stream in the time interval 75-175 ms
(repeated measures ANOVA with factors detection (hit, miss) and hemisphere (left, right),
detection: F115=9.809, p=0.006, n%=0.353). The overall auditory cortex activity was
significantly stronger on the right (hemisphere: F1,1s=5.298, p=0.034, n?,=0.227), but there was
no significant interaction of detection with hemisphere (F1,1s=0.160, p=0.694, n%,=0.009) in this
analysis. Similar results were observed in the subsequent time window 175-275 ms (detection:
F1,18=6.622, p=0.019, n%,=0.269; hemisphere: F11s=3.890, p=0.064, n?,=0.178; hemisphere x

detection: F1,15=1.270, p=0.275, 1%,=0.066).

The trial-wise analysis of the MEG data is shown in Fig. 5; here, all 6 tones of a trial were
averaged based on the behavioral response in the FR task, for subgroups based on the SR
task. Miss trials in FR for the SR+ subsample were not evaluated because of too small number.
Moreover, datasets where less than five hit or miss trials occurred in the SR- subsample were
excluded from the MEG analysis, because such low numbers of averages do not provide a
sufficient signal-to-noise ratio for the analysis. One participant was thus excluded from the
analysis because of low hit rates and another one because of low miss rates in the SR-
subsample, reducing the number of evaluated data sets to 17 for this part of the analysis (cf.

Fig 3B).

The comparison FR hits (SR+) versus FR misses (SR-) revealed stronger MEG activity in the

auditory cortex, similar to the tone-wise analysis in the 75-175 ms time window (repeated
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measures ANOVA with factors detection (hit, miss) and hemisphere (left, right), detection:
F116=12.559, p=0.003, n%=0.440) with stronger overall activity in the right (hemisphere:
F116=7.843, p=0.013, n%=0.329) and a trend for a hemisphere x detection interaction
(F1,16=3.505, p=0.080, n“=0.180). The detection effect was also significant in the later time
window (detection: F1,16=6.243, p=0.024, n%,=0.281), but there were no significant hemisphere
effects (hemisphere: F116=0.720, p=0.409, n%,=0.043; detection x hemisphere: F1,16=1.770,

p=0.202, 1%=0.100).

Note that the experiment was not powered for separating hits and misses in the SR- subsample
in MEG. Therefore, this part of the statistical analysis is purely exploratory: The comparison of
FR hits and misses from the SR- subsample was done with a repeated measures ANOVA with
factors hemisphere (left, right) and detection (hit, miss); post-hoc t-tests are not corrected for
multiple comparison. The only significant effect was a main effect of hemisphere in the 75-175
ms time interval (F11=10.337, p=0.005, 1%=0.392). There was no significant effect of
detection in either time interval (75-175 ms: F116=1.763, p=0.203, n%=0.099; 175-275 ms:
F1,16=1.459, p=0.245, n*,=0.084). However, there was a trend for a detection x hemisphere
interaction in the later time interval (175-275 ms: F1,16=4.191, p=0.057, n“,=0.208; 75-175 ms:
F116=2.698, p=0.120, 1%=0.144). We therefore tested the detection effect separately in the
right and left auditory cortex, which revealed in right auditory cortex a significant difference
between hits and misses in the late time window (175-275ms: t1s=2.266, p=0.038, d=0.55,
n%=0.243) and a trend in the early time window (75-175ms: t;6=2.046, p=0.058, d=0.496,
n%=0.207). No indication of a detection effect was observed in the left auditory cortex (75-
175ms: t16=-0.300, p=0.768, d=-0.073, n%=0.006; 175-275ms: t=-1.007, p=0.329, d=-0.244,
n%=0.06). We further explored if the trend observed in the average across tones 1 - 6 was
more prominent for specific tone positions. The results of this analysis are detailed in
supplemental Fig. S5: While the trend for stronger responses for FR hits versus misses in SR-
trials in right auditory cortex was confirmed, a significant dependence on tone position was not

observed, in particular there was no indication for a delayed buildup of a negative-going wave.
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In summary, these data cannot confirm that FR hit and miss trials in the SR- subset are
differently represented in the auditory cortex, as was already expected by previous power
estimates. The exploratory analysis suggests that a difference might exist in the right auditory
cortex and that the effect could be somewhat stronger (d=0.496) than estimated from a
previous experiment (d=0.155) with a different masker structure (Gartner and Gutschalk,
2021). Note that target-tone frequency was not controlled between conditions (Fig 3A) in the
MEG analysis, because this would have further reduced the signal-to-noise ratio. The N1 and
ARN amplitudes have been previously shown to decrease with tone frequency (Gutschalk et
al., 2008), but the ARN was still observed when hits and misses were compared per frequency.
In the present data, the frequency imbalance between SR+ and SR- could bias SR+ to show
somewhat higher amplitudes. For the comparison of SR- hit and miss trials in the FR task, the

frequency imbalance is only modest.

Model comparison

Our hypothesis for the comparison of SR+ and SR- trials is that they represent two qualitatively
different percepts, in which the streaming perception places the tone frequency in a completely
different context (target stream in SR+ versus masker in SR-). Alternatively, the tone
perception could be the continuum of a single perceptual quality and neural representation,
where the impression of a segregated stream emerges in trials where the internal signal is high

and the tones are perceived more clearly.

Figure 6 shows two models based on signal-detection theory with the behavioral data as input,
which are based on the latter consideration of a single perceptual quality. Model 1 (Fig. 6A) is
based on the assumption that the SR+ subsample simply selects trials with a stronger internal
representation by applying a more conservative response criterion, such as in multi-level rating
tasks (Doll et al., 2024). A single gaussian distribution is considered to comprise both FR
subsamples (SR+ and SR-), and the criteria are estimated based on the hit rates, such that

FR hits (SR+) are to the right of the higher criterion, FR hits (SR-) lie between the higher and
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the lower criterion, and FR misses (SR-) are to the left of the lower criterion. One problem for
this model is that the conservative criterion for FR hits (SR+) does not match with the liberal

criterion that we found on average in the experimental data (Fig. 2C).

Model 2 (Fig. 6C) uses separate distributions for SR+ and SR- trials, while the response
criterion is based on the false alarm rate observed in the FR task across all trials. This
configuration would for example be expected when attention shifts the d' of an internal
representation (Carrasco et al., 2004). Provided the similar false alarm rates in both
subsamples, this model matches the empirical ¢ much better (note that c is relative to the

intersection of the noise and signal gaussian).

Next, the model predictions for the internal signal (Fig. 6B, D) can be compared to the
amplitudes of the evoked response in auditory cortex. Since the absolute baseline in this model
is arbitrary, it is more meaningful to compare differences. We therefore calculated the
difference of FR hit minus FR miss (SR-) separately for the SR+ and SR- subsamples and then
calculated the ratio of SR+/SR- to be independent of absolute scales. This ratio indicates how
much larger the enhancement is on average for SR+ hits compared to SR- hits. For the models,
the ratio amounted to 2.2 in model 1 and to 1.4 in model 2. In the MEG data, the ratio amounted
to 3.6 in right auditory cortex and to -13.8 in left auditory cortex (negative because hit smaller
than miss in the SR- subsample). Across both hemispheres, the ratio amounted to 29.7 in
MEG. Thus, even in the case of right auditory cortex, where a trend for enhanced negative-
going activity is observed for SR- hits, the response to SR+ trials perceived as stream is 3.6
times stronger, whereas the models would only suggest a range of 1.4-2.2, so that the models

can only explain part of the strong asymmetry between SR+ and SR- hit trials.

Discussion

The behavioral results confirm our hypothesis that target tones presented in a jittered multi-

tone masker are still perceived, even when they do not form a stream that segregates the
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tones from the masker-tone cloud. The MEG data further demonstrate that the ARN evoked
by tones perceived in a stream is much more prominent than a potential negative-going
response for detected tones when no stream perception was indicated. As a consequence, we
argue that the paradigm reflects the perception of auditory streams in addition to and more

strongly than the perception of the tones themselves.

Attention within a continuous representation

Doll et al (2024) suggested that the amplitude variation of the AAN evoked by single tones in
noise can be modeled by the range of the decision criteria chosen in a rating task. When
streaming perception was similarly used to indicate a more conservative response criterion in
model 1 (Fig. 6A), two aspects of the data were not explained well. First, the observed
response criterion was not as conservative as suggested by the model. Second, it could not
fully explain the strong response enhancement observed for SR+ over SR- in MEG. The
criterion variability was previously explained by fluctuating arousal or sustained attention.
When selective, top-down attention is considered to potentially act on top of such fluctuation,
a shift of d' would be expected (Carrasco et al., 2004), but still within the same neural
representation. This was implemented in model 2 (Fig. 6C), which complied with the observed
decision criteria, but did not explain the neural asymmetry observed for SR+ over SR- trials,
either. Thus, while attention that amplifies an otherwise identical representation might explain
part of the enhancement observed for SR+ and possibly the higher d' observed in this subset,

it does not explain the much stronger ARN for SR+ in the MEG data.

Awareness and perceptual organization

We therefore argue that the ARN does not only reflect the perception of the isolated or attended

tones, but of tones grouped into distinct auditory streams (Bregman, 1990), which separates
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them from the other, random masker tones. We further argue that this organization into
streams interacts with the representation of time intervals within each stream. It has been
shown that the ARN evoked by detected streams increases with the ISI (Raudonat et al., 2025),
but remains independent of the target ISI as long as it remains undetected. The response
evoked by undetected target tones under multi-tone masking was previously shown to be
similar to the response evoked by masker tones. Since at least some of the masker tones are
undoubtedly perceived, it is plausible that target tones that are not perceived as part of the

target stream are simply grouped into the masker and can be detected within the latter, as well.

This raises the question if target tones that are not segregated from the masker but still
perceived should not evoke an AAN, as is suggested by the SDT model in Fig. 6, and if the
AAN and ARN are the same or different phenomena at all (Dembski et al., 2021). First, while
the AAN expected in FR hit (SR-) trials could not be confirmed in the present data, the results
still suggest that it may be present, albeit small and only in right auditory cortex. Second, while
the AAN has so far been considered to reflect the perception of single tones, the ISI between
near-threshold tones was in a range of at least a second (Eklund et al., 2020; Eklund and
Wiens, 2019). The situation is less clear in inattentional deafness paradigms (Schlossmacher
et al., 2021); while the ISI between distractors and targets was short, the two were easily
segregated and the ISI| between subsequent targets was also longer than a second. If the AAN
and ARN are the same, this could explain why the AAN in SR- trials was only small given the
small ISI relative to other (unsegregated) masker tones. Third, considering the information load
inherent to the multi-tone masker, performance in the FR task is not only limited by perception
and masking, but likely also by memory (Block, 2007). Segregated tones are easy to
remember, and their report is likely more reliable. It is hard to estimate the percentage in which
unsegregated target tones, and similarly masker tones, were perceived as part of the masker,
but their frequency was not remembered by the time the post-hoc cue was presented. In the
most extreme case, all tones were generally perceived, and the report was limited to those that
somehow stand out and maybe evoke a slightly stronger N1 or AAN. Such a scenario would

make the FR misses (SR-) an unreliable estimate of unperceived tones, because they were
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then perceived but not remembered. Conversely, if only a fraction of the masker tones was
perceived, which is the scenario originally assumed, then it was also unlikely that all six SR-
target tones are perceived in hit trials. It might suffice if one or two of six tones were perceived,
whereas four of six target tones were on average perceived in SR+ trials. This could reduce

the evoked response for SR- trials to a quarter of SR+ trials in the most extreme case.

Representation of auditory features and streams

It has been argued that the visual awareness negativity (VAN) represents the perception of
lower-level features (Jimenez et al., 2018; Koivisto et al., 2017; Wiens et al., 2023). On a higher
level, the conscious perception of faces covaries with the N170.in fusiform gyrus and the VAN
in occipital cortex (Dellert et al., 2021; Shafto and Pitts, 2015). The VAN follows the N170 in
latency, despite its supposedly lower level, supporting a potential role as a marker of recurrent-

processing (Supér et al., 2001).

An example for a lower-level auditory representation is sound lateralization for the ARN, N1
(Kénigs and Gutschalk, 2012) and AAN (Eklund et al., 2021). An AAN example of higher-level
representation is the perception of sine-wave speech (Zhu et al., 2024). For the latter, source
analysis is not available, and the sources of non-ambiguous vowel-specific responses are
found close to those of the ARN in MEG (Gutschalk and Uppenkamp, 2011). Because of this
lack of an anatomical dissociation of lower- and higher-level representation in auditory cortex,
we can currently not evaluate if the AAN/ARN specifically represents the higher-level percept

or the feedback to the lower-level representation.

For sequential grouping, (Bregman, 1990), which we argue is related to the ARN in the present
setup, an anatomically distinct neural representation is also unlikely. In animal models,
frequency-selective adaptation in early auditory cortex plays a role (Fishman et al., 2001;
Micheyl et al., 2005), but does not directly reflect perception (Banno et al., 2023). The activity
observed in the latter studies in monkey is generated in middle layers and more likely related

to the P1 in human (Gutschalk et al., 2005), whereas the ARN/AAN is generated in superficial
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layers (Dykstra et al., 2026). We suggest that the sequence-specific modulation of the ARN
may be important for the conscious perception of perceived streams, in parallel to the content

of the single sound elements.

Interaction of attention and perceptual organization

There is good evidence for a role of top-down attention for the ARN in tone streams under
multi-tone masking (Elhilali et al., 2009; Gutschalk et al., 2008), as well as the AAN for single
tones or words in noise (Doll et al., 2024; Schlossmacher et al., 2021). A potential source of
this interaction lies in the insular and anterior-medial cingulate cortex (Dellert et al., 2025; Doll
et al., 2025; Sadaghiani et al., 2009). We expect that attention is required in these ambiguous
scenes, and that it may selectively enhance the representation of the target stream, as
suggested in the biased-competition framework (Desimone and Duncan, 1995). In the present
case, where the frequency of the target stream is unknown, directing attention to a random
frequency is unlikely a successful strategy (Micheyl et al., 2007). Conversely, selective
listening for an isochronous tone repetition would require that the stream is segregated from
the multi-tone masker before it is attended. Attention might then further enhance the whole
stimulus including the spectral representation, in analogy to vision (Schoenfeld et al., 2014;
Shinn-Cunningham, 2008). Based on these considerations, we think that a streaming-specific
mechanism is likely involved in the generation of the ARN, but based on the present data, a

further distinction of attention and segregation mechanisms for the ARN is not possible.

Limitations

There are two limitations that should be considered when interpreting these results. First, the
study was not powered to detect a neural representation of detected tones that did not form
an auditory stream (FR hits versus misses, SR-). Therefore, while the present results leave

the possibility that a neural correlate of these FR detections might be observed in the right
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auditory cortex, this hypothesis requires confirmation including control of tone-frequency
effects. Second, the relative roles of stream formation and attention for the generation of the

ARN cannot be dissociated based on the present data.
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Figure Captions

Figure 1. Schematic of the stimulus paradigm used. An isochronous repetition of six tones is
presented as target amongst a multi-tone masker of random frequency tones, which are jittered

relative to the onset of the target tones. In the stream-report task (SR), listeners indicate with
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a button press as soon as they hear out the target tones as a distinct stream of isochronous
tones. After each target masker combination, a cue tone is presented and listeners indicate in
the frequency-report task (FR) if tones of this frequency were part of the previous stimulus set.
(A) Example of a trial where the listener detects the target stream in SR and correctly confirms
its frequency in FR (FR hit (SR+)). (B) Example of a trial where the target stream is not detected
in SR but the frequency is correctly identified in FR (FR hit (SR-)). (C) Example of a catch trial
with a correct rejection in both, SR and FR. (D) Example of a trial where the target stream is

not detected in SR and also not identified after the cue tone in FR (FR miss (SR-)).

Figure 2. Behavioral results (mean * standard error of the mean together with individual
values, N=19). (A) Hit rates (Hit) plotted in darker colors and false-alarm rates (FA) in lighter
colors. Stream report (SR, red) and all trials of the frequency report (FR, blue) are shown on
the left . On the right side of the graph, FR results are shown for two subgroups stratified based
on SR: SR- (yellow) includes FR Hit and FA rates where no response was made in SR. SR+
(green) includes FR Hit and FA rates where a response was already given in SR. (B)
Detectability (d') and (C) Response criteria (c) for the same conditions and with the same color

coding as in panel A.

Figure 3. Detected trials in the SR and FR tasks partitioned in 6 target-frequency bins (1: 501-
603 Hz, 2: 661-794 Hz, 3: 871-1047 Hz, 4: 1148-1380, 5: 1514-1820 Hz, 6: 1995-2399 Hz).
Colored bars indicate the mean across participants, error bars the standard-error of the mean,
and black circles the single-participant data. (A) Absolute number of hit trials in the FR task
for SR+ (left, green), SR- (middle, yellow), and miss trials (right, brown) by frequency bin. (B)
Average ftrials number across frequencies for FR hit and miss trials. Full set based on
behavioral data (behav.) on the left, trial numbers used for the MEG analysis (MEG) to the
right. The latter excluded e.g. artefactual trials with too high amplitude in MEG. Datasets with
less than five trials were excluded from the trial-wise MEG analysis (the two excluded are
marked with an x). (C) Relative, trial-based hit rates for the SR task (percentage of all trials)

and the FR task (relative to all SR- trials).
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Figure 4. MEG data in auditory cortex (N=19) averaged relative to the tone-wise perception
indicated in the streaming report (SR) task. (A) The regions of interest (ROI) in the auditory
cortex used for the analysis are outlined in red. The ROI includes Heschl's gyrus and planum
temporale in both hemispheres. (B) Grand-average source waveforms for the left and right
auditory cortex for hits (red) and misses (thin, dark red) based on the ROl in (A). The interval
shaded in darker gray represents the time interval 75-175 ms, in which the ARN amplitude
was primarily measured. The subsequent interval shaded in lighter gray represents the time
range 175-275 ms. (C) Average response amplitude in the time interval 75-175 ms (mean %
standard error of the mean; individual amplitudes overplotted). (D) Average response
amplitude in the time interval 175-275 ms. Difference waveforms of this analysis are shown in

Fig. S4A.

Figure 5. MEG data in auditory cortex averaged relative to the trial-wise perception in the SR
and FR tasks (N=17). The data are based on the ROI shown in Fig. 4A. (A) Grand-average
source waveforms for the left and right auditory cortex, for hits and misses in FR, sub-stratified
for the response in SR. Green waveforms show hits in both, SR and FR (FR hits (SR+)), yellow
show hits in FR not detected in SR (FR hits (SR-)), and thin brown lines indicate misses in SR
and FR (FR misses (SR-)). The darker gray-shaded interval represents the time interval 75—
175 ms, in which the ARN amplitude was primarily measured. The subsequent lighter gray
interval represents the time range 175-275 ms. (B) Average response amplitude in the time
interval 75—175 ms (mean t standard error of the mean; individual amplitudes overplotted).
Color scheme similar to panel A. (C) Average response amplitude in the time interval 175-275

ms. Difference waveforms of this analysis are shown in Fig. S4B.

Figure 6. Signal-detection models of neural activity based on the behavioral data (N=17). (A)
Model 1 is based on the assumption that the different perceptions between FR hits that were
detected (SR+) or missed in SR (SR-) represent a continuum that can be modeled by different
response criteria within the Gauss distribution for signal trials shown in red; the noise

distribution for no-signal trials is plotted in black. The response criterion between FR hits (SR+
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versus SR-) is indicated in green, between FR hits and FR misses (both SR-) in yellow. Note
that the origin of signal strengths is set to the middle of the no-signal distribution, which is
arbitrary. While the origin influences the absolute values of the estimates shown in panels B
and C, it has no influence on the difference between these conditions. (B) Shows the average
amplitude of the modeled neural activity, based on the integration over the intervals shown in
A, for each individual data set (mean + standard error of the mean together with individual
values). Green: hits in SR and FR (FR hits (SR+)), yellow: FR hits missed in SR (FR hits (SR-
)) and brown: misses in SR and FR (FR misses (SR-)). (C) Model 2 is instead based on the
assumption that streaming and frequency perception are two distinct percepts, each
represented in a separate Gaussian (yellow FR, green SR). The response criterion in the FR
task is then modeled by a single criterion. (D) The internal signal strength predicted by this
model for hits is estimated based on the signal to the right of the criterion for the respective
gaussian. The signal for miss trials is based on the signal to the left of the criterion in the SR-

gaussian (yellow).
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