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In complex acoustic environments, even salient supra-threshold sounds sometimes go unperceived, a phenomenon known as informational masking. The neural basis of informational masking (and its release) has not been well-characterized, particularly outside auditory cortex. We combined electrocorticography in a neurosurgical patient undergoing invasive epilepsy monitoring with trial-by-trial perceptual reports of isochronous target-tone streams embedded in random multi-tone maskers. Awareness of such masker-embedded target streams was associated with a focal negativity between 100 and 200 ms and high-gamma activity (HGA) between 50 and 250 ms (both in auditory cortex on the posterolateral superior temporal gyrus) as well as a broad P3b-like potential (between ~300 and 600 ms) with generators in ventrolateral frontal and lateral temporal cortex. Unperceived target tones elicited drastically reduced versions of such responses, if at all. While it remains unclear whether these responses reflect conscious perception, itself, as opposed to pre- or post-perceptual processing, the results suggest that conscious perception of target sounds in complex listening environments may engage diverse neural mechanisms in distributed brain areas.
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INTRODUCTION

In complex acoustic environments, perceiving sounds of interest is often limited by information-processing bottlenecks in the central auditory system rather than resolution of the auditory periphery, a phenomenon known as informational masking (Pollack, 1975; Kidd et al., 2008). How the brain overcomes informational masking and gates target sounds to perceptual awareness is not well-understood (but see Gutschalk and Dykstra, 2014) despite very early studies revealing neural correlates of auditory perceptual awareness for simple acoustic scenes (Hillyard et al., 1971; Squires et al., 1973). Furthermore, beyond shedding light on how the auditory system supports auditory perceptual awareness and release from informational masking, such studies can also inform the study of conscious perception across sensory modalities (Cariani and Micheyl, 2012; Snyder et al., 2015), for which there is a paucity of data outside the context of vision (Dehaene and Changeux, 2011; Koch et al., 2016).

A commonly-used paradigm to study informational masking involves presenting a target stream of tones amidst a random multi-tone background (Neff and Green, 1987), with target tones surrounded by a protected frequency region (Neff et al., 1993) to prevent energetic masking at the auditory periphery (Delgutte, 1990). Such randomly-varying maskers, combined with uncertainty about the features comprising the target (e.g., if the pitch of the target varies across trials), drastically decrease the probability of target sounds reaching awareness (Kidd et al., 2008). Recent neurophysiological studies have suggested a role for non-primary auditory cortex in perception of Gutschalk et al. (2008) or selective attention to Elhilali et al. (2009) a rhythmic target stream amidst complex maskers (for review see Gutschalk and Dykstra, 2014). However, what role other brain areas might play in overcoming informational masking and gating target sounds to awareness remains an open question.

The present study combined intracranial EEG (iEEG) recordings in a neurosurgical patient with an auditory target-detection task in order to further characterize the neural correlates of auditory perceptual awareness under informational masking. We asked whether such correlates extend either into brain areas outside auditory cortex or into high-gamma activity (HGA), high-frequency local field potentials (LFP) thought to reflect a combination of multi-unit firing and high-frequency synaptic activity (Steinschneider et al., 2008; Manning et al., 2009; Lachaux et al., 2012).

Due to its high resolution in both space and time, proximity to potential generators, and reasonably broad coverage (particularly over peri-Sylvian areas), iEEG is well-positioned to address these questions. HGA, in particular, is challenging to observe with non-invasive methods such as EEG or MEG (Lachaux et al., 2012). The fMRI BOLD signal correlates well with HGA (particularly when compared with other LFP frequencies; Mukamel et al., 2005), but is extremely slow (on the order of seconds) compared to HGA dynamics, which unfold on the order of tens of ms. With regard to extra-auditory activity, although MEG and EEG have broader coverage than typical iEEG recordings, MEG and EEG see only that brain activity which propagates to the scalp, which is only a small fraction of true source activity due to cancelation effects (Ahlfors et al., 2010; Irimia et al., 2012). Furthermore, source estimation of activity that can be seen with M/EEG is inherently uncertain, particularly for distributed sources that are not known a priori, and thus requires confirmatory evidence from inside the head (Halgren, 2004).

The patient, who was undergoing invasive epilepsy monitoring, listened to sequences of random masker tones that sometimes contained an isochronous target stream (Figure 1A; cf. Supplemental Audio Files 1–4) which, due to informational masking, was only sometimes detected. Targets that were detected elicited focal early activity (including both HGA and a robust negativity between 100 and 200 ms) in posterolateral auditory cortex that was diminished or absent for undetected targets as well as a broad, long-latency response, that spread to ventrolateral frontal and lateral temporal cortices. The results suggest that detecting sounds of interest in adverse listening situations may engage diverse brain areas, including auditory cortex on the posterior superior temporal gyrus (pSTG) as well as frontal and temporal areas involved in attention and target detection (Halgren, 2008).
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FIGURE 1. Example stimuli and behavioral results. (A) Spectrogram of the jittered multi-tone masker stimulus used in the present study with regularly repeating target tones at 1 kHz (top), and the same stimulus with the targets absent (bottom). (B) Hit and false-alarm rates. The false-alarm rate across time since sequence onset is shown in red; hit rate in black. Although the target tones are easily segregated visually in the spectrograms shown in (A), they were not as easy to detect. Hit rates were substantially higher than false-alarm rates, resulting in target-sensitivity (d′) values (C) greater than one by the 4th position in the stimulus sequence. The fact that d′ values are initially rather high after only one target-tone presentation likely reflects the nature of the task (i.e., that two target tones prior to the awareness-indicating button press are included in the “detected” bin and counted as hits).



MATERIALS AND METHODS

Ethics Statement

All procedures were approved by the Institutional Review Boards at Partners Healthcare (Massachusetts General Hospital) and the Massachusetts Institute of Technology (MIT) in accordance with NIH guidelines. Written informed consent was obtained from all patients prior to their participation. The research had no impact on the clinical care of the patients.

Listeners

Five patients with intractable epilepsy undergoing invasive monitoring for localization of epileptogenic foci participated in the study. Each patient was implanted with sub-dural platinum electrodes embedded in silastic (2.3 mm exposed diameter, 10 mm center-to-center spacing; Ad-tech Medical, Racine, WI). High-resolution T1-weighted MRI was acquired from each patient prior to implantation; CT scans were acquired post-implantation. Electrode coordinates obtained from CT were co-registered with each patient's MRI and overlaid onto their reconstructed cortical surface using the method described in Dykstra et al. (2012). Three patients were excluded from the analysis based on poor behavioral performance (false-alarm rates > 0.2 and/or d-prime values < 1). Another patient was excluded based on the fact that the electrodes covered only a small portion of the anterior temporal lobe (and which did not include the pSTG, the most relevant area for our purposes) where we did not observe robust auditory evoked responses. Thus, we present the results of the remaining patient, whose behavioral performance was well within the normal range for informational masking tasks [which are known to have large intersubject variability (Kidd et al., 2008)], as a case study, with clear recognition that replication is needed (either by us or others) before the findings can be strongly generalized.

The patient whose data we report here was male, aged 31 years at the time of the experiment. Although no audiometry or other audiological testing was conducted, the patient did not report a history of hearing problems. Furthermore, cognitive testing indicated that he was in the average to low average range (though low average for certain auditory memory tests). Analysis of the patient's seizures during invasive monitoring strongly suggested that his epileptogenic focus was in the left medial temporal lobe, a conclusion that was further supported by preoperative MRI and post-operative pathology showing mesial temporal sclerosis in the left hippocampus. The only other abnormality that is potentially relevant for the data presented here was the presence of thickening and increased complexity of the left peri-Sylvian region, consistent with polymicrogyria. However, the patient was able to perform the task and certainly showed activity in the first area where we'd expect it based on prior work (posterolateral temporal cortex).

Stimuli and Procedure

Stimuli were 7.2 s sequences of random pure tones (masker) presented either alone (1/3 of trials) or with an added rhythmic target stream (2/3 of trials; Figure 1A; Supplemental Audio Files 1–4). The subject's task was, first, to indicate by button press the moment at which they began to perceive the target stream and, second, subsequently attend the stream. Every tone in the sequence was 100 ms in duration including 10 ms raised cosine on and off ramps, and was chosen from equally-spaced (logarithmically) frequency bands between 0.239 and 5 kHz. The masker was comprised of tones placed randomly in time and frequency within each band with an average within-band onset asynchrony (SOA) of 800 ms (range: 100–1500 ms). Within each band, the exact frequency of any given tone was within an estimated equivalent rectangular bandwidth (ERB), where ERB = 24.7*(4.37*fc + 1), where fc is the center frequency of a given band, in kHz. When present, the target stream was comprised of eight identical tones (with one of six frequencies: 0.489, 0.699, 1, 1.430, 2.045, or 2.924 kHz) with an SOA of 800 ms that always began 800 ms after the first potential onset of the masker. Note that this target uncertainly—i.e., the fact that the patient did not know which of the six potential target frequencies was actually the target on any given trial—is one of the primary factors that make the targets difficult to identify in this setup, and a hallmark of informational masking (along with target-masker perceptual similarity). Had the same frequency been used on every trial, we suspect that the targets would have been quite readily identified. Finally, in order to mitigate energetic masking of the target stream, two bands on each side of the target stream were omitted from the masker for trials both with and without the target stream being present.

Sound files were generated in MATLAB (The Mathworks Inc., Natick, MA) and converted to analog waveforms by the on-board sound card of a laptop computer equipped with Presentation software (Neurobehavioral Systems, Albany, CA). Stimuli were delivered to participants via Etymotic ER-2 insert earphones (Etymotic Research, Inc., Elk Grove Village, IL) binaurally at a comfortable listening level. Participants indicated their detection of target-tone streams via a USB button device (Cedrus Corporation, San Pedro, CA). Participants were informed of the fact that the target stream would not be present on every trial but were not told the probability of its occurrence. The start of a new sequence began, on average, 1600 ms after the preceding sequence's termination.

Each experiment was divided into blocks. In each block, 36 target+masker (T+M; Figure 1A, upper panel) stimuli and 18 masker-only (M; Figure 1A, lower panel) stimuli were presented, followed by 18 presentations of control stimuli which were comprised solely of target streams (T). Per block, this yielded 6 repetitions of a T+M condition for each target frequency with each having a different random masker stream, three repetitions of each masker-only condition (where each condition was defined by the frequency of the target stream had it been present), and three repetitions of each T condition. All data shown here used a target-to-masker level ratio of 0 dB (i.e., target tones were the same level as individual masker tones). Note that target+masker and masker trials were randomly interspersed, making it impossible for the patients to know when or when not to expect the presentation of a possible target.

Data Acquisition and Analysis

iEEG data from 76 sub-dural electrodes (an 8 × 8 64-contact grid placed on the lateral surface as well as three 4-contact strips on inferior temporal and inferior frontal cortex; Figure S1 in Supplemental Material) were acquired with standard clinical EEG monitoring equipment (XLTEK, Natus Medical Inc., San Carlos, CA) at a sampling rate of 500 Hz. All data were referenced to an inverted intracranial electrode facing the inner skull table remote from the electrodes of interest.

iEEG data were bandpass filtered between 1 and 190 Hz and notch filtered at 60 Hz and its harmonics using zero-phase shift IIR filters. Independent component analysis using the runica algorithm (Bell and Sejnowski, 1995) in EEGLAB (Delorme and Makeig, 2004) was performed on the “raw” data. Components dominated by large artifacts were identified by inspection and projected out of the data.

The iEEG was epoched relative to the onset of individual tones within the target stream (for T+M trials) and, as a control condition derived from the masker-only trials, to the onset of “virtual” target tones, which were time-locked to the onset of target-tone positions, had the target tones been present. For comparison, we also epoched the iEEG relative to the onset of individual tones in the target-only (T) condition. Epoched waveforms were baseline corrected to the 100 ms preceding tone onset (in T+M and T conditions) and to the 100 ms preceding virtual target tone onset (in M conditions). Because the epochs in the masker-only condition are time-locked relative to a non-existent tone onset (virtual targets) and essentially random with respect to any physical stimulus (in this case individual masker tones), the evoked response should average to zero (Gutschalk et al., 2008). This condition was constructed in order to ensure that the presence of such a large number of masker tones (which had random onsets with respect to the tones of interest) did not significantly contribute to the averaged evoked responses in the other conditions. Epochs containing large epileptiform artifacts (5.3% of all epochs) were rejected by visual inspection. Epochs in the T+M condition were binned according to whether or not the target tones were detected by the listener. An individual target tone was defined as “detected” if it fell after the participant indicated by button press that they perceived the target stream. Furthermore, because the task was to detect a repeating target tone (and to do so as quickly as possible), the two individual target tones that preceded a button press were also placed in the “detected” bin. All remaining tones were placed in the “undetected” bin. Note, that while it is possible that patients may have waited to press the button until they heard more than two target tones, this would actually have the effect of biasing our neural results in favor of the null hypothesis of no difference between detected and undetected targets, as some detected targets would likely be placed in the undetected bin.

For the topographic voltage and power maps shown in Figures 3, 4, respectively, the data were mapped via in-house software (Dykstra et al., 2012) that was based on the location-on-cortex toolbox, written in MATLAB (Miller et al., 2007). An important parameter one must specify in producing maps using this package is the Gaussian Spreading Parameter, which controls the width of the Gaussian kernel over which activity from an individual electrode is spread. If the parameter is set to zero, then the only vertex that receives any color is that to which an individual electrode is nearest. At the other extreme, if the parameter is set too high, then it's difficult to appreciate foci of activity. We have chosen the parameter such that activity from individual electrodes is still readily visible (as local peaks) while simultaneously smoothing activity between electrodes showing the same activity.

Statistical Analysis

A modified version of the cluster-based, non-parametric statistical procedure outlined previously (Maris and Oostenveld, 2007) was used to test for effects of target detection on target locked EP amplitude. Unpaired t-tests were used as the sample-level (i.e., individual time points within a single channel) statistic. Contiguous, statistically-significant samples (defined as p < 0.05) within a single electrode were used to define the cluster-level statistic, which was computed by summing the sample-level statistics within a cluster. Statistical significance at the cluster level was determined by computing a Monte Carlo estimate of the permutation distribution of cluster statistics using 1000 re-samples of the original data (Ernst, 2004). Within a single electrode, a cluster was taken to be significant if it fell outside the 95% confidence interval of the permutation distribution for that electrode. The determination of significant clusters was performed independently for each electrode. This method controls the overall false alarm rate within an electrode across time points; no correction for multiple comparisons was performed across electrodes. In order to control for possible confounds of target-tone frequency in the “detected” vs. “undetected” comparison, some target tones at each target-tone frequency were thrown out, making the number of tones in the “detected” and “undetected” bins equal at each frequency.

For the topographic maps shown in Figures 3, 4, the only panels that are statistically thresholded based on hypothesis testing are those of the subtraction conditions (i.e., isolated targets minus masker-alone or detected targets minus undetected targets), where any electrode that did not show a significant effect between the two conditions of interest was explicitly set to zero so that it would fall into the gray area of the color map. For the remaining individual conditions (i.e., the top eight panels of Figure 3 and the top four panels of Figure 4), the only “thresholding” is that due to the color map itself, though they are essentially not thresholded given the high resolution of the color map (215 elements). That is, any values that fell < 0.01% of the maximum value of the color mapping, either positive or negative (215-index map, 214-indices on either side of 0), were assigned to gray.

High-Gamma Power

Waveforms of high-gamma power were constructed by (i) band-pass filtering between 70 and 190 Hz using zero-phase shift IIR filters, (ii) performing a Hilbert transform, and (iii) squaring the absolute value of the resultant Hilbert-transformed waveforms. This yielded high-gamma power waveforms with the same temporal resolution as the evoked potentials (2 ms). The waveforms were then baseline-corrected in the same manner as the evoked potentials—by subtracting the mean power in each trial averaged over the 100 ms preceding target-tone onset. Finally, the gamma-power waveforms were low-pass filtered at 20 Hz. The same statistical procedures described above for evoked potentials were applied to the high-gamma waveforms.

RESULTS

Behavior

Spectrograms of two stimulus examples used in our study as well as behavioral results are shown in Figure 1A. Hit rates for detecting regularly repeating target tones (with a stimulus-onset asynchrony, or SOA, of 800 ms) increased throughout the presentation of the stimulus sequence and plateaued near 50% (Figure 1B). Though false-alarm rates also increased with time since stimulus onset, they remained low overall and never exceeded 20%, resulting in d-prime values that plateaued between 1 and 1.5 (Figure 1C).

Evoked Potentials

Evoked responses were binned and averaged for each of four stimulus/perceptual conditions: (i) target tones presented in isolation, (ii) masker tones presented in isolation, time-locked to the onset of virtual target tones, (iii) detected, and (iv) undetected target tones in target+masker (T+M) sequences. The responses to target tones alone and masker tones alone served as templates with which to compare the responses to detected and undetected target tones presented during T+M conditions.

Figure 2 shows averaged evoked responses to each condition from six electrode sites over the pSTG (see also Figures S2, S3 in the Supplemental Material for evoked responses from all 64 contacts on the grid). As expected, since the masker-only epochs were time-locked to virtual tone onsets (effectively random time-locking with respect to individual masker tones, see Section Materials and Methods), the averaged response for these epochs was flat (Figure 2B, green traces), indicating that the presence of the masker tones alone does not significantly contribute to the evoked responses in the other conditions. In contrast, the averaged evoked responses to targets presented in isolation were robust and showed a stereotypical pattern over the pSTG characterized first by a large surface-negative response (peaking at 162 ms) followed by a broad long-latency positivity peaking between 300 and 600 ms (Figure 2B, magenta traces). Qualitatively, both these components can be seen for detected targets in the presence of the multi-tone masker (Figure 2C, orange traces), with perhaps minor differences in response latency, size, and topography. The response to undetected targets (Figure 2C, blue traces) was relatively flat by comparison, similar to the response for the masker-alone condition, although some earlier components may be equally present for detected and undetected targets, particularly the positive-going deflections before ~150 ms.
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FIGURE 2. Evoked potentials over the pSTG. (A) 3D cortical reconstruction of the patient's brain showing six individual electrode sites over pSTG for which evoked potentials are plotted in (B,C). (B) Evoked potentials in response to the targets-alone (magenta) and masker-alone (green) conditions. magenta/green horizontal bars above the evoked potentials indicates statistically significant differences between the two waveforms in each of the six panels. Note that positive is plotted upwards. (C) Same as in (B), but for detected (orange) and undetected (blue) targets in the context of the random multi-tone masker. Orange/blue bars indicate statistically significant differences between the two waveforms in each of the six panels.



Topographical maps of averaged potentials are shown in Figure 3 for two latency ranges, 100–200 ms (Figure 3A) and 300–600 ms (Figure 3B) and each of the four behavioral conditions (top two rows) in addition to their subtraction (bottom row). In all cases, color values reflect the mean signal within the given latency range. All panels in the bottom row have been thresholded to show only the activity near electrode sites which showed statistically-significant differences between the corresponding conditions (either targets alone vs. masker alone or detected vs. undetected targets) in the corresponding latency range. The primary differentiation of detected vs. undetected targets in the earlier latency range is over the posterior auditory cortex (Figure 3A, right lower-most panel). This was similar to the differentiation seen between targets-alone and masker-alone (Figure 3A, left lower-most panel). In contrast, the longer-latency response that differentiated between detected and undetected targets was present in much more widespread brain areas than for targets-alone vs. masker-alone in the same latency range (Figure 3B, compare right lower-most panel vs. left lower-most panel), particularly ventrolateral frontal and lateral temporal cortices. In the contrast of isolated vs. virtual targets (i.e., targets alone vs. masker alone), activity was also observed in the posterior aspects of the superior and middle temporal gyrus, but not in frontal cortex or more anteroventral portions of the temporal lobe.
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FIGURE 3. Spatial topographies of the evoked responses. (A) Average topography of the evoked responses between 100 and 200 ms for targets alone, masker alone, and their subtraction (left three panels), and detected targets, undetected targets, and their subtraction (right three panels). (B) Same as in (A), between 300 and 600 ms.



High-Gamma Activity

Figures 4A,B show topographical plots of mean HGA between 50 and 250 ms for targets and masker-alone, detected, and undetected targets, and their respective subtractions, where the subtraction maps have been thresholded for statistical significance. The HGA was much more focal than the evoked responses, confined mostly to the posterior auditory cortex near the sites which showed maximal evoked responses between 100 and 200 ms (cf. Figure 3A). Figure 4C shows the full time courses of the two electrodes which showed the largest high-gamma response for both targets vs. masker alone (two left-most panels) and detected vs. undetected targets (two right-most panels). As with the evoked responses, the responses to masker-alone, and undetected-target conditions are relatively flat, more so in the masker-alone condition. In contrast, targets-alone and detected-target conditions elicited robust responses peaking between 50 and 250 ms, roughly the same latency range as the corresponding (early) evoked responses, though the onset of the high-gamma effect may be slightly earlier.
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FIGURE 4. High-gamma activity. (A) Topographies of high-gamma activity between 50 and 250 ms for targets alone, masker alone, and their subtraction. (B) Same as in (A), for detected targets, undetected targets, and their subtraction. (C) High-gamma responses for targets alone (magenta), masker alone (green), detected targets (orange), and undetected targets (blue) from the two sites showing the largest high-gamma response. Horizontal bars above the high-gamma waveforms indicate statistically significant differences; positive plotted upwards. The numbers in the upper right-hand corner of each panel refer to the electrode sites from Figure 2.



DISCUSSION

Utilizing direct cortical recordings in a human neurosurgical patient, the present study observed robust correlates of auditory perceptual awareness in widespread brain areas, including early (50–250 ms) evoked responses and HGA in posterolateral auditory cortex as well as a broad long-latency (300–600 ms) potential in ventrolateral frontal and lateral temporal cortex. This represents direct evidence that both auditory HGA and slow, P3b-like potentials in supra-modal areas can covary with auditory perceptual awareness in complex listening situations, and extends previous work showing such correlates in early evoked responses arising from auditory cortex. However, the extent to which these responses reflect conscious perception, itself, as opposed to something else (e.g., selective attention, pre- or post-perceptual processing) remains unclear and is discussed below.

Early Responses in Auditory Cortex

Despite their similar latency, it is unclear whether the early evoked responses we measured over pSTG are akin to those from previous MEG studies [the sources of which were localized to the posterior superior temporal plane (Gutschalk et al., 2008; Wiegand and Gutschalk, 2012; Dykstra and Gutschalk, 2015)] given that (i) we did not observe polarity reversals across the lateral fissure (cf. Figure 3A), (ii) the locus of response we measured was more posterior than the dipole locations reported by that study, and (iii) the fact that intracranial EEG is much more sensitive to proximal vs. distal sources. Thus, the early evoked responses we measured may be generated by radially oriented pSTG sources just underneath the electrode (sources to which MEG would not be sensitive), perhaps related to the N150 component (also known as the negative-going portion of the T-complex) of the auditory evoked potential (Wolpaw and Penry, 1975; Celesia, 1976; Scherg et al., 1989). An alternative interpretation is that they arise from a diffuse source in posterior auditory cortex that only sometimes extends to the lateral portion of the pSTG. This could potentially be examined non-invasively using EEG, which is sensitive to the presence of radial sources (Picton et al., 1999), or with penetrating depth electrodes in certain neurosurgical patients (Nourski and Howard, 2015).

The present study also observed early HGA that covaried with auditory perceptual awareness in some of the same sites that showed robust early evoked potentials. However, unlike the evoked responses, the HGA was highly focal, confined to just two electrodes over the pSTG [the posterolateral superior temporal area described previously (Howard et al., 2000)], consistent with recent intracranial findings of auditory target detection (Nourski et al., 2015). With the exception of sparse, weak effects elsewhere, this activity did not extend into other brain areas or longer latencies. Intracranial HGA, especially when compared with intracranial evoked potentials, is consistently found to be highly focal, including in the context of auditory tasks (Edwards et al., 2005; Dykstra et al., 2011), and is thought to reflect active neural processes that produce high-frequency synchronized responses in the immediate vicinity of the electrode (Lachaux et al., 2012). This idea is consistent with recent studies of visual perceptual awareness in which perceived visual stimuli were associated with much greater HGA than unperceived stimuli (Fisch et al., 2009; Gaillard et al., 2009; but see Aru et al., 2012a; Pitts et al., 2014b).

This early activation of auditory cortex for detected targets in the context of the multi-tone masker may reflect either recurrent activity posited by some to reflect perceptual awareness (Lamme, 2006), or processes that are antecedent to it. However, one factor that is difficult to rule out is selective attention (Snyder et al., 2012), which is known to modulate auditory evoked responses in the same latency range as the detected/undetected effects shown here (Hillyard et al., 1973; Hansen and Hillyard, 1980; Woldorff et al., 1993; Gutschalk et al., 2008; Ahveninen et al., 2011; Gutschalk and Dykstra, 2014; Lee et al., 2014). This is particularly true for tones coming after listeners indicated their awareness of the target stream, and remains to be clarified by future studies capable of independently manipulating auditory attention and perceptual awareness.

Widespread Long-Latency Responses

In addition to early activity in pSTG sites, detected targets also elicited late (~300–600 ms), distributed responses over posterior auditory, ventrolateral frontal, and lateral temporal cortex, with primarily the auditory component elicited by targets presented in isolation, with perhaps some extension into the superior temporal sulcus. To our knowledge, this is first direct report of such distributed activity during this task (but see Giani et al., 2015), and previous work may have failed to detect it due to the use of dipole models chosen to focus on activity arising from auditory cortex. Alternatively, given that the activity is spread over several gyri/sulci (particularly in frontal cortex), a substantial portion of this activity may cancel at sites distant from the generators, such as is the case with M/EEG (Ahlfors et al., 2010). The pSTG source at the same latency may be difficult to observe with MEG due to its insensitivity to radial sources.

The response to detected targets in the presence of the multi-tone masker resembles the P3b in that it was late, broad, prominent in ventrolateral frontal, and lateral temporal cortex (anterior and ventral to the focus over pSTG—cf. two lower-most panels of Figure 3B), and only present when the subjects were engaged in an active task (Halgren et al., 1998; Linden, 2005; Halgren, 2008). This is notable due to the fact that the P3b has often been taken as a marker of conscious perception (Dehaene and Changeux, 2011). However, the fact that the supra-modal components of this response were only seen for detected targets during informational masking and not for targets presented in isolation (which are presumably perceived) suggests that they likely reflect something else. One possibility is post-perceptual processing associated with task relevance of the target stream during informational masking. This interpretation would be consistent with previous studies showing that both the P3b and frontal activity (as measured with unit recordings or fMRI) depend strongly on task relevance and context (Hillyard et al., 1971; Fritz et al., 2010; Melloni et al., 2011; Pitts et al., 2012, 2014b), and highlights the importance of employing passive as well as active paradigms in examining the neural correlates of consciousness (Deouell, 2002; Aru et al., 2012b; Pitts et al., 2014a; Tsuchiya et al., 2015).

However, even if this activity doesn't reflect conscious perception for isolated stimuli, we cannot rule out the possibility that it might reflect conscious perception for the masker-embedded target streams used here. More generally, such activity, which may also reflect sources of attentional enhancement (Corbetta and Shulman, 2002; Fritz et al., 2007; Gutschalk and Dykstra, 2015) that can help bring stimuli into consciousness (Dehaene et al., 2006; Snyder et al., 2012), might be necessary to perceive target stimuli in noise or under conditions of high perceptual load (Gutschalk and Dykstra, 2014; Lavie et al., 2014). This would be consistent with recent studies showing enhanced ventrolateral frontal activity during attention toward acoustic target stimuli that were difficult to perceive (Hill and Miller, 2010; Wild et al., 2012; Zion Golumbic et al., 2013).

Going forward, one way to address the question of whether the late responses we observed embody conscious perception would be to examine whether they (or any other responses we observed) differ depending on tone position within the target-stream sequence. While this is something that has been observed previously for earlier evoked responses elicited by detected targets in the context of the multi-tone masker (Gutschalk et al., 2008) and for HGA in simpler acoustic sequences (Edwards et al., 2005; Eliades et al., 2014), we simply do not have the SNR to be able to address that question here. Finally, whether other areas (auditory or otherwise) not sampled by the present study might show activity associated with conscious perception of such masker-embedded target streams remains to be examined by future studies.
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