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What neural mechanisms underlie the seamless flow of our waking consciousness? A necessary albeit insufficient condition for such neural mechanisms is that they should be consistently modulated across time were a segment of the conscious stream to be repeated twice. In this study, we experimentally manipulated the content of a story followed by subjects during functional magnetic resonance imaging (fMRI) independently from the modality of sensory input (as visual text or auditory speech) as well as attentional focus. We then extracted brain activity patterns consistently modulated across subjects by the evolving content of the story regardless of whether it was presented visually or auditorily. Specifically, in one experiment we presented the same story to different subjects via either auditory or visual modality. In a second experiment, we presented two different stories simultaneously, one auditorily, one visually, and manipulated the subjects' attentional focus. This experimental design allowed us to dissociate brain activities underlying modality-specific sensory processing from modality-independent story processing. We uncovered a network of brain regions consistently modulated by the evolving content of a story regardless of the sensory modality used for stimulus input, including the superior temporal sulcus/gyrus (STS/STG), the inferior frontal gyrus (IFG), the posterior cingulate cortex (PCC), the medial frontal cortex (MFC), the temporal pole (TP), and the temporoparietal junction (TPJ). Many of these regions have previously been implicated in semantic processing. Interestingly, different stories elicited similar brain activity patterns, but with subtle differences potentially attributable to varying degrees of emotional valence and self-relevance.
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INTRODUCTION

Imagine you are at a New Year's party. A friend is recounting her recent trip to New Zealand, meanwhile the television in front of you is playing a tennis match. You find yourself staring at the TV without following the game, and fully absorbed in your friend's exciting story. Alternatively, if you are a tennis fan, you might find yourself following the game and missing part of your friend's story, recognizing the need to correct your attentional focus. In both cases, the sensory inputs to your brain are identical while the stream of your conscious content is rather different. What brain mechanisms might contribute to the ongoing flow of your conscious mind beyond sensory inputs (James, 1890; Dehaene and Sigman, 2012)?

One initial approach to investigating this question is to identify brain areas reliably modulated by similar content of conscious flow in the face of changing sensory inputs. Since it cannot be excluded that certain unconscious processes are also consistently modulated across time in such a paradigm, consistent modulation in the face of similar conscious stream constitutes a necessary albeit insufficient condition for identifying brain activities potentially underlying internal conscious flow. Alternatively, reliable modulation by the same sensory inputs in the presence of different conscious content, as in the example above, would reveal lower-level processing of sensory stimulus. Because both the sensory stimulus and the conscious flow in this example are time-varying features, “reliable modulation” means a similar temporal response profile across time. The approach of using reliable modulation by naturalistic stimuli to probe a brain region's involvement in stimulus processing has been successfully applied to both within- and across- subject analyses (Hasson et al., 2010). We extended this approach to studying brain areas consistently modulated by the evolving content of a story independent of the modality of sensory input, by presenting subjects with auditory speech or visual text. Because listening to or reading a story would not only trigger linguistic processing, but also post-linguistic processes such as imagery, theory-of-mind, episodic and emotional processing, we hereafter refer to the totality of these processes “ongoing cognition.” Importantly, these processes may include brain activities directly underlying the conscious flow as well as their prerequisites and consequences (Bachmann, 2009; Aru et al., 2012; de Graaf et al., 2012; Li et al., 2014).

Many previous studies have studied the convergence of neuroanatomy for the processing of spoken and written languages (Chee et al., 1999; Calvert, 2001; Spitsyna et al., 2006; Jobard et al., 2007; Lindenberg and Scheef, 2007). These previous studies have generally assessed the activation magnitude of a brain region in response to spoken or written language, upon which convergence (i.e., activation in both tasks) was determined. Alternatively, an interaction effect is sometimes determined in multisensory integration studies (Raij et al., 2000; Calvert, 2001; van Atteveldt et al., 2004), which quantifies the activation magnitude to the simultaneous presentation of both modalities beyond the sum of activation magnitudes to each modality presented alone. However, the measure of activation magnitude provides only a crude estimation of a brain region's involvement in the task. For example, a brain region can be activated in both the auditory and visual tasks but with distinct temporal modulation profiles, which would indicate different kinds of processing in the two tasks. By contrast, reliable cross-modal modulation of the temporal response profile of a brain region during an evolving story presented as visual text or auditory speech would constitute stronger evidence for its involvement in the ongoing cognition elicited by the story.

We conducted two experiments. In the first experiment, we presented a story (“Cage”) to different subjects via either visual or auditory presentation. Specifically, the visual and auditory presentations were controlled to advance at roughly the same speed. We identified the brain regions exhibiting similar time courses across these two subject groups. Because the sensory inputs are presented through different modalities but the story content is the same, these brain regions are expected to underlie modality-invariant linguistic and post-linguistic processes. In the second experiment, we presented two different stories (“Fish” and “King”) simultaneously to the subjects, one auditorily, one visually. In different functional magnetic resonance imaging (fMRI) runs, the subject was cued to pay attention to one modality vs. the other, thus following different stories. Correlating brain activities during an identical task condition across subjects allowed us to identify brain regions consistently modulated by this task condition. By contrast, correlating brain activities between task conditions that had identical physical stimuli but different attended sensory modalities (and thus different stories) allowed us to extract brain activities modulated purely by the sensory inputs.

MATERIALS AND METHODS

SUBJECTS

Twenty-seven healthy right-handed English-fluent subjects between 19 and 38 years of age (8 males) with normal or corrected-to-normal vision participated in the study. All subjects provided written informed consent. The experiment was approved by the Institutional Review Board of the National Institute of Neurological Disorders and Stroke. Seven subjects were excluded due to excess movement in the scanner, and two additional subjects were excluded due to failed registration to the atlas. Thus, eighteen subjects (6 males) were included in the analysis.

STIMULI AND TASK DESIGN

Three short narratives, referred to as the “Cage,” “King” and “Fish” stories, were presented visually and auditorily. “Cage” was compiled from the Wikipedia entry on John Cage's composition 4′33″ and was used in Experiment 1. “King” is the short story “The Three Questions” by Leo Tolstoy and “Fish” is a short story called “Fred's Fish”; they were used in Experiment 2. Complete transcripts for the three stories and the experimental stimuli used in all conditions can be found in Supplementary Materials. These stories were chosen as materials that most subjects would not be familiar with, to ensure that subjects would have to attend carefully to comprehend the stories. For the auditory version of these stories, a female native English speaker recorded each story with a Logitech H530 headset and edited the recording using Audacity 1.3.13-beta (e.g., by removing breathing artifacts). The visual version was presented in subtitles format using Aegisub 2.1.8, such that each phrase was on screen for the same duration as it was spoken in the auditory version. During the pauses between sentences, a cross-hair was presented at the center of the screen such that the screen was never blank. In Experiment 2, the visual and auditory stories, which had the same duration, were combined in MeGUI to create a stimulus consisting of “Fish” story subtitles simultaneously presented with the “King” story audio recording (FishV+KingA), and a second stimulus consisting of “King” story subtitles simultaneously presented with the “Fish” story audio recording (KingV+FishA).

In Experiment 1, half of the subjects (N = 9) followed the “Cage” story presented visually while the other half (N = 9) followed the “Cage” story presented auditorily during fMRI scan (Figure 1A). In the visual condition, subjects read the story presented phrase-by-phrase at the center of the screen. In the auditory condition, subjects listened to the story presented via headphones (Avotec Inc., FL) while looking at a blank screen (visual fixation was not required). The detailed structure of Experiment 1 is as follows: 10 s of blank, 390 s of stimulus, 5 s of blank, 5 multiple-choice questions probing the comprehension of the story presented for 10 s each, and finally 5 s of blank (Figure 1A). Subjects were asked to answer each question during the 10-s interval using one of four buttons. Occasionally subjects pressed outside the allotted time interval or pressed answers twice; in those cases, answers were confirmed verbally immediately after the run ended.
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FIGURE 1. Experimental paradigm. (A) In Experiment 1, which consisted of one fMRI run, half of the subjects read the “Cage” story and the other half listened to the “Cage” story. (B) In Experiment 2, which consisted of two runs, half of the subjects were exposed to simultaneous auditory recording of “King” story and visual text presentation of “Fish” story (Group 1), and the other half exposed to simultaneous auditory recording of “Fish” story and visual text presentation of “King” story (Group 2). Subjects were instructed to attend to a specific sensory stream in one fMRI run and the other stream in the second run; the order of attended modality was counterbalanced within each group. (C) Schematic of analysis approach. In Experiment 1, correlations were computed between the two groups of subjects for each voxel (results shown in Figure 2). In Experiment 2, correlations were computed for each voxel between subgroups of subjects under identical task condition (AV × AV or AA × AA), or identical stimulus condition but opposite attentional focus (AV × AA) (results shown in Figure 3). AV, attend to visual; AA, attend to auditory. In all figures, symbol “×” means correlation. The brain regions from which the example time courses (over the entire stimulus period) were extracted are indicated in the graph. L STG, left superior temporal gyrus; PCC, posterior cingulate cortex; L TP, left temporal pole. The ellipses at the bottom illustrate the analysis depicted in Figure 4, with each ellipse indicating the significant brain areas from an analysis. For detailed methods see Materials and Methods.



In Experiment 2, subjects were divided into two stimulus groups, and instructed to attend to one modality in one fMRI run and the other modality in the second fMRI run, in a counter-balanced manner. Half of the subjects (N = 9) were presented the FishV+KingA stimulus, with five of them instructed to attend to the visual story (“Fish”) in the first run and then to the auditory story (“King”) in the second run, and four subjects instructed with the opposite order (Figure 1B, Group 1). The remaining nine subjects were presented with the KingV+FishA stimulus, again with the attending sequence counter-balanced across subjects (Figure 1B, Group 2). In the “Attend to Visual” (AV) condition, subjects were told to ignore the auditory input and focus on reading the story presented at the center of the screen. In the “Attend to Auditory” (AA) condition, subjects were instructed to focus on listening to the story presented auditorily, and to maintain fixation at the center of the screen but ignore the story presented visually.

Each of the two runs in Experiment 2 contained 10 s of blank, 340 s of stimulus, 5 s of blank, 1 question on intrusion presented for 10 s, 5 multiple-choice comprehension questions presented for 10 s each, and finally 5 s of blank (Figure 1B). The intrusion question asked the subject to rate the level of intrusion by the unattended story, from 1 (no intrusion) to 4 (full intrusion, or followed both stories equally). Subjects answered the question using one of four buttons. Comprehension questions tested the comprehension of the attended story only, to ensure that the subject was following instructions by attending to the correct sensory stream.

EYE TRACKING

Subjects' eyes were monitored throughout the entire experiment using an MR-compatible eye tracker (NordicNeuroLab Inc., WI) through which the visual stimulus was presented. The eye tracker was calibrated at the beginning and end of the experiment, and more frequently as needed if there was excess head movement. We monitored the subjects' eyes closely to ensure that they were following instructions. That is, the subjects' gaze fixated on the center of the screen when instructed to attend to the auditory stream, and they were seen to make quick saccades when instructed to attend to the visual stream.

FMRI DATA ACQUISITION

Functional and anatomical MRI was conducted on a General Electric 3T scanner with an 8-channel head coil. Anatomical images were obtained using a sagittal magnetization-prepared rapid-acquisition gradient echo (MP-RAGE) sequence with a resolution of 1 × 1 × 1 mm3. An axial T2-weighted structural scan was acquired with TR = 4200 ms, TE = 120 ms and a resolution of 3 × 3 × 3 mm3. BOLD-contrast functional images were obtained using a single-shot gradient echo sequence with 39 contiguous transverse slices covering the whole brain (slice thickness = 3 mm, in-plane resolution: 3 × 3 mm2, TR = 2000 ms, TE = 27 ms, flip angle = 90°).

FMRI DATA PREPROCESSING

fMRI data were preprocessed as follows: (1) compensation of systematic, slice-dependent time shifts; (2) elimination of systematic odd-even slice intensity difference due to interleaved acquisition; (3) rigid body correction for inter-frame head motion within and across runs; and (4) intensity scaling to yield a whole-brain mode value of 1000 (with a single scaling factor for all voxels). Atlas registration was achieved by computing affine transforms connecting the fMRI run first frame (averaged over all runs after cross-run realignment) with the T2- and T1-weighted structural images. Our atlas representative template included MP-RAGE data from 12 normal individuals and was made to conform to the 1988 Talairach atlas (Talairach and Tournoux, 1988). Data were resampled to 3 × 3 × 3 mm3 voxels after atlas registration.

fMRI signals from each run were detrended and the effect of head motion and its temporal derivative were removed by linear regression. We further removed the effect of low-level physical attributes of the stimuli to avoid inter-subject correlations driven by low-level transients in the visual and auditory stimuli, similar to the method used in Honey et al. (2012a). To this end, we determined the transients in the visual stimuli and the sound envelope of the auditory stimuli. For visual transients, the phrase-to-fixation transitions, fixation-to-phrase transitions and phrase-to-phrase transitions were each modeled as a series of delta functions. For the sound envelope, the audio signal was bandpassed between 4 and 4000 Hz and the envelope was extracted using a Hilbert transform. These four regressors (three types of visual transients and the sound envelope) were each convolved with the hemodynamic response function, down-sampled to the sampling rate of the fMRI signal (TR = 2 s), and removed from the fMRI data via linear regression. Finally, data from each subject were spatially smoothed with a Gaussian kernel (FWHM = 6 mm).

WITHIN- AND ACROSS- MODALITY RESPONSE RELIABILITY

Similar to previous studies (Hasson et al., 2004; Honey et al., 2012a), we assessed the correlations of the fMRI signals during stimulus presentation (length: 390 s in Experiment 1; 340 s in Experiment 2) across subjects at each voxel. The first 5 frames of each fMRI run corresponded to the blank period and were not included in the correlation. Thus, scanner magnetic stabilization was already reached by the beginning of stimulus presentation. In Experiment 1, for within-condition reliability assessment, Groups 1 and 2 (see Figure 1A) were analyzed separately. fMRI signal time course from each subject was correlated with the mean time course across the remaining subjects in the same group. The Pearson correlation r values were transformed into Fisher z-values, which are approximately normally distributed. The Fisher z maps were then averaged across all subjects in each group (N = 9) to yield the population average. For across-condition reliability assessment, fMRI signal correlations were evaluated between Groups 1 and 2 that followed the same story presented via visual and auditory modality, respectively (Figure 1A). Each subject's fMRI signal time course was correlated with the average time course from the other group. The Pearson correlation r values were transformed into Fisher z-values, which were then averaged across all subjects in both groups (N = 18) to yield the population average.

In Experiment 2, the correlations were carried out across subjects presented with identical physical stimuli (i.e., between Groups 1A and 1B, and between Groups 2A and 2B, see Figure 1B). Two analyses were carried out. In the first, we correlated fMRI runs in which one subgroup attended to the visual stream and the other subgroup attended to the auditory stream (e.g., Run 2 of both Groups 1A and 1B). To avoid repetition suppression effect (Grill-Spector and Malach, 2001), only the fMRI runs in which the stimulus was presented for the first time were used (Run 2 in Figure 1B). Because the correlation was carried out between subjects presented with identical physical stimulus but attending to different sensory modalities and thus different stories, the brain regions showing reliable responses should be those involved in low-level sensory processing. In the second analysis, we correlated fMRI runs in which the two subgroups of subjects were presented with identical stimulus and attended to the same sensory stream (e.g., Run 2 from Group 1A and Run 3 from Group 1B), which assessed which brain regions were consistently modulated by each task condition. In both analyses, the fMRI signal time course from each subject was correlated with the average time course from the other subgroup. The Fisher-z-transformed correlation maps were averaged across all subjects in each group (N = 9, since Groups 1 and 2 were analyzed separately).

BOOTSTRAPPING BY PHASE-RANDOMIZATION TO ASSESS SIGNIFICANCE

We assessed statistical significance using a bootstrapping procedure based on phase-randomization. For each voxel, we applied Fourier transform on the time series, randomized the phase component, and inverted the Fourier transform to obtain the shuffled time series. For Experiment 1, each subject's time series was phase-shuffled and correlated with the original average of the other group; this was done 50 times per subject to create a distribution of 900 bootstrapped correlations. For Experiment 2, bootstrapping was performed 100 times per subject, again to yield a distribution of 900 bootstrapped correlations for each analysis (Groups 1 and 2 were analyzed separately). All of the bootstrap correlations were transformed into Fisher z-values. We then calculated the mean and standard deviation (SD) across the distribution of 900 bootstrap iterations. Because in the original analysis the correlations were averaged across subjects, the SD of the bootstrap distribution was corrected by a factor of [image: image], where N = 18 in Experiment 1 and N = 9 in Experiment 2. The mean of the bootstrap distribution and the corrected SD were then used to convert the original population-average Fisher-z maps into Z-scores, from which statistical significance was determined. To correct for multiple comparisons, we adopted the Monte Carlo method for family-wise error (FWE) correction (McAvoy et al., 2001) and applied a threshold of Z score >3 and cluster size >17 voxels, yielding clusters that survived p < 0.05.

RESULTS

To investigate ongoing cognition using controlled semantic content, we presented stories as auditory speech and/or visual text to subjects and correlated the fMRI time series across subjects to map brain areas that responded reliably to a task condition or across different conditions. We applied this correlational approach to identify brain regions underlying sensory processing vis-à-vis ongoing cognition.

BEHAVIORAL RESULTS

For the “Cage,” “King,” and “Fish” stories, subjects correctly answered an average of 4.4 ± 0.17 (mean ± s.e.m. across 18 subjects), 4.2 ± 0.23 and 4.3 ± 0.16 comprehension questions, respectively, and there was no significant difference between stories (p = 0.73, Kruskal-Wallis test). In Experiment 1, the level of comprehension was not significantly different between subjects who heard the story and those who read the story (p = 0.09, Wilcoxon rank-sum test). In Experiment 2, there was no significant effect of the attended modality (p = 0.26, Wilcoxon signed-rank test) or run order (p = 0.97) on the level of comprehension of the attended story.

In Experiment 2, we asked an additional question concerning the level of intrusion by the unattended story. The intrusion level averaged across all runs from all subjects was 2.1 ± 0.13. It was not significantly different between the AV and AA conditions (p = 0.49, Wilcoxon signed-rank test), or between the first and second fMRI runs (p = 0.38, Wilcoxon signed-rank test). Interestingly, when attending to the “King” and “Fish” stories, subjects reported an average intrusion level of 2.5 ± 0.15 and 1.8 ± 0.19, respectively (p = 0.01, Wilcoxon signed-rank test), suggesting that the “Fish” story was more intrusive. This is likely due to the fact that the “Fish” story was told in first-person perspective and had more emotional and personal content while the “King” story was a fable told in third-person perspective.

EXPERIMENT 1—“CAGE” STORY PRESENTED ALONE VIA VISUAL OR AUDITORY MODALITY

In Experiment 1, one group of subjects (N = 9) listened to the “Cage” story through headphones, and another group of subjects (N = 9) read the “Cage” story presented visually at the center of the screen. The auditory and visual versions of the story were presented at roughly the same speed. First, we identified brain regions that were reliably modulated across subjects within each condition alone. To this end, we computed inter-subject correlations for each voxel within the first group of subjects that read the “Cage” story (Figure 2A, top row), and within the second group of subjects that listened to the “Cage” story (Figure 2A, bottom row). Unsurprisingly, in the reading (“V”) condition, the occipital visual cortices, as well as the intraparietal sulci (IPS) involved in visuospatial attention, are reliably modulated. By contrast, in the listening (“A”) condition, there was extensive reliable modulation of the early and higher-order auditory cortices along the superior temporal gyrus (STG). Both the reading and listening conditions consistently modulated the inferior frontal gyrus (IFG), temporal pole (TP), the superior temporal sulcus (STS), anterior cingulate cortex (ACC), and the thalami. Interestingly, the posterior cingulate cortex (PCC) was substantially more involved in the listening condition than the reading condition.
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FIGURE 2. Results of Experiment 1. (A) Within-condition reliability map. fMRI time series were correlated between subjects who read the “Cage” story (top row) and between those who listened to the “Cage” story (bottom row). The Pearson correlation coefficients were z-transformed and averaged across all subjects in each group (N = 9). (B) Across-condition reliability map. fMRI time series were correlated between subjects who listened to the “Cage” story and those who read the same story (V × A, see Figure 1C, Experiment 1). The population-average z-transformed correlation values were compared to phase-shuffled data to determine the Z-score (thresholded at Z >3, cluster size >17 voxels, corresponding to p < 0.05 after correction for multiple comparisons).



The above results reveal a common set of brain regions that are reliably modulated in both reading and listening conditions. Nonetheless, it remains unknown whether their temporal response profiles are similar across these two conditions. To address this question, we correlated the fMRI time series across these two groups of subjects to extract brain regions reliably modulated by the “Cage” story regardless of the sensory modality used for stimulus input. The results are shown in Figure 2B (p < 0.05, FWE corrected), which included bilateral STS/STG, TP, and IFG, the left temporal parietal junction (TPJ), the dorsal medial prefrontal cortex (dmPFC) and the thalamus. There was a slight left asymmetry in the response pattern.

EXPERIMENT 2—“FISH” AND “KING” STORIES PRESENTED SIMULTANEOUSLY VIA AUDITORY AND VISUAL MODALITIES

In Experiment 2, one group of subjects (N = 9) were simultaneously presented with the “Fish” story as visual text and the “King” story as auditory speech (FishV+KingA), and instructed to attend to the two sensory streams in alternate runs in a counter-balanced manner (Group 1 in Figure 1B). A second group of subjects (N = 9) were presented with the “King” story as visual text and the “Fish” story as auditory speech (KingV+FishA) and also instructed to attend to different sensory streams in alternate runs (Group 2 in Figure 1B).

We first examined which brain regions were consistently modulated by this task. To this end, we correlated fMRI time series across subjects under an identical task condition. Given two stimulus conditions (“FishV+KingA” and “KingV+FishA”) and two attentional states (AV and AA), there were four task conditions in total. Thus, four correlational analyses were carried out between subjects exposed to identical task stimuli and instructions (e.g., between Run 2 from Group 1A and Run 3 from Group 1B). The results from this analysis are shown in Figure 3 (top and middle rows). Widespread brain regions were consistently modulated by this task, with the strongest activities residing in the lateral occipital cortex (LOC), STG, PCC, TP, IFG, and the TPJ.
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FIGURE 3. Results of Experiment 2. In the top and middle rows, fMRI time series were correlated across subjects under a specific task condition with identical physical stimulus and attentional focus (attending the visual stream in the top row, AV × AV; attending the auditory stream in the middle row, AA × AA). In the bottom row, fMRI time series were correlated across subjects between conditions with identical physical stimulus but opposite attentional focus (AV × AA). Left column, FishV+KingA stimulus; Right column, KingV+FishA stimulus. Population-average correlation values were z-transformed and compared with phase-shuffled data to determine the Z-scores (p < 0.05, corrected for multiple comparisons).



To locate brain areas involved in the processing of sensory stimulus regardless of attentional focus and the story followed, we correlated fMRI time series between subjects presented with identical physical stimulus but instructed to attend to opposite sensory streams, such that the attended sensory modality (visual vs. auditory) and the story followed (“Fish” vs. “King”) differed between the correlated runs (i.e., Run 2 was correlated between Groups 1A and 1B, and between Groups 2A and 2B). The results of this analysis are shown in the bottom row of Figure 3. Unsurprisingly, auditory cortex along the STG showed reliable responses. In addition, ventral visual areas, thalamus, dmPFC and part of the angular gyrus (AG) were involved. Interestingly, there was limited recruitment of the primary visual cortex (V1), likely because the eye movement pattern differed between the AV and AA conditions, under which the subjects performed active reading and passive fixation, respectively.

The above two analyses respectively extracted brain regions reliably modulated by performing this task (i.e., being exposed to simultaneous auditory and visual streams and attending to one of them) and those reliably modulated by the physical sensory stimuli regardless of the required attentional focus and the story content followed. Hence, contrasting them should reveal brain areas involved in “ongoing cognition” beyond sensory inputs—that is, from attentional fluctuations (if they were similar across subjects) and the understanding of the evolving story content to post-semantic processes such as imagery and emotional response. In Figure 4, we overlaid the results from the first analysis showing regions consistently modulated by performing this task (shown in yellow, from the top two rows in Figure 3) and those from the second analysis showing regions consistently modulated by the physical stimulus alone (shown in blue, from the bottom row in Figure 3), with their overlaps shown in orange. For example, in the top-left panels, yellow/orange regions are those reliably modulated when subjects were presented with the KingV+FishA stimulus and attended to the visual stream; the blue/orange regions were those consistently modulated between the AV and AA conditions under the KingV+FishA stimulus. Thus, regions in yellow represent those contributing to ongoing cognition beyond the processing of physical sensory inputs. Next, we extracted these regions and investigated whether, and if so how, their patterns depended on the attended sensory modality.
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FIGURE 4. Parcellation of brain areas modulated by physical stimulus and ongoing cognition. For each task condition, brain regions consistently modulated by that condition (the significant areas in the top or middle row in Figure 3) are overlaid with those modulated by the physical stimulus used in that condition (significant areas in the bottom row in Figure 3), with the former shown in yellow, the latter in blue, and the overlap between them in orange. Thus, brain areas shown in yellow are those consistently modulated by ongoing cognition beyond the processing of physical sensory stimuli; they form the bases for the analysis described in Figure 5.



To compare the putative brain areas involved in ongoing cognition between the AV and AA conditions, we combined the yellow regions in Figure 4 across the “King” and “Fish” stories for the AV (Figure 4, left column) and AA (right column) conditions, respectively. The results are shown in Figure 5. As expected, low-level visual areas (Brodmann areas 17 and 18) were more reliably modulated in the AV condition, and the primary auditory cortex (Brodmann areas 41 and 42) was more reliably modulated in the AA condition. These results suggest that primary sensory areas may also contribute to ongoing cognition, depending on the attentional focus.
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FIGURE 5. The effect of attended modality on brain areas contributing to ongoing cognition. Top: Putative brain areas underlying ongoing cognition identified in the AV condition were combined across the two stories (i.e., the yellow regions in Figure 4, left column). Bottom: Putative brain areas underlying ongoing cognition identified in the AA condition were combined across the two stories (i.e., the yellow regions in Figure 4, right column). Black lines mark the borders of primary and secondary visual areas (Brodmann Areas 17 and 18) and the primary auditory cortex (Brodmann Areas 41 and 42).



DISCUSSION

In summary, we used an audiovisual cross-modal approach to map brain activity patterns underlying ongoing cognition elicited by hearing or reading a story, and to dissociate these activity patterns from modality-specific sensory processing. The brain areas we identified bear significant similarities to previously described semantic network (Martin, 2007; Patterson et al., 2007; Binder et al., 2009; Schwartz et al., 2011; Honey et al., 2012a; Wei et al., 2012; Fairhall and Caramazza, 2013) and the default-mode network (DMN) (Raichle et al., 2001; Buckner et al., 2008), adding further support for the anatomical convergence of these different brain functions.

In the first experiment, we presented a factual story about the composition of 4′33″ by John Cage to subjects via either the auditory or visual modality. The visual presentation of the story was synchronized phrase by phrase with the auditory version, which comprised of natural reading by a native English speaker. By correlating brain activity fluctuations between subjects who listened to the story and those who read the story, we were able to extract brain regions consistently modulated by this story regardless of the sensory modality used for stimulus delivery. The most consistently modulated brain areas included the STS/STG, the IFG, and the TP (Figure 2), all of which are well-known nodes within the semantic network (Patterson et al., 2007; Binder et al., 2009). Our results from Experiment 1 are largely similar to a previous study that used very similar experimental design (Regev et al., 2013). The main difference between our results and theirs is that we did not find robust cross-modality reliable modulation in PCC (Figure 2B), which is consistent with its lack of reliable modulation within the visual condition alone (Figure 2A, top). This difference might result from the fact that Regev et al. used a real-life story with autobiographical content, which is known to activate the PCC (Buckner et al., 2008), while the “Cage” story we used in Experiment 1 is an encyclopedic entry about a piece of controversial musical history.

In the second experiment, by presenting two stories simultaneously to the subjects via visual and auditory modalities, and cueing them to attend to one or the other in different runs, we were able to manipulate the content of ongoing cognition under identical physical stimulus. This attentional modulation was successful, as demonstrated by the low level of intrusion from the unattended story (rated ~2 on a scale from 1 to 4) and the satisfactory comprehension of the attended story (on average, subjects answered 4.2 and 4.3 out of 5 questions correctly for “King” and “Fish,” respectively). We extracted brain regions consistently modulated by performing this task (by correlating fMRI signals across subjects under an identical task condition), and those modulated by the physical stimuli alone (by correlating fMRI signals between task conditions with identical stimulus but opposite attentional focus). Contrasting these results, we found an extensive brain network consistently modulated by ongoing cognition beyond physical sensory inputs, which had very similar spatial patterns for the two stories (Figure 4). The main regions involved included the TPJ, IFG, TP, PCC, and the posterior middle temporal gyrus (pMTG), consistent with previous studies on semantic processing (Binder et al., 2009; Honey et al., 2012a; Wei et al., 2012; Fairhall and Caramazza, 2013). Nonetheless, there were some subtle differences between the activation patterns in response to the two stories. First, the “Fish” story elicited stronger response in the retrosplenial cortex, potentially due to the strong autobiographical nature of this story. Second, in both hemispheres, the activation pattern around the TPJ was continuous for the “King” story, while it comprised of three disjoint regions in the SMG, AG, and pMTG in response to the “Fish” story. At present the origin of this difference is unclear. One potential contributor is the different levels of theory-of-mind processing involved (Buckner et al., 2008; Corbetta et al., 2008; Carter and Huettel, 2013): In particular, the “King” story, which involves a substantial amount of conjecturing of the character's mental state, evoked an activation pattern around the TPJ that is very similar to previous findings on theory-of-mind (see Figure 12C in Buckner et al., 2008).

Interestingly, the regions identified in Experiment 2 were more extensive than those found in Experiment 1. Two factors may have contributed to this difference: First, the comparative analysis illustrated in Figure 4 may not have completely removed brain regions involved in modality-specific processing. Specifically, since we used conservative whole-brain multiple comparisons correction (p < 0.05, FEW corrected) to identify brain areas modulated by the physical stimuli (Figure 3 bottom row, show as blue/orange in Figure 4), there may well be brain areas that we did not have power to detect with this statistical threshold. Second, the difference in story content may have contributed to the more extensive response patterns in Experiment 2: While “Cage” is an encyclopedic entry, “King” and “Fish” are vivid fable and personal stories that are likely to elicit stronger imagery, theory of mind, episodic, and emotional processing.

Many of the brain areas identified in this study as underlying ongoing cognition are well-known components of the DMN, including the PCC, dmPFC, the inferior parietal lobule, and the MTG (Raichle et al., 2001; Fox et al., 2005; Buckner et al., 2008). Previous studies have established that the DMN is activated during “task-independent thought,” suggesting that it may be involved in spontaneous cognition (McGuire et al., 1996; Mason et al., 2007; Christoff et al., 2009). Our results extend these previous findings by showing that the DMN time courses are similarly modulated over time across different individuals by the ongoing cognition evoked by a story regardless of the sensory modality used for story presentation, supporting the idea that the continuous activity fluctuations in the DMN are reliably modulated by the evolving flow of conscious content (He and Raichle, 2009).

The similarity between the “semantic network” and the DMN has long been noted (Binder et al., 1999, 2009; Wei et al., 2012; Fairhall and Caramazza, 2013). To account for this observation, Binder et al. (1999, 2009) proposed that semantic processing constitutes a large component of spontaneous thoughts under the resting state, during which the DMN is typically more active. The present study identified brain areas consistently modulated by the evolving content of a story, which relies on semantic processing. Thus, the similarity between the present results and the semantic network as well as the DMN is not surprising. Nonetheless, we believe that potential differences in the spatial patterns among the DMN, the semantic network and the brain areas involved in ongoing cognition should be an interesting and important topic for future research. For example, previous studies found that in addition to the DMN, the executive network including the dorsolateral prefrontal cortex (DLPFC) and the dorsal anterior cingulate cortex (dACC) were also involved in task-independent thoughts (Christoff et al., 2009; Spreng et al., 2010). This is similar to our results (Figures 2, 4). Future studies employing detailed dissection of how the specific content of ongoing cognition or semantic processing relates to specific brain activity patterns would be needed to shed light on the intricate functional/anatomical brain architecture supporting these functions, and how these structures intertwine with the subsystems of the DMN (Andrews-Hanna et al., 2010). A promising approach to this end is demonstrated by a recent study using a data-driven generative model applied to fMRI data obtained under natural movie viewing, which revealed a continuous semantic space across the cortical surface (Huth et al., 2012). As the authors noted in that paper, because only visual stimuli were used in their study, visual and conceptual features were likely mixed in their results. Combining the generative model used therein and the present cross-modal approach in the context of natural stimuli should allow future studies to map the hetero-modal semantic space in the human brain.

As mentioned in Introduction, consistent temporal modulation in the presence of similar conscious stream constitutes a necessary albeit insufficient condition for identifying brain activities underlying the conscious flow. An important future direction is to dissociate brain activities directly contributing to the conscious flow and those consistently modulated by the unconscious processes related to the conscious flow, in line with the recently proposed framework of the tripartite process including prerequisites for the neural correlate of consciousness (NCC-pr), neural correlate of consciousness proper (NCC), and consequences of the neural correlate of consciousness (NCC-co) (Bachmann, 2009; Aru et al., 2012; de Graaf et al., 2012; Li et al., 2014). We anticipate that novel cognitive paradigms and/or analytical approaches will need to be developed in order to separate these processes in the context of ongoing cognition. Lastly, the use of electrophysiological recordings (e.g., Honey et al., 2012b) in the context of these paradigms should shed additional light on the underlying neural mechanisms.
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In the last decades, the neural correlates of consciousness (NCCs) have been explored using both invasive and non-invasive recordings by comparing the brain activity elicited by seen versus unseen visual stimuli (i.e., the contrastive analysis). Here, we review a selection of these studies and discuss a set of considerations to improve the search for the NCCs using the contrastive analysis. In particular, we first argue in favor of implementing paradigms where different perceptual outputs are obtained using identical visual inputs. Second, we propose that the large disagreement in the field -in terms of the dissimilar neural patterns proposed as NCCs- is partially explained by the fact that different studies report the neural correlates of different conscious processes in the brain. More specifically, we distinguish between the perceptual awareness of a visual stimulus, associated to a boost in object-selective neural assemblies, and a more elaborate process (contextual awareness) that we argue is reflected in the firing of concept neurons in the medial temporal lobe, triggering a rich representation of the context, associations, and memories linked to the specific stimulus.
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INTRODUCTION

When we see a picture of a person, our retinal cells transduce light into electrical signals propagated through the brain, triggering a cascade of neural processes that leads to the conscious percept of the specific person we are looking at. The minimal neuronal mechanisms that are jointly sufficient to elicit a specific conscious percept are known in the literature as the neural correlates of consciousness (NCCs; Crick and Koch, 1990).

In order to empirically manipulate awareness, different methods were developed in the past to render a stimulus invisible despite retinal stimulation (Kim and Blake, 2005). For example, a brief stimulus that is normally visible can become invisible if it is preceded or followed by a second one; a phenomenon called “visual masking” (Enns and Di Lollo, 2000). With “Attentional Blink” (AB), the perception of a salient target presented in rapid visual serial presentation (RSVP) is impaired by the detection of a previous stimulus (Raymond et al., 1992). Similarly, when two clearly different images are sequentially shown separated by a brief blank interval, observers typically fail to detect the change in the images, leading to a manipulation called “Change Blindness” (CB; Simons and Rensink, 2005). These experimental manipulations have in common that the stimulus is transient, i.e., it is presented for a short period of time. However, other techniques allow inducing lack of awareness even with prolonged retinal stimulation. For example, during “Binocular Rivalry” (BR) two disparate images are presented to each eye, causing a sequence of subjective perceptual switches experienced by the observer, suppressing one or the other image despite constant visual stimulation (Blake and Logothetis, 2002). The main downside of BR is that the number of subjective alternations, along with their duration and latencies, are not under experimental control. This issue is absent in a similar technique called “Flash Suppression” (FS) in which one image is presented to one eye, and then is removed from visual awareness by suddenly presenting another image to the other eye (Lansing, 1964; Wolfe, 1984). In the same line, Tsuchiya and Koch (2005) introduced another manipulation, called “Continuous Flash Suppression” (CFS), in which robust and prolonged interocular suppression is achieved by presenting flickering patterns to one eye.

Many previous studies have aimed at finding the NCCs by combining these experimental procedures with different measures of neural activity such as scalp magneto/electro-encephalography (M/EEG; Dehaene et al., 2001; Sergent et al., 2005), functional magnetic resonance imaging (fMRI; Lumer et al., 1998; Portas et al., 2000), intracranial EEG (Fisch et al., 2009; Gaillard et al., 2009), and single-cell recordings in human (Kreiman et al., 2002; Quian Quiroga et al., 2008) and non-human primates (Logothetis, 1998; Macknik and Livingstone, 1998). In general, the methodology undertaken for this line of research is the contrastive analysis, i.e., comparing the neural activity elicited by “seen” versus “unseen” stimuli (Baars, 1993). However, possible drawbacks associated to this empirical approach have been raised in the latest years (e.g., Overgaard, 2004; Aru et al., 2012a). Complementary to these observations, here we discuss a set of considerations to improve the search for the NCCs using the contrastive analysis.

MANIPULATION OF THE PHYSICAL STIMULI

The first step toward finding the NCCs is to select an experimental method (e.g., backward masking, CFS, etc.) to induce lack of awareness. A simple approach would be to implement this manipulation only for a set of “unseen” trials and contrast the results with a set of “seen” trials, where the manipulation is not used. For example, in the case of CFS, this would imply comparing the neural activity elicited during interocular suppression with a dioptic control in which flickering patterns are absent (Sterzer et al., 2009; Kang et al., 2011; Axelrod et al., 2014). However, the limitation of this approach is that the neural activity induced by the manipulation (e.g., flickering masks in the example of CFS) is absent in the “seen” condition. Therefore, the contrast between “seen” and “unseen” trials could be partially reflecting the processing of different physical stimuli.

An alternative is to use a milder version of the manipulation for the “seen” trials. This can be achieved, for example, by adding different amounts of noise to the stimulus (Jemel et al., 2003) or, in the case of CFS, by changing the contrast of the flickering masks (Kaunitz et al., 2011). But still, differences in low-level features such as luminance, contrast, or spatial frequency can largely modulate brain activity (Scholte et al., 2009). In fact, it has been argued that the ultra-fast detection of faces in natural scenes is partly explained by such features (Honey et al., 2008). One way to reduce these effects is by changing the perceptual ambiguity but controlling for a certain number of low-level variables (Portilla and Simoncelli, 2000; Willenbockel et al., 2010). This strategy ensures that this particular set of variables (e.g., contrast, luminance, and spatial frequency) do not explain differences in the neural activation between “seen” and “unseen” trials. However, the possibility of a hidden low-level variable explaining the differences observed in the neural activations cannot be ruled out.

In order to get rid of possible confounds introduced by the physical stimuli, several studies have proposed to compare different perceptual outputs using identical visual stimuli (Sergent et al., 2005; Quian Quiroga et al., 2008; Lamy et al., 2009; Aru et al., 2012b; Navajas et al., 2013). The underlying idea is to implement a manipulation that leads to ~50% recognition performance, and then to contrast the activity elicited by these two sets of trials. The challenge, of course, is to find an experimental manipulation to be at the threshold of perception so that a certain stimulus is equally likely to be recognized or not. For example, Sergent et al. (2005) used the AB paradigm and compared “seen” and “unseen” trials with other set of trials in which the stimulus was absent. Several studies were successful in implementing this approach to uncover the neural basis of visibility (Marois et al., 2004; Sergent et al., 2005). But a challenge when using the AB paradigm is the extremely large variability across individuals (Martens et al., 2006; Willems et al., 2013). In general, due to inter-individual differences (Kanai and Rees, 2011), previous works have proposed to adjust the stimuli ambiguity on a subject-by-subject basis (Fisch et al., 2009; Aru et al., 2012b; Navajas et al., 2013). For example, Navajas et al. (2013) used a modified backward-masking paradigm in which different degrees of zero-mean Gaussian noise were added to the stimuli. Critically, the variance of the noise was tuned across trials following a double-staircase procedure (Cornsweet, 1962; Figure 1A). In this way, “seen” and “unseen” trials were extracted from same noise levels, enabling a comparison across different perceptual states but keeping constant the physical stimulation.
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FIGURE 1. Neural correlates of conscious face perception. (A) Brief flashes of faces with different levels of Gaussian noise were presented for 57 ms and combined with backward masking (mask duration: 443 ms). The noise level was tuned on a trial-by-trial basis following a double-staircase procedure, i.e., the noise was increased after a “seen” trial (blue dots) and decreased following an “unseen” trial (red dots). Trials from the upper staircase (dark gray line) and lower staircase (light gray line) were randomly interleaved. This method converges to a noise level of ~50%. Data from one participant of the experiment described in Navajas et al. (2013). (B) Grand-average of scalp event-related potentials (ERPs) elicited by “seen” (blue line) and “unseen” (red line) faces obtained with identical visual stimulation. The electrode site (PO8) was in the right occipito-temporal cortex. Three components are observed (P1, N170, and P2); however, the only one that was significantly modulated by conscious perception is the N170. The shaded area around the lines indicates SEM. (C) Decoding conscious reports with the single-trial N170 peak amplitude. Blue (Red) dots represent “seen” (“unseen”) trials in two occipito-temporal electrodes (PO7: left hemisphere, PO8: right hemisphere). The blue and red lines show the normalized distributions for “seen” and “unseen” trials projected along the axis perpendicular to the Fisher’s linear discriminant (black line). See Navajas et al. (2013) for further details.



Using the contrastive analysis with identical visual stimulation allows ruling out physical effects that can otherwise contaminate the comparison between conditions. Nonetheless, this approach does not exempt the contrastive analysis from other possible confounds (e.g., Aru et al., 2012a). For example, previous efforts have sought to dissociate the NCCs from the effects of attention (Tse et al., 2005; Bahrami et al., 2007), confidence (Sergent et al., 2005; Li et al., 2014), unconscious processing (Lamy et al., 2009; Salti et al., 2012), and introspection (Pitts et al., 2012; Fraessle et al., 2014). Whether the neural correlates of these processes can be entirely disentangled from the NCCs is still matter of extended debate (Lamme, 2003; Block, 2005; Dehaene et al., 2006; Koch and Tsuchiya, 2007; Kouider et al., 2010).

DIFFERENT CONSCIOUS PROCESSES IN THE BRAIN

DO DIFFERENT NCCs NECESSARILY CONTRADICT EACH OTHER?

In the last decades, vast empirical and theoretical efforts have been yielded to unravel the NCCs. However, to date, there is little agreement about the areas, timing, and mechanisms involved in eliciting a conscious percept. As an example, our own work has recently provided dissimilar evidence in terms of modulations by awareness occurring at different times and in different areas: (1) An evoked potential measured from the scalp in the OTC peaking at ~170 ms that predicts conscious face perception (Navajas et al., 2013; Figure 1B); (2) Single-cell firing at ~300–400 ms of highly selective neurons in the medial temporal lobe (MTL) appearing only upon conscious recognition (Quian Quiroga et al., 2008; Figure 2); and (3) A deflection in the local-field potential (LFP) preceding the firing of MTL neurons that is present only in recognized trials (Rey et al., 2014; Figure 2). To put together these results into a coherent framework, we propose to distinguish two different neural processes associated with conscious perception, namely, perceptual and full awareness.
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FIGURE 2. Single-cell and LFP responses in the human medial temporal lobe. Example of a neuron in the right hippocampus showing a spiking response to a picture of George W. Bush. Each row in the raster plot is associated to one of the 30 recognized trials. The vertical dashed line represents the onset of the spiking response. The average LFP filtered between 2 and 512 Hz is shown in gray, whereas the one filtered in the theta band (4–8 Hz) is shown in red.



PERCEPTUAL AWARENESS IN OBJECT-SELECTIVE CORTICAL AREAS

The search for the NCCs has posed the problem of finding which of the neural activations along the visual system correlate with conscious perception (Crick and Koch, 1990). In this line, evidence from psychophysical (He and MacLeod, 2001), physiological (Gawne and Martin, 2000), and neuroimaging (Haynes and Rees, 2005) studies supports the notion that the primary visual cortex (V1) is not directly involved in eliciting conscious percepts (Crick and Koch, 1995; Rees et al., 2002). However, alternative views about the role of V1 in visual awareness were also proposed (Tong, 2003). In turn, object-selective responses in the inferotemporal cortex (ITC) have been consistently shown to be modulated by conscious perception (for a review see Logothetis, 1998). Similarly, an evoked potential in the 5 to 15 Hz frequency band at ~170 ms was repeatedly shown to be modulated by conscious perception using the contrastive analysis with identical visual stimulation (Fisch et al., 2009; Navajas et al., 2013; Sandberg et al., 2013; Figure 1B). Furthermore, conscious reports about face perception can be decoded at the single-trial level based on the peak amplitude of these evoked responses (Figure 1C).

In principle, this set of results showing correlations between awareness and brain activity at 100–200 ms after stimulus onset could be in conflict with theoretical proposals arguing that the NCCs are reflected by “late” (>300 ms) activations (Dehaene and Changeux, 2011). Alternatively, these neural modulations can be regarded as pre-requisites of consciousness (Aru et al., 2012a) occurring after stimulus onset (VanRullen, 2011), thus reflecting a preconscious state (Dehaene et al., 2006). We believe that this evidence supports the existence of a conscious process for visual recognition, namely perceptual awareness, which is linked to a boost in the activity of object-selective neural assemblies in high-level visual areas. However, we do not claim that this is the only conscious process in the brain. Instead, we propose that the role of perceptual awareness is to rapidly recognize visual stimuli and to feed this information to other neural circuits involved in different cognitive functions. Among the subset of processes, we will focus on one occurring in the MTL that is directly involved in memory processes.

CONTEXTUAL AWARENESS IN THE MEDIAL TEMPORAL LOBE

Patients with pharmacologically intractable epilepsy, implanted with intracranial electrodes for clinical reasons, provide the unique opportunity to record, with the proper setup, single-cell activity from the conscious human brain (for a review see Engel et al., 2005). With these recordings, it was found that neurons in the MTL respond to different images in a remarkably selective and invariant manner. For instance, one neuron fired to seven different pictures of the actress Jennifer Aniston and not to other 80 pictures of other celebrities, animals and places (Quian Quiroga et al., 2005). Moreover, these responses could be triggered not only by pictures but also by the written name of the person and by the name pronounced by a synthetized voice (Quian Quiroga et al., 2009). Altogether, these results support the idea that the function of these neurons is to provide an explicit and abstract representation of the meaning of stimuli, thus being called concept cells (Quian Quiroga, 2012).

The latency of the firing of concept neurons is about 300 ms, although parahippocampal cells fire 50–100 ms before (Mormann et al., 2008). This timing is consistent with a set of “late” (>300 ms) activations that were shown to correlate with access to consciousness (Del Cul et al., 2007; Dehaene and Changeux, 2011). In this line, previous research has shown that neurons in the MTL modulate their firing activity with conscious perception (Kreiman et al., 2000, 2002; Reddy et al., 2006; Quian Quiroga et al., 2008). For example, when two incongruent pictures are presented to each eye, the firing of these neurons follows subjective perception (Kreiman et al., 2002). Similarly, in a CB paradigm, Reddy et al. (2006) showed that concept cells do not follow retinal input, as they were only active upon the perception of the changes. Using a backward-masking paradigm, previous research has also shown that concept cells fire only when the subject recognized the stimulus (Quian Quiroga et al., 2008). Remarkably, the responses appear in an all-or-none fashion, even if the visual stimuli were identical – i.e., the same picture at the same duration (Quian Quiroga et al., 2008).

These studies provide critical evidence for asserting that conscious perception is accompanied by these neural responses in the MTL. However, it was argued that this stage of processing might reflect the consequences of conscious recognition (NCC-co), rather than recognition per se (Aru et al., 2012a; Quian Quiroga, 2012). This claim is supported by the fact that damage to MTL structures does not impair conscious perception (Kensinger and Corkin, 2000; Postle, 2009). Likewise, here we propose that perceptual awareness precedes the firing of concept cells and is correlated with neuronal firing at 100–200 ms after stimulus onset, probably in the ITC (Logothetis, 1998). Indeed, we believe that a different and more sophisticated conscious process is triggered when this information is propagated to the MTL, activating these highly selective and sparsely firing neurons that represent the meaning of the stimulus for declarative, and particularly episodic, memory functions (Quian Quiroga, 2012). In particular, we support the idea that full awareness of the stimulus is elicited by this sensory-independent conceptual representation.

FROM RECOGNITION TO CONTEXT: A LINKING MECHANISM?

One of the most intriguing aspects of concept cells is the fact that their mean firing onset is too late (~300 ms) to be explained by direct projections from high-level visual areas (ITC). In this line, it was argued that this delay might be crucial to enable the integration of information from different cortical areas, giving rise to a unified concept (Quian Quiroga, 2012). A recent study has shown a global LFP deflection in the theta-band (4–8 Hz) that precedes the response onset of concept cells (Figure 2) and is present only when the stimulus is consciously recognized (Rey et al., 2014). Moreover, the precise onset of concept cell responses is characterized by an increase in phase locking between the spikes and the LFPs in the theta band.

Even though the neural origin of this LFP deflection remains unclear, we believe that it is not originated from within the MTL. This is partially accounted by the fact that the human hippocampus is not thought to produce substantial contributions to the low-frequency LFP signals due to its structure (Buzsaki et al., 2012). More importantly, since the theta activation was seen globally in the MTL, if it were generated within the MTL, single cell activity responsible for this should have been observed prior to the change in the LFP. However, this situation was not observed (Rey et al., 2014). In turn, we hypothesize that this LFP response may reflect an activation generated by reverberating activity in the ITC crossing a certain threshold and triggering perception. This LFP would provide a temporal window so that perceptual information can reach the MTL for further processes, such as memory functions.

CONCLUDING REMARKS

This review discussed two methodological considerations in the study of the NCCs. In particular, we first argued for the implementation of paradigms where “seen” and “unseen” trials are obtained through the use of identical stimuli. Using contrastive analysis with identical visual stimulation allows ruling out physical effects that can otherwise contaminate the comparison between conditions. In the second part we discussed a selection of studies in which different NCCs were found at different timings and different brain areas (Quian Quiroga et al., 2008; Navajas et al., 2013; Rey et al., 2014). These seemingly contradictory results can be put together into a coherent framework by discriminating two different neural processes associated with conscious perception (i.e., perceptual and contextual awareness).

Interestingly, other distinctions between different conscious processes in the brain were previously proposed (Block, 1995; Kouider et al., 2010). For example, Block introduced the dichotomy between “phenomenal” and “access” consciousness (for a review, see Block, 2005), which is mainly centered on the question of whether we can have cognitive access to all our perceptual experiences, and thus whether we can see more than we can report (Block, 2011, 2012; Kouider et al., 2012). In this review, we proposed to discriminate between two different types of consciousness for already perceived stimuli (that can be reported) – i.e., processes beyond the distinction of phenomenal and access consciousness. In particular, we distinguish between a type of consciousness that relies on the firing of concept cells (contextual awareness) and the one that can be experienced even in the absence of MTL structures (perceptual awareness). The most remarkable examples of perceptual without contextual awareness are provided by patients with bilateral MTL resection or damage, such as patients H.M. (Scoville and Milner, 1957), R.B. (Zola-Morgan et al., 1986), and K.C. (Steinvorth et al., 2005). This condition led to a severe impairment in recollecting autobiographical events with no temporal gradient (Steinvorth et al., 2005), deficits in imagining new experiences (Hassabis et al., 2007), as well as in retaining and retrieving any type of episodic memory (Moscovitch et al., 2005). However, many other cognitive functions remained unaltered in these patients, such as the recognition of faces encoded before the surgery/accident (Kensinger and Corkin, 2000; O’Kane et al., 2004). Altogether, this evidence indicates that the MTL is not involved in the recognition of semantic entities, a process that we propose to be triggered by object-selective cortical areas (perceptual awareness). But bilateral damage or resection of MTL structures prevents subjects from having an enriched representation of the context, associations, and episodic memories linked to the specific stimulus, which we argue is elicited by the firing of concept cells (contextual awareness).
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Research into the neural correlates of consciousness (NCCs) has blossomed, due to the advent of new and increasingly sophisticated brain research tools. Neuroimaging has uncovered a variety of brain processes that relate to conscious perception, obtained in a range of experimental paradigms. But methods such as functional magnetic resonance imaging or electroencephalography do not always afford inference on the functional role these brain processes play in conscious vision. Such empirical NCCs could reflect neural prerequisites, neural consequences, or neural substrates of a conscious experience. Here, we take a closer look at the use of non-invasive brain stimulation (NIBS) techniques in this context. We discuss and review how NIBS methodology can enlighten our understanding of brain mechanisms underlying conscious vision by disentangling the empirical NCCs.
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INTRODUCTION

The search for neural correlates of consciousness (NCCs) continues. While “consciousness” has been a philosophical and scientific topic of interest throughout the ages, the surging development of brain research technology has caused something of a renaissance in the last quarter century. Quick advancements in functional magnetic resonance imaging (fMRI) and electro-/magnetoencephalography (EEG/MEG), combined with seminal contributions from high-profile pioneers (e.g., Crick and Koch, 1990), provided the NCC research program in humans with quite some momentum (Dehaene and Naccache, 2001; Rees et al., 2002a; Crick and Koch, 2003; Koch, 2004), while groundbreaking animal experiments were performed as well (Cowey and Stoerig, 1995; Leopold and Logothetis, 1996). Today, the neuronal mechanisms underlying “visual awareness,” “conscious perception,” or “subjective experiences,” are regular topics in empirical research.

EMPIRICAL NCCs

CONSCIOUSNESS

No article on “consciousness” is likely to be very meaningful without a clear delineation of what mental faculties exactly are referred to. We previously outlined our preferred rough taxonomy of types of consciousness (de Graaf et al., 2012b). It included (1) self-awareness, (2) higher-order consciousness, (3) “medical awareness” or state-consciousness, and (4) “consciousness-as-experience” or content-consciousness.

Self-awareness is the overarching concept of a continuous and controlling self, a being that is defined by the contrast to surroundings and other beings. Research clustered under self-awareness could include such topics as self-recognition, agency, and awareness and situation of the persona inside the body.

Higher-order consciousness in our schema is the somewhat folk psychological conception of consciousness, where the abilities to think, reason, and reflect are crucial. It involves typically human faculties such as the realization of past and future, the ability to “think about thinking,” and is likely analogous to, for example, reflective consciousness (e.g., Edelman and Tononi, 2001).

Medical awareness, which for simplification we may also refer to as the more common “state consciousness,” is a conception of consciousness as a certain state of being. Patients in a coma or under anesthesia may not be in a conscious state, people under the influence of drugs may be in an alternative conscious state. It is required to be in at least some minimal state of consciousness to achieve:

Consciousness as experience, which for simplification we may refer to as the more common “content consciousness.” At any moment in time, provided we are awake (or at least dreaming), we have experiences. They include phenomenal properties (the “what-it-is-like” of the experience) and psychological or “access” properties (the abilities to report, remember, or act on the experienced information; Chalmers, 1996; Block, 2005).

NCC PARADIGMS

Early on, pioneering consciousness researcher Baars (1989) pointed out that NCCs can be obtained by contrasting conditions with conscious experience to conditions without conscious experience (the contrastive method, e.g., Aru et al., 2012). Using neuroimaging paradigms, such as fMRI or EEG, one can contrast these two experimental conditions to isolate the brain mechanisms specific to the conscious condition. Ideally the conscious condition and the non-conscious condition differ from each other as little as possible in terms of stimulation parameters. Over the years, a range of paradigms has been developed for NCC research that allows useful contrasts with no, or minimal, changes in stimulus parameters. Outlined in Figure 1, we have developed informally our taxonomy of NCC research paradigms (also presented in de Graaf and Sack, in press). We make no claim to either exhaustiveness or originality/priority in this regard (see e.g., Kim and Blake, 2005), it is simply a grouping that we have found useful to maintain an overview of the many paradigms in NCC research.
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FIGURE 1. Experimental paradigms. NCC (neural correlates of consciousness) paradigms. Illusions: If an illusion is defined as a conscious percept that is created endogenously, as opposed to exogenously, then it may serve as a useful NCC stimulus. In most cases, small parameter changes will extinguish the illusion. With for example the Kanizsa triangle, the conscious percept of a triangular outline disappears if the corner elements are rotated. The presence or absence of the conscious percept can be correlated to brain activity. Another form of illusion is filling-in, in which a constant peripheral stimulus is sometimes perceived and other times not. Multistable paradigms: Constant visual stimulation leads to a changing conscious percept. A well-known example is binocular rivalry, in which both eyes receive incompatible images and conscious perception fluctuates between the two stimuli. Some brain processes will covary with perception, others will not. ON–OFF paradigms: Paradigms in which sometimes a stimulus is perceived, and other times not. It thus involves presence vs absence of a conscious percept, as opposed to presence of percept A vs presence of percept B as in multistable paradigms. The strong version involves no changes in stimulation, the weak version does involve parameter changes. For more details see main text. NCU (neural correlates of “unconsciousness”) paradigms. ON–OFF paradigms: An ON–OFF paradigm can be used for NCC studies if brain activity is contrasted in the ON vs the OFF condition. The same stimuli and setup can be useful for NCU studies, if brain activity is contrasted in the OFF condition vs rest. In other words; which brain processes still obtain if a stimulus is presented but not consciously perceived? Continuous flash suppression: A variant of the binocular rivalry paradigm, in which conscious perception is heavily biased towards one eye through repeated salient stimulation of that eye, while the second eye receives a weaker stimulus. That weaker stimulus of interest is thus suppressed for prolonged periods of time, allowing analysis of brain processes nevertheless responding to it.



One main division is between paradigms to obtain NCCs and paradigms that research neural correlates of unconsciousness (NCUs). The latter are not always referred to as such, but investigations of brain activity elicited by inputs that do not make it to consciousness are clearly valuable in the greater scheme of NCC research. For example, patients with (often right) parietal damage may fail to consciously see (report) stimuli in the opposite visual field (“neglect”), especially when bilateral stimuli are presented (“extinction”). Yet brain imaging studies uncovered activity in early and extrastriate visual regions, in response to these unseen stimuli (Rees et al., 2000, 2002b; Vuilleumier et al., 2001). Goebel et al. (2001) studied fMRI activation in extrastriate regions in blindsight patients. Blindsight is another neuropsychological condition with relevance to consciousness, since in this condition with damaged (connections to) primary visual cortex, patients can correctly report on (“guess”) various features of stimuli that are not consciously perceived (Weiskrantz, 2009). One patient studied by Goebel et al. (2001) experienced conscious motion perception in only one visual hemifield, even though bilateral hMT/V5 cortices were intact. Interestingly, activity in hMT/V5 in both hemispheres was nearly identical with respect to BOLD responses to contralateral visual stimulation. In other words, sustained hMT/V5 BOLD activity did not seem to reflect the presence or absence of visual awareness.

Neural correlates of unconscious processing can also be studied in fully intact brains. In one clever fMRI experiment house and face stimuli were presented either consciously (congruent dichoptic stimulation: e.g., a green house on red background presented to both eyes) or not consciously (incongruent dichoptic stimulation: e.g., a green house on red background in one eye and a red house on green background in the other eye “canceled each other out” at the binocular level). “Face areas” and “place areas” of the brain still responded (although to a lesser extent) to completely invisible pictures (Moutoussis and Zeki, 2002). As a second example, an influential study (Dehaene et al., 2001) could show that even words are processed in extrastriate regions when they are not consciously perceived due to visual masking. In some extrastriate regions, the effects were moreover case-independent. Collectively, these experiments seem to demonstrate that activation in specialized higher-order visual regions is not in itself sufficient for conscious perception. Today, an increasingly popular paradigm that can be used to study NCUs is continuous flash suppression (CFS; Tsuchiya and Koch, 2005). This useful variation to the classical binocular paradigm, in which a stimulus in one eye is suppressed by salient flashing patterns of stimulation in the other eye, can be implemented to suppress visual stimuli for very long durations.

A second main distinction that may be useful is between “strong” and “weak” paradigms. “Strong” paradigms in this context allow changes in conscious percept, or variations in conscious percept, without any changes in stimulation parameters. “Weak” paradigms, in contrast, implement small changes in stimulus parameters to determine conscious content. This difference is easily understood in the context of “ON–OFF paradigms,” where stimuli are consciously perceived (ON) or not (OFF). For example in visual masking, experimenters can determine, through the timing between targets and masks, whether targets will be perceived or not (Breitmeyer and Ogmen, 2006). Since this involves a change in stimulus parameters, it is a “weak” ON–OFF paradigm. Alternatively, in a “strong” ON–OFF implementation the stimulus parameters could be fixed at some threshold level, relying on spontaneous neuropsychological fluctuations to lead to a conscious percept on some trials (ON) but not on other trials (OFF).

“Strong” and “weak” refer only to the level of isolation of brain processes in relation to visual awareness, not the scientific value of the paradigm. While constant stimulus parameters allow a “cleaner” isolation of the brain processes related to conscious perception, weak paradigms afford the experimenter control and certainty about the presence, absence, or contents of visual awareness. Both thus have their advantages and disadvantages, and appropriate applications depend on experimental question and brain imaging setup.

All of the various paradigms in Figure 1 could yield a number of brain processes correlated to conscious vision, including BOLD activations, fMRI connectivity patterns, EEG/MEG event-related potentials, changes in oscillatory power or phase coherence, and so on. All such brain mechanisms would, by definition, correlate to conscious contents. And they would therefore, in the literal sense, be NCCs: neural processes that correlate to consciousness. But in the conceptual and philosophical domain, “NCC” can have quite a specific and involved meaning. So from now on, we refer to such experimental findings strictly as empirical NCCs.

CORRELATES AND “TRUE CORRELATES”

After all, another, or perhaps “true,” meaning of NCC’s has traditionally been the actual brain mechanisms responsible for conscious perception. Definitions abound, but an influential definition of a neural correlate of consciousness comes from Chalmers (Chalmers, 2000):

An NCC is a minimal neural system N such that there is a mapping from states of N to states of consciousness, where a given state of N is sufficient, under conditions C, for the corresponding state of consciousness. (Chalmers, 2000, p. 31)

Clearly, “NCC” here is much more refined and constrained than the “empirical NCCs” obtained in neuroimaging research using the contrastive method.

This realization has quite a long history, as pointed out by Miller (2007, p. 162). For instance, Crick (1994) noted: “it does not follow that these particular neurons are the real seat of awareness. They may by their firing, influence other neurons... that are the true correlates of awareness” (Crick, 1994, p. 218). Logothetis (1998, p. 541) asked: “Do neurons responding only when a stimulus is perceived actually mediate the conscious experience of this stimulus?” He pointed out that, although his data favored such an interpretation, they “cannot prove it unequivocally” (Logothetis, 1998). There have been others (e.g., Revonsuo, 2000) who noted what Miller (2001, 2007) calls the “constitution/correlation problem;” brain processes that correlate to conscious perception may not necessarily be constituent of that conscious experience. Koch, lastly, points out that it makes sense to distinguish “core NCCs” from “total NCCs,” where core NCCs are responsible for the contents of conscious experience, whereas the total NCC reflects the core NCC plus all enabling factors and is thus required as a whole to obtain a particular conscious experience (Koch, 2004, as discussed in Block, 2005).

THREE ROLES FOR EMPIRICAL NCCs

In fact, increasing numbers of philosophical (Revonsuo, 2001; Noë and Thompson, 2004; Block, 2005; Miller, 2007; Hohwy, 2009; Neisser, 2012) and empirical researchers (Miller, 2001, 2007; Koch, 2004; Bachmann, 2009; Melloni et al., 2011; Aru et al., 2012; de Graaf et al., 2012b; Kanai and Tsuchiya, 2012; Sergent and Naccache, 2012) have been coming to the conclusion that empirical NCCs are only part of the way there. To make this explicit, as a prelude to outlines for future research opportunities, two similar review papers (Aru et al., 2012; de Graaf et al., 2012b) recently focused on the three fundamentally distinct functional roles that any (part of an) empirical NCC resulting from the contrastive method could reflect. They are neural prerequisites, neural consequences, or neural substrates of conscious experience.

NEURAL SUBSTRATES

Neural substrates of a particular conscious experience are the brain events that directly caused (epiphenomenalism), reflected (dualism), or were identical with (materialism) the phenomenal experience in our experiment. They were both necessary and sufficient. “Sufficient” in the sense of Chalmer’s definition: only these brain events were required for the experience and nothing more was needed. They were “necessary” only in our current empirical situation (imagine any concrete NCC neuroimaging experiment), and in a non-philosophical sense (“necessary” is rather a loaded term in the context of consciousness), because without these brain events the experience would not have occurred. Hypothetically, perhaps other brain events could have served as substrates for the same, or a similar experience. But in our experiment, it was these brain processes that instantiated the experience. In the current context, there is no clear difference between what we have called “neural substrates,” and the “NCC” of Chalmers, the “real” NCC, “true” NCC, or the “NCC-proper.” We refer to it as “neural substrate of conscious experience” to differentiate it from all the other different types of NCCs discussed here, and to remain consistent with our earlier outlines (de Graaf et al., 2012b; de Graaf and Sack, in press).

NEURAL PREREQUISITES

Neural prerequisites of consciousness are brain events that are necessary for the conscious experience to occur, but not sufficient. They are empirical NCCs, since they consistently co-vary with conscious experience. That is because, in the implemented experimental setup, in the real world, the neural substrates do not arise without them. But importantly, if somehow through some hypothetical and counterfactual scenario the neural substrates did arise without the prerequisites, the conscious experience would be there and unchanged. To understand this, one might imagine highly advanced brain stimulation techniques targeting specifically and only the neural substrates. Or, somewhat more realistically, a different experimental paradigm could give rise to the same neural substrates of a conscious experience, via a different route and thus through different neural prerequisites. Or perhaps it would be possible to attain an identical conscious experience in a dream, without any external stimuli, leaving out some neural prerequisites that obtained in our experiment. In sum, different chains of brain events might have served as prerequisites to the same neural substrates. But, coming back to our perspective as an empirical researcher, we are talking about empirical NCCs that factually did result from a concrete brain imaging experiment with a given experimental paradigm. And we are outlining possible functional roles of these empirical NCCs. So, in the empirical situation at hand, some of our empirical NCCs could, and likely would, have functioned as neural prerequisites of the studied conscious experience, rather than being the neural substrates. It is useful to distinguish these functional roles.

Expanding on our previous outline (de Graaf et al., 2012b) and as discussed in detail in de Graaf and Sack (in press), it may be useful to further distinguish two possible “types” of neural prerequisites: content-invariant prerequisites, and content-specific prerequisites. Content-invariant prerequisites would co-occur with any conscious experience. Much of the findings on brain events enabling a conscious state would pertain to content-invariant prerequisites. For example, connectivity between reticular formation and precuneus might be required for any conscious experience to arise (Silva et al., 2010). Content-invariant prerequisites are interesting, but would be relatively easy to identify by eliciting different contents of consciousness across different NCC paradigms and seeing which empirical NCCs are consistently observed.

Content-specific prerequisites would be much more tricky to dissociate from neural substrates, since they co-occur, by definition, with and only with each occurrence of a particular conscious experience. For example, a particular visual image presented for a sufficiently long duration will consistently lead to a specific conscious experience of it, but also to a (in part) specific cascade of non-conscious feature processing steps in early visual regions. To complicate things further, in reality the distinction between content-specific and content-invariant prerequisites may not be a dichotomy, but something of a continuum. There may be modality-specific prerequisites, feature-specific prerequisites, perhaps even concept-specific prerequisites, and so on.

As a concrete example, some binocular rivalry results have implicated primary visual cortex in conscious vision (Polonsky et al., 2000; Tong and Engel, 2001), and we learn from blindsight patients that this region appears to be crucial for conscious vision (Weiskrantz, 2009). Yet, Crick and Koch (1995) argued that primary visual cortex is unlikely to be part of neural substrates (“true correlates”) of consciousness. Primary visual cortex activation may therefore be a neural prerequisite, and perhaps particular processes within it content-specific prerequisites. As Silvanto (2008) argues, these processes may be crucial for conscious vision to arise, even though the conscious experience is localized elsewhere in the brain.

In another example, Beck et al. (2006) reported on the role of parietal cortex in change blindness. Finding that parietal rhythmic transcranial magnetic stimulation (rTMS) slowed reaction times to change and reduced the proportion of detected changes, they concluded “It is important to note that we are not arguing that the parietal cortex is the neural locus of consciousness, but rather that the functions associated with parietal cortex, such as attention and visual short term memory (VSTM), may be necessary prerequisites to visual awareness” (Beck et al., 2006, p. 716). They suggested that the functional relevance of parietal cortex should be tested in other paradigms to determine whether this role is general rather than specific to change blindness (in our terminology; whether it is a content-invariant prerequisite). As a clear prelude to discussing the value of non-invasive brain stimulation (NIBS) in the current framework, we may focus on another quote from the Introduction of the same article. After discussing prior neuroimaging work: “In all these studies, it remains possible that the parietal activity found was a consequence of subjects’ awareness and did not play either a necessary or causal role in producing that awareness” (Beck et al., 2006, p. 712).

NEURAL CONSEQUENCES

There may be brain events that consistently co-occur with a conscious experience, that are neither necessary nor sufficient for the experience to arise. They are not substrates, and they are not even required for the substrates to arise, so they would – with regards to the phenomenal experience – not be missed. Yet, they are there, because they consistently follow a conscious experience.

Again, consequences can be content-invariant or content-specific. Content-invariant consequences would be empirical NCCs across the range of contents of consciousness. They could include attention effects, if the simple occurrence of an experience grabs your attention, or response preparation and memory processes (we’re evolved to act on and learn from consciously perceived information). Consequences can therefore be – while useless to the neural substrates of a conscious experience – rather useful for the organism. Citing Seth (2009), Aru et al. (2012) point out that, indeed, meaningful neural consequences of conscious experience are a logical consequence of assigning any functionality to conscious perception. As with prerequisites, while content-invariant consequences could be isolated through variations in NCC paradigms and stimuli, content-specific consequences are more difficult to distinguish from neural substrates. If a picture of a beach elicits in me strong emotional memories of a long-lost friend, stimuli depicting beaches could consistently elicit in me a cascade of brain events that would not only be content-specific, but even participant-specific.

DISENTANGLING EMPIRICAL NCCs

There are thus three fundamentally different roles one might assign to (part of) any empirical NCC. And things may become even more complex, if it turns out that combinations of and interactions between content-specific and content-invariant brain events are responsible for conscious experiences. That would make separations of neural prerequisites and substrates difficult, or even somewhat arbitrary. Therefore, as new evidence continues to inform neurobiological models of consciousness, we should follow the advice of properly thinking through the cascade of brain events that underlies conscious experience, reframing the question as we go (Hohwy, 2009; Feinberg, 2012; Neisser, 2012). This way, theoretical and computational models will become increasingly sophisticated (Dehaene et al., 2003; Dehaene and Changeux, 2011; Oizumi et al., 2014). For the moment, however, research with the contrastive method (Aru et al., 2012), using paradigms such as those outlined in Figure 1, continues to specify and increasingly constrain empirical NCCs. There are different strategies to try and disentangle the functional roles of empirical NCCs (Aru et al., 2012; de Graaf et al., 2012b). In the remainder of this article, we focus on the contributions of NIBS in this context.

EMPIRICAL NCCs

Before continuing on to our review of NIBS as a tool for NCC research, it is useful to provide a very quick and rough overview of some empirical NCCs that have been obtained in neuroimaging research. These form, after all, the “starting point” for brain stimulation experiments to probe functional roles of specific empirical NCCs.

While oversimplified, it seems fair to claim that early visual cortex (by which we mean V1, V2, V3), certain extrastriate visual/temporal cortices, parietal cortex, and frontal cortex have been linked to conscious vision. We have above already mentioned important studies demonstrating relations between visual awareness and early visual regions. The relevance of increasingly modular extrastriate cortices in vision in general is uncontroversial, and for example bistable vision paradigms have shown that extrastriate regions such as the fusiform face area (FFA) or the parahippocampal place area (PPA) reflect conscious percept rather than the constant visual input (Tong et al., 1998). Bistable paradigms (Kleinschmidt et al., 1998; Lumer et al., 1998; Lumer and Rees, 1999; Sterzer et al., 2002), but also masking (Dehaene et al., 2001), and other NCC paradigms (Rees et al., 2002a; Rees, 2007) have generally reported frontoparietal activations in fMRI. Frontoparietal activations are stronger to trials in which stimuli are consciously seen versus not seen (e.g., Dehaene et al., 2001; Lau and Passingham, 2006), are time-locked to specifically endogenous perceptual switching (Kleinschmidt et al., 1998; Lumer et al., 1998), and are related to attentional/perceptual effects often mentioned in the context of consciousness such as change blindness (Beck et al., 2001) and attentional blink (Marois et al., 2000). The following section will describe how NIBS has contributed to our understanding of the functional roles of these empirical NCCs.

NON-INVASIVE BRAIN STIMULATION

BASICS OF NIBS

Non-invasive brain stimulation includes primarily TMS and transcranial electric stimulation (TES), the latter including transcranial direct current stimulation (tDCS) and transcranial alternating current stimulation (tACS).

Transcranial magnetic stimulation involves a strong capacitor linked to a coil. A single TMS pulse with the popular figure-eight coil requires a brief electrical current through the overlapping windings inside the coil, which leads to a short, focal, rapidly changing magnetic field extending perpendicularly from the TMS coil. If the coil is placed tangentially on a human head, this magnetic pulse extends into the brain where it induces an electrical field in neural tissue and ultimately causes action potentials (Wassermann et al., 2008). A single pulse can stimulate neurons at rest, with observable behavioral (motor response; e.g., Barker et al., 1985) or perceptual (phosphenes; e.g., Marg and Rudiak, 1994; Kammer, 1999) consequences. A single pulse administered to a region during processing can disrupt the spatiotemporal organization of regional processing and thus induce behavioral (Pascual-Leone et al., 1991), cognitive (Sack et al., 2002a,b), or perceptual (Amassian et al., 1989) impairments (Pascual-Leone et al., 2000). Multiple TMS pulses in a rhythmic sequence, rTMS, can not only impair function online, but also have effects on cortical excitability outlasting the stimulation protocol (Robertson et al., 2003). More complex and powerful new protocols have been developed [theta-burst stimulation (TBS); Huang et al., 2005], but traditionally simple repetitive stimulation of a cortical region with low frequency (∼1 Hz) has been shown to result in decreased cortical excitability while stimulation at high frequency (∼5 to 20 Hz) has been shown to result in increased cortical excitability (Dayan et al., 2013).

TES can have similar effects on cortical excitability. It involves a power source connected to (minimally) two electrode patches. tDCS refers to a continuous flow of low-intensity electrical current (typically around 1–2 mA) from one electrode patch (anodal) to the other (cathodal). Cathodal stimulation of a brain region hyperpolarizes membranes, ultimately resulting in decreased cortical excitability, while anodal stimulation depolarizes membranes, ultimately resulting in increased cortical excitability (Nitsche and Paulus, 2011; Paulus, 2011). Thus, depending on stimulation parameters both rTMS and tDCS can increase or decrease the excitability, and therefore efficacy of contribution, of any cortical region close enough the surface of the brain (Dayan et al., 2013). That includes a great number of empirical NCCs to target. Another form of TES is tACS. In tACS the electrical current does not flow continuously from one electrode to the other, but instead flows rapidly back and forth between the two, reversing direction at an externally fixed frequency. As we will see below, this can be used to modulate oscillatory brain activity. There are still other implementations of TES (e.g., transcranial random noise stimulation), but these fall outside the scope of the current review. Collectively, TMS and TES can be referred to as NIBS, which has already been, and likely still will be, of great value to NCC research.

THE NIBS CONTRIBUTION

What is the added value of NIBS, over and above the contrastive method of neuroimaging with the paradigms described above? With neuroimaging, it is difficult to conclude whether or not a region or process is functionally relevant. It remains an open question whether or not, for example in fMRI, a regional BOLD response reflects neural processing that is imperative for the task at hand. For conscious vision, this means it is hard to know whether the conscious percept would have been the same if this particular BOLD response had not obtained. In contrast, manipulating brain activity directly with NIBS as an independent variable, and then evaluating the effects on conscious vision, does allow one to draw such conclusions on functional relevance. If a conscious percept is abolished, because a brain region is disrupted, then one way or another the disrupted region was functionally relevant to conscious vision. We do think that advanced neuroimaging paradigms and analyses (e.g., connectivity analysis; Friston et al., 2003; Roebroeck et al., 2005; Friston, 2011) can actually make substantial contributions to separating neural substrates, prerequisites, and consequences (de Graaf et al., 2012b). But NIBS can certainly complement this.

NIBS AND CONSCIOUS VISION

Since brain stimulation can make a unique contribution to the disentangling of empirical NCCs, it may be useful to gain an overview. In this section we therefore provide an exemplary, though non-exhaustive, review of current literature on how NIBS has contributed to our understanding of brain events underlying conscious vision. It should become clear that most if not all of this work goes beyond the concept of empirical NCCs, revealing functional relevance of brain regions both before and after visual stimulus onset and interactions between regions that influence the quality or quantity of conscious vision.

PHOSPHENES

The simplest TMS protocol immediately reveals the value of TMS for NCC research. A single TMS pulse, applied over occipital cortex, can actually induce a conscious visual percept, called a phosphene (e.g., Marg and Rudiak, 1994; Kammer, 1999). This in itself is interesting, because phosphenes likely involve activity of early visual cortex, such as regions V1/V2/V3 (Thielscher et al., 2010). Unless substantial feedback from these areas to subcortical regions turns out to be paramount to conscious vision, this suggests that many subcortical processing steps elicited by exogenous visual stimulation may not be necessary for conscious experience per se. A simultaneous TMS-fMRI study could address the matter of subcortical responses to a perceived phosphene, but this appears to remain an empirical question.

With EEG, however, a recent study did manage to implement a strong ON–OFF paradigm to isolate phosphene-specific responses across the (surface of the) brain. Taylor et al. (2010) determined the TMS intensity that led to phosphene perception in approximately half of all trials (the phosphene threshold). By concurrently measuring EEG responses they could show that, in phosphene-present trials versus phosphene-absent trials ceteris paribus, widespread electrophysiological responses ranging from occipital-posterior to frontal regions were specific to conscious perception of phosphenes. These ON-specific responses became apparent quite late, starting from 160 ms after the TMS pulse, suggesting involvement of recurrent processing in conscious vision.

The necessity of recurrent processing for conscious perception of phosphenes had been shown earlier, in a landmark TMS paper by Pascual-Leone and Walsh (2001). TMS applied over the human motion area hMT/V5 is known to elicit moving phosphenes. But when single TMS pulses below phosphene threshold were administered to early visual cortex (V1/V2), thus a cortical region earlier in the visual hierarchy (Felleman and Van Essen, 1991), the perception of moving phosphenes from hMT/V5 pulses was diminished or abolished. Importantly, this was only the case for TMS pulses applied to early visual cortex after the TMS pulses to hMT/V5. A TMS pulse to V1/V2 preceding the phosphene-eliciting pulse to hMT/V5 had no effect. Thus, recurrent projections from this extrastriate area to V1/V2 were necessary for the conscious perception of moving phosphenes. Feedback to early visual cortex activity thus seems to be a neural prerequisite or substrate, not a consequence. In an interesting follow-up study, Silvanto et al. (2005a) reversed the paradigm, administering supra threshold TMS pulses to early visual cortex, thus inducing stationary phosphenes, and evaluating the effect of preceding sub threshold TMS pulses to hMT/V5. They could show that such sub threshold TMS pulses, too weak to elicit moving phosphenes in isolation, could nevertheless affect the quality of phosphenes elicited by subsequent supra threshold early visual cortex TMS. In short: the stationary phosphenes started moving!

Another line of research on phosphenes has involved the study of frontoparietal influences on early visual cortex. Starting with frontal cortex, the bilateral cortical regions known as the frontal eye fields (FEF) have been known to be involved in eye movements and attention (Corbetta, 1998; Corbetta and Shulman, 2002). These regions were also related to successful perception of visual stimuli, for instance in physiological studies with monkeys (Thompson and Schall, 1999). Electrical stimulation of monkey FEF neurons 50–175 ms prior to a visual stimulus actually improved detection of that stimulus (Moore and Fallah, 2001), and follow-up work demonstrated an increase in sensitivity of area V4 neurons by FEF stimulation (Moore and Armstrong, 2003). This and other work (e.g., Ekstrom et al., 2009) suggests a top-down influence of FEF on early visual regions, with the possible consequence of improved conscious vision. Using TMS over FEF in human subjects, Grosbras and Paus (2003) confirmed this hypothesis, showing that single TMS pulses over FEF preceding visual stimuli could improve visual target detection in a masking paradigm. Later work by Silvanto et al. (2006) demonstrated that TMS over FEF also directly affected human motion area hMT/V5, as TMS over FEF decreased the threshold for perception of moving phosphenes. In a similar vein, TMS applied to parietal cortex (posterior parietal cortex, PPC) decreased the threshold for stationary phosphenes elicited by TMS over early visual cortex. But, interestingly, only if PPC was stimulated in one hemisphere; bilateral PPC stimulation canceled out this effect (Silvanto et al., 2009). Below, we will return to TMS applied to frontal and parietal cortices in the study of conscious vision, but first we will address a rapidly growing field known as “TMS masking.”

TMS OVER VISUAL CORTICES

Transcranial magnetic stimulation pulses applied to early visual cortex at rest can elicit phosphenes. But if pulses are applied to the same cortical structures (Kastner et al., 1998; Kammer, 1999), they can also disrupt ongoing processing of a visual stimulus (Amassian et al., 1989, 1993; Beckers and Hömberg, 1991; Ro et al., 2003; de Graaf et al., 2011a,c, 2012a; Koivisto et al., 2011a; Jacobs et al., 2012a,b; Salminen-Vaparanta et al., 2012) and thus abolish it from conscious perception altogether. This demonstrates that early visual cortex activations in the NCC are not consequences, but actually crucial for a conscious percept to arise. It does not, unfortunately, distinguish between substrates and prerequisites. But it does strongly inform (e.g., recurrent) models of visual awareness, due to the chronometric potential of TMS studies (for a recent review see de Graaf et al., 2014).

By applying TMS pulses at a range of stimulus onset asynchronies (SOAs), researchers could demonstrate that recurrent interactions between early visual cortex and higher-order regions are necessary for conscious perception not only of phosphenes, but also when regular visual stimuli were used (e.g., Ro et al., 2003). For example, Silvanto et al. (2005b) applied TMS pulses at different SOAs to early visual cortex or to hMT/V5, measuring conscious perception of motion stimuli. Chronometrically, first only early visual cortex TMS disrupted conscious perception of motion, then only TMS over hMT/V5 disrupted conscious perception, and subsequently only early visual cortex TMS again disrupted conscious perception of motion (see also Koivisto et al., 2010). Also for stationary stimuli, the necessity of recurrent projections from extrastriate cortex (this time lateral-occipital cortex) to early visual cortex was recently demonstrated (Koivisto et al., 2011b). A very interesting recent demonstration of how recurrent processing leads to conscious vision involved the TMS-masking of Kanizsa-type illusory stimuli. TMS pulses applied to early visual cortex only successfully masked such illusory percepts in SOAs following the SOAs in which extrastriate cortex was functionally relevant (Wokke et al., 2013).

Another interesting application of TMS in the masking paradigm involves what has been referred to as “TMS-induced blindsight” (Ro, 2010). TMS applied to early visual cortex can abolish vision, but this can be measured and evaluated in two ways: with direct subjective reports [“did you see the stimulus (feature)?”], or with (forced-choice) stimulus discrimination tasks. In contrast to blindsight patients, participants with fully intact brains have not had years of training and possible brain reorganization, so it would be useful to probe “blindsight” behavior in them. TMS has been used to this effect, and successfully demonstrated blindsight-like behavioral patterns across a range of stimuli and tasks. In trials without reported awareness of TMS-masked stimuli, “unseen” stimuli could still affect saccade responses (Ro et al., 2004), reaching movements (Christensen et al., 2008; Ro, 2008), emotion recognition (Jolij and Lamme, 2005), and even orientation and color discrimination (Boyer et al., 2005). The occurrence of such dissociations seems to depend on SOA (Koivisto et al., 2010; Jacobs et al., 2012b; Allen et al., 2014). Depending on stimuli and tasks, some have reported that TMS does affect subjective and objective measures, as well as priming measures, as a whole across SOAs (Sack et al., 2009; Jacobs et al., 2012a). And it has been shown recently that the experimental paradigm and analysis can make quite a difference as well. Lloyd et al. (2013) showed that, in their experiments, obtained TMS-induced blindsight effects disappeared when performing signal detection theory analysis, suggesting that response criteria may play a large role and should be controlled for. New evidence on this exciting topic is continually added, such as a very clever study by Allen et al. (2014) who attempted to determine whether retinotectal and/or geniculate subcortical pathways underlie TMS-induced blindsight effects, by manipulating their stimuli such that the retinotectal (and magnocellular) pathways were bypassed. They found that blindsight-like performance still obtained for such stimuli.

TMS OVER PARIETAL CORTEX

Interestingly, we can make a smooth transition from TMS masking to TMS studies of the role of parietal cortex in conscious vision, because recent reports suggest that phosphenes can be elicited by TMS over parietal cortex as well (Marzi et al., 2009). And while one recent study did not obtain consistent visual suppression by TMS pulses over these parietal regions (Tapia et al., 2014), Koivisto et al. (2014) did report evidence for parietal (inferior parietal sulcus) TMS masking of specifically subjective conscious vision.

Quite a number of TMS studies have addressed the functional role of parietal cortex in conscious vision, even if the distinction between attention and consciousness was not always clear. In bistable vision paradigms, oﬄine TMS-induced “virtual lesions” of parietal cortex affected the rate of perceptual switching (Carmel et al., 2010; Kanai et al., 2010, 2011), where the direction of effect (increased or decreased switch rates) was found to depend on the exact parietal region stimulated (Kanai et al., 2011). Effects of online parietal TMS on binocular rivalry have also been shown (Miller et al., 2000; Zaretskaya et al., 2010). Mechanisms in parietal cortex may thus play a role in the maintenance of conscious percepts, as also suggested by the finding that parietal TMS pulses can actually induce fading of a continuous peripheral stimulus from consciousness (Kanai et al., 2008). A more general role of resource allocation among competing percepts is suggested by the finding that decreasing excitability of right parietal cortex by continuous TBS (an inhibitory rTMS protocol) rather increased the durations of target disappearance in a motion-induced blindness paradigm (Nuruki et al., 2013). Parietal cortex has further been shown functionally relevant for visual awareness in TMS studies on change blindness (Beck et al., 2006; Tseng et al., 2010), attentional blink (Kihara et al., 2007), and conscious perception of an illusory gestalt (Zaretskaya et al., 2013).

One line of TMS research on the role of parietal cortex in visual awareness we find particularly intriguing, and it concerns TMS-induced extinction (Pascual-Leone et al., 1994). Patients with “neglect,” and the symptom of “extinction,” were described above. Using TMS over parietal cortex, extinction-like behavior could be replicated in healthy participants (Pascual-Leone et al., 1994), which may be attributable to a biasing of interhemispheric competition for attentional resource allocation. Parietal TMS effects “suppressing” contralateral space and occasionally “enhancing” ipsilateral space have been found repeatedly (Seyal et al., 1995; Hilgetag et al., 2001; Meister et al., 2006; Muggleton et al., 2006; Oliveri and Caltagirone, 2006; Eshel et al., 2010; Bien et al., 2012; Szczepanski and Kastner, 2013; for a recent review on attentional enhancements by NIBS see Duecker et al., 2014). Interestingly, and in keeping with the idea of interhemispheric competition, TMS delivered over both parietal cortices simultaneously actually abolishes this effect (Dambeck et al., 2006).

TMS OVER FRONTAL CORTEX

Parietal and frontal cortex are frequently mentioned together, as a “frontoparietal network,” because they simply do often co-occur in neuroimaging studies in general, and NCC studies particularly. For some NCC paradigms, frontal regions have subsequently been shown to be functionally relevant. For example, we already saw how TMS pulses over FEF can improve visual target detection (Grosbras and Paus, 2003). In subsequent work, TMS applied over FEF concurrently with fMRI was shown to have BOLD effects in low-level visual cortices, compatible with observed effects on psychophysics (Ruff et al., 2006). We already saw that FEF pulses facilitated perception of moving phosphenes from hMT/V5 TMS (Silvanto et al., 2006), and Amassian et al. (2008) reported frontal TMS-induced facilitation of complex phosphenes elicited by early visual cortex pulses, as well as facilitated reporting of weakly illuminated letter stimuli.

For bistable vision paradigms, there is surprisingly little published research with frontal brain stimulation. Neuroimaging has often implicated both frontal and parietal activity in perceptual switching in bistable paradigms (see references above). For example, it was shown with fMRI that specifically frontal activity occurs earlier for spontaneous percept reversals than externally induced (“replay”) reversals (Sterzer and Kleinschmidt, 2007), suggesting a causal role (Sterzer et al., 2009). On the other hand, there is recent evidence that if the gradual transition of percept reversals (Knapen et al., 2011) or percept reporting (Frässle et al., 2014) are controlled for, frontal activations conventionally obtained in bistable vision studies with fMRI may be reduced or no longer found. When it comes to NIBS, while parietal disruption leads to effects (see above), we are not aware of studies demonstrating functional relevance of frontal regions for spontaneous perceptual reversals in passive bistable vision so far. (Virtual) lesions of frontal cortex appeared to affect voluntarily induced reversal rates, though no such effect on passive viewing reversals was found (Windmann et al., 2006; de Graaf et al., 2011b). Yet the frontal lobe is large and null results remain fundamentally limited (de Graaf and Sack, 2011). It could be worthwhile to combine fMRI with neuronavigated brain stimulation in future studies to further elucidate the role of frontal regions in passive bistable vision. For the moment we dare not say whether, specifically in the context of bistable paradigms, frontal NCCs are neural consequences, prerequisites or substrates.

There does seem to be evidence for frontal involvement in visual awareness as a metacognitive process. TMS over dorsolateral prefrontal cortex (DLPFC) decreased detection of visual change (Turatto et al., 2004). FMRI research controlling for objective visual task performance found a specifically frontal activation corresponding to subjective visual report (Lau and Passingham, 2006), and in a group of frontal lesion patients, predominantly subjective visual awareness in a masking paradigm was decreased (Del Cul et al., 2009). In line with this, a theta-burst TMS study in healthy volunteers inhibited bilateral DLPFC and investigated metacognitive sensitivity to visual stimuli. Concretely, a response-bias free measure was calculated, quantifying how well participants’ subjective reports of visibility could discriminate their correct or incorrect responses to the same visual stimuli. Frontal TMS decreased this metacognitive sensitivity, and further analysis suggested that this was specifically due to decreased visibility on trials with correctly identified visual stimuli (Rounis et al., 2010).

ADVANCED NIBS PROTOCOLS AND THE STUDY OF CONSCIOUS VISION

We have seen examples of inspiring TMS experiments that directly tested, and demonstrated, functional relevance of brain regions for conscious vision, as well as functional relevance of particular projections between brain regions for conscious vision. Evidence for the latter, while revealing, was generally indirect; for example with the inference of feedforward and feedback projections between early visual cortex and motion area hMT/V5 from the relative temporal patterns of TMS-induced perceptual disruptions (Silvanto et al., 2005b). But new paradigms of NIBS may more directly address the functional relevance of brain interactions, as we discuss below. Similarly, new protocols may widen the range of NCCs that can be tested for causal involvement in conscious perception.

ENTRAINMENT AND PHASE COHERENCE

Starting with the latter, TMS or tDCS entrainment protocols may be used to test the causal involvement of oscillatory NCCs. The power (Thut et al., 2006; van Dijk et al., 2008) and phase (Mathewson et al., 2009) of alpha oscillations in parietal–occipital cortex, for example, has been related to attention/perception, indexing the successful detection of visual targets (see also Busch et al., 2009; Mathewson et al., 2010, 2012; de Graaf et al., 2013) and see Jensen and Mazaheri (2010), Britz and Michel (2011), and Mathewson et al. (2011) for recent reviews. The relevance of these alpha oscillations had already been probed with TMS by demonstrating that their power (Romei et al., 2008) and phase (Dugué et al., 2011) at TMS pulse onset directly reflected visual cortex excitability as measured by phosphene perception. The hypothesis arose that rhythmic TMS might actually phase-lock and/or amplify such oscillations if the rhythm was of compatible frequency (Thut et al., 2011a). Thut et al. (2011b) could indeed demonstrate that alpha-frequency TMS amplifies alpha oscillations in the brain, and Romei et al. (2010) showed that such a TMS entrainment protocol had attentional/perceptual consequences. Specifically for alpha-frequency, and in a retinotopically specific location, visual performance was enhanced, directly demonstrating the causal relevance of these oscillatory patterns for conscious vision. Rhythmic TMS was recently used to confirm also the functional relevance of alpha phase for visual perception (Jaegle and Ro, 2014). Helfrich et al. (2014) recently demonstrated, using simultaneous EEG and tACS, that alpha oscillations can successfully be induced by tACS at the same frequency, moreover with perceptual consequences. The idea of TMS (or tACS) entrainment to test functional relevance of endogenous oscillations has moreover been extended to other frequencies and paradigms (Romei et al., 2011, 2012; Neuling et al., 2012).

Another recent development in the field of NIBS is the use of tACS over different regions to bring interregional oscillations either in coherence, or out of phase. This method was pioneered by Polanía et al. (2012), who applied tACS over frontal and parietal cortex at theta-frequency (and control frequencies). Importantly, either the frontal and parietal oscillatory stimulation were at the same phase (0° phase-lag), or in anti-phase (180° phase lag). Matching prior correlational evidence from EEG, specifically the in-phase frontoparietal stimulation, at the appropriate frequency, led to enhanced task performance. Anti-phase stimulation actually resulted in a performance decrement. Thus, NIBS can now also be used to study the functional relevance of previously observed oscillations, and the relevance of interregional coherence of oscillations, implicated in conscious vision.

A very recent example successfully demonstrates this approach. Strüber et al. (2013) took advantage of the fact that a particular bistable visual stimulus, the “motion quartet,” involves inter hemispheric communication in one perceptual interpretation (horizontal motion across the vertical meridian) but not in the other perceptual interpretation (vertical motion across the horizontal meridian). Perceptual switches in this paradigm had previously been linked to changes in the synchronization of gamma-band oscillations, so the authors applied 40 Hz (and 6 Hz as a control) tACS to bilateral occipital cortices, at either 0 degrees phase-lag or 180° phase-lag. Specifically for anti-phasic tACS at specifically 40 Hz, they observed both perceptual effects in the form of less perceived horizontal motion and effects on coherence in the gamma-band as measured by EEG.

CONCLUSION

A review of the literature suggests that researchers in the field of NCC are often aware of the conceptual limitations around neuroimaging-based, empirical NCCs, either implicitly or explicitly advising caution with regards to interpretations of functional roles. We believe that the explicit division of empirical NCCs into three possible functional roles, which are neural prerequisites, neural substrates, and neural consequences, remains a useful one. Review of the literature also demonstrates how valuable NIBS can be, and indeed has already been, for the enlightenment of these functional roles as a complement to neuroimaging research. The growing number of brain stimulation experiments, and the continuous development of new stimulation techniques and protocols, is a testament to the potential and value of brain stimulation. Hopefully, many more applications of NIBS in the context of NCC research can be expected. And hopefully, the framework of three NCCs will prove useful in this endeavor.
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Research on neural correlates of consciousness has been conducted and carried out mostly from within two relatively autonomous paradigmatic traditions – studying the specific contents of conscious experience and their brain-process correlates and studying the level of consciousness. In the present paper we offer a theoretical integration suggesting that an emphasis has to be put on understanding the mechanisms of consciousness (and not a mere correlates) and in doing this, the two paradigmatic traditions must be combined. We argue that consciousness emerges as a result of interaction of brain mechanisms specialized for representing the specific contents of perception/cognition – the data – and mechanisms specialized for regulating the level of activity of whatever data the content-carrying specific mechanisms happen to represent. Each of these mechanisms are necessary because without the contents there is no conscious experience and without the required level of activity the processed contents remain unconscious. Together the two mechanisms, when activated up to a necessary degree each, provide conditions sufficient for conscious experience to emerge. This proposal is related to pertinent experimental evidence.
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INTRODUCTION

Scientific research on consciousness has made a major leap forward after influential papers by Bernard Baars, Francis Crick, and Christof Koch outlining the logic and perspective directions of the contrastive analysis (Baars, 1989; Crick and Koch, 1990, 2003). To discover the neural correlates of consciousness (NCC), they suggested to compare brain-process recordings collected in the conditions when subject is conscious (C) with those when that subject is not conscious (U). The difference between these two conditions was operationalized as the NCC, the minimal necessary neural correlates expressed by specific signatures of brain processes differentiating these two conditions as NCC = C - U. There are two main traditions of research using this methodological approach: (1) studying the general states of consciousness versus unconsciousness for revealing NCC (Tradition-1) and (2) studying the correlates of the contents of consciousness in a conscious subject who in some of the experimental trials (or subconditions of trials) has subjective experience of the target stimulus and in some other conditions does not (Tradition-2). (See articles by Steriade, 1996; Laureys, 2005; Massimini et al., 2005; Seth et al., 2006; Rosanova et al., 2012; Sarasso et al., 2014 for an overview of typical tradition-1 studies and Del Cul et al., 2007; Aru and Bachmann, 2009a,b; Lamy et al., 2009; Hesselmann et al., 2011; Pitts and Britz, 2011; Aru et al., 2012a; Sekar et al., 2013 for typical tradition-2 studies.) Tradition (1) has made some progress in finding NCC for the state of consciousness while tradition (2) has found a lot of data on NCC in terms of its specific content. Ironically, an observer cannot infer the state of consciousness with certainty without testing the presence of some subjective content in consciousness. In other words, there is no empty or contentless consciousness and even though a highly skillful meditation may perhaps reduce the contents to a minimal extreme (Hohwy, 2009), an experience of some unchanging “empty” state of mind will still have a felt emptiness or oneness as a content. Thus, states and contents seem to be unseparable in that as soon as the unconscious state changes to a conscious state, some content of consciousness inevitably appears. Nevertheless, the above mentioned two traditions of research have been developing in relative mutual isolation.

Recently, a methodological crisis in studying the NCC was spotted (Aru et al., 2012b; de Graaf et al., 2012). It appears that with standard contrastive analysis not only the NCC of the consciousness itself are extracted from brain recordings, but the observed neural signatures may also pertain to processes necessarily preceding those directly responsible for consciousness itself (correlates of the prerequisites of consciousness or NCCpr) and processes that are aftereffects or consequences of consciousness (NCCae). It appears that it is not at all easy to distinguish the NCCpr and NCCae from the processes directly equivalent to the neural processes minimally sufficient for the conscious experience itself (i.e., the NCC proper, or constituents of consciousness, to use the distinction made by Miller, 2001, 2007). We believe – together with Hohwy, 2009 – that the theoretical picture used to explain and understand the results of research on NCC is confused partly because the above mentioned two traditions, the study of conscious state vs. content, have progressed separately. “It seems then that neither the content nor the state-based approach taken in isolation from one another will help us discover the NCC” (Hohwy, 2009, p. 435). Thus, we argue that Tradition-1, by concentrating on the brain mechanisms necessary for the general state of consciousness, has been neglectful with regard to the systematic experimentation in the domain of finding the NCC for subjective contents and because of this, it has had difficulties in properly specifying the NCC. Neither the difference in the exact contents nor the difference in the exact timing of the subjective experience of these contents along the subsecond timescale have been studied. We also argue that Tradition-2, by concentrating on the brain processes that correlate with subjective awareness of specific target stimuli has tended to overlook the data and regularities obtained in the research on NCC of conscious states. In observing and analyzing brain-process signatures as candidates for NCC, no attempt has been made to clearly distinguish the contributions of the state and content systems to these signatures.

Aside from the issue of the exact timing of emergence of conscious contents and their NCC in terms of brain-imaging signatures, an attempt to bridge to state-content interrelationship is the former study by Owen, Laureys and colleagues capitalizing on the contrastive analysis of fMRI signals between vegetative state (VS) patients and normal alert controls (Owen et al., 2006). VS patients who were clinically defined as being unconscious were asked to imagine playing tennis while their pattern of fMRI activation was compared to that obtained in healthy control subjects reporting the corresponding phenomenal content. The two brain activation patterns were quite similar, which the authors used to suggest that VS patients have conscious contents. Hohwy (2009) criticizes this approach based on the grounds that what the investigators tested really was volition rather than qualia. In our opinion this critique is insufficient for several reasons: (1) the subjective experience of volition is also a kind of consciousness with its content, although possibly different in form from sensory experience fo qualia, (2) in order to express volition, patients had to first semantically process the command and be able to differentiate between the requested choices. Thus it seems that either we really have some residual form of consciousness in VS patients or the brains of VS patients are capable of surprisingly intricate and precise information processing without the concomitant subjective experience simply executing automatisms of processing sensory input up to cognitive and semantic stages (supporting the zombie mode of complex information processing). On the other hand, the so-called zombie modules seem to exist indeed if we accept data by Kotchubey (2005) and Owen et al. (2006) as evidence for complex perceptual-cognitive processing of stimulation contents by the unconscious brains. The serious shortcoming of this type of research consists in the lack of reliable independent measures clearly associated with phenomenal subjectivity. We do not know whether the specific contents processed by the brain in a specific state (e.g., VS or a locked-in state) are also reflected phenomenally in the first person perspective. Because verbal reports from subjects in states for which we cannot definitely say whether these are conscious or unconscious cannot be reliably obtained, we are left with the option to study the effect of experimental manipulations of the brain’s state systems only when these manipulations are applied when the human subject is in a state allowing subjective report. When this type of research has developed well enough and the corresponding mechanisms of consciousness will have become more precisely specified, experiments with animal models can be then carried out in a more meaningful way with regard to the problem of NCC.

Although many of the clinical criteria for qualifying a state as a conscious, minimally conscious or unconscious state and as a state of sleep or behavioral arousal are objectively physiological (e.g., EEG) and behavioral (e.g., reflexes), at present we can rely on subjective reports and evaluations of the contents of mind as the only available method to assess presence of consciousness reliably. An important dimension which allows measurement of variable states from the point of view of subjectivity is the scale of the levels of consciousness expressed in terms of the clarity, vividness and fullness of subjective conscious experiences. Vague, barely noticeable, fragmented, poorly differentiated experiences stand at the one end of the scale and clear, vivid, differentiated and stable experiences at the other end. Sedated patients typically describe their experiences in terms of this kind of qualia continuum where the quality of contents changes along with the change of state from unconsciousness to hypnagogic experiences to vague experiences up to the full blown clear and vivid perception of the world and private thoughts (Newton et al., 1990; Andrade et al., 1994; Zacny et al., 1994; Hudetz and Pearce, 2010). Consciousness contents have different levels of expression that can vary vith invariant environmental stimuli input as a function of the varying state of the brain. Thus, operationally the effects of the state system on the content system should be possible to measure as the variations in the level of subjective experience as measured by the contents typical for the gradations of the level (Bachmann, 2012). Importantly, there are scalable attributes of the level common to different modalities and within-modality contents which makes these attributes universal.

We believe that by combining the two approaches within a theoretical synthesis some – but not all – of the controversies in NCC research can be solved. We suggest a theoretical synthesis where the activity of the mechanisms examined in each of the two traditions are the prerequisites (NCCpr) of consciousness, but together they form the combination jointly sufficient for consciousness (i.e., NCC proper). In a highly simplified form, we propose an expression for consciousness: C = L × D, where C stands for consciousness, L stands for the critical level of activity of neuromodulatory systems regulating the state of the brain, and D stands for the data, i.e., the contents of consciousness provided by the specific representational systems of the brain. In order to ease the abstractness of the concept, we give a few examples on what we mean here. In an experiment aimed to manipulate the state level L, for example, with an incremental dosing of anesthetics, a suitable task-response can be studied simultaneously at matched performance levels (accompanied with subject’s scaling of the level and/or contents of his/her subjective experience) while doing fMRI, MEG, EEG or something else. In doing this, matching the task performance may be important to minimize the contribution of NCCae on the recorded neuronal signatures. One could also look at other changes in the brain, e.g., functional connectivity as candidates of NCC proper or its reliable signature. Similarly, EEG/ERP recordings can be used for comparing subjective reports under varying degrees and means of sedation by anesthetics, including measurements of possible NCCae (e.g., Veselis et al., 2009). Some additional examples will be given later on in this article. Obviously, in order to follow the strategy of the combined use of the L-system and D-system based approach, these systems should be known sufficiently well in terms of neuroanatomy and ways of functioning.

Before elaborating this concept further, let us have a closer look at the putative brain mechanisms and processes that have been proposed as necessary for consciousness both in terms of its content and state, and after having done so, we will return to the problem of NCC.

TWO MUTUALLY INTERACTING BRAIN SYSTEMS RELATED TO CONSCIOUSNESS

To experience something subjectively, the brain has to be in the state of consciousness, but also capable of processing sensory data which constitute the contents of experience. In other words, the presence of specific sensory contents in conscious awareness is not automatically granted, but requires involvement of cerebral interactive mechanisms that aid the explication of preconsciously processed information. Neurobiological experimental data, deep brain stimulation data, and anesthesiological data converge in showing that modulations mediated by the thalamocortical “nonspecific” system targeted at the specific system of encoding the sensory-perceptual information are necessary for subjective contentful experience to emerge (Brooks and Jung, 1973; Bachmann, 1994; Purpura and Schiff, 1997; Llinás and Ribary, 2001; Ribary, 2005; John, 2005; Hudetz, 2006; Alkire et al., 2008; Hudetz and Alkire, 2011; Giacino et al., 2012; Liu et al., 2013). An important aspect of this dual functional architecture consists in the way these two systems interact at the cellular level. There is massive presynaptic targeting of the apical dendrites of the layer-5 pyramidal neurons in cortex originating from the non-specific system while the layer-5 pyramidal neurons are the prime part of the specific afferent system at the cortical level serving the function of encoding specific stimulation content. This specific afference arrives presynaptically at the more somatic parts of these nerve cells. It is suggested that this is the cellular level mechanism where nonspecific and contextual top-down modulatory influences interact with primary specific afferent input and that the extent or pattern of this interaction highly correlates with subjective states of consciousness (Brooks and Jung, 1973; Purpura and Schiff, 1997; Llinás and Ribary, 2001; Ribary, 2005; Alkire et al., 2008; Pillay et al., 2014). The layer-5 pyramidal neurons are naturally suitable to be a mechanism where perceptual contents are modulated up to consciousness, but at the same time this mechanism allows both pre-conscious and unconscious information processing. Although inputs to cell soma and dendrite tuft can perform their own functions autonomously (Berger et al., 2001; Larkum et al., 2004), these inputs are also capable of intense integrative interaction. Therefore, the same system can perform information processing in either the preconsious (non-interacting) or the conscious (interacting) domain. Membrane activity caused by somatically targeted sensory input is “available” for effective (i.e., hypothetically awareness-providing) modulation if it has sufficient frequency (Larkum et al., 1999a) and optimal timing with respect to the apical dendrite targeted input (Larkum et al., 1999b; Larkum, 2013). The autonomous function of the two neuron compartments is possible also due to the fact that the level of membrane depolarization is progressively attenuated distally from soma, and also from the tuft, as well as for the very fact that an absence of temporal coincidence of somatic and distal-dendritic input dissociates the two subcellular activities and thus the potential to act as an integrative device remains unused (Berger et al., 2001; Larkum, 2013).

For conscious perception, it is necessary that both systems be active in concert – (i) the bottom-up, specific content-signaling data system D receiving afferents by the layer-5 pyramidal neurons’ basal compartment, and (ii) the modulation system sending intracortical top-down associative signals and/or non-specific thalamo-cortical signals leading to up-states necessary for a sufficient consciousness level L (Bachmann, 1994; Ribary, 2005; Larkum, 2013). When only one of the two principal input streams to pyramidal neurons – somatic specific afferents and dendritic presynaptic nonspecific afferents – is active without the “partnering” effect of the other system, consciousness is expected to fade away. Formally: D(0)× L(z) = C(0); D(x) × L(0) = C(0). Only D(x) × L(z) = C(x), with x being the contents of the experienced subjective state.

It is likely that for the hypothetical dual-input consciousness mechanism to become ignited, both neuron compartments – somatic and apical dendritic – must receive enough presynaptic input in order to generate the wide excitatory postsynaptic potential (EPSP) plateau-waves carrying a burst of spikes representing an up-state. One good candidate for being the core cellular level mechanism in this system is the backpropagation activated calcium spike firing (BAC firing) mechanism described by Matthew Larkum and colleagues. For the layer-5 pyramidal neurons to generate plateau-wave-based spiking, the temporal coincidence of somatic sodium channel-related presynaptic input (i.e., data for the subsystem D) and calcium channel-related presynaptic input targeted at the apical compartment of the cell dendrite (i.e., modulation by the subsystem L) is necessary (Larkum et al., 1999b; Larkum, 2013). It is important to acknowledge that dendritic calcium spikes are a direct target of anesthetics (Potez and Larkum, 2008) and after release from the anesthetic effects, calcium electrogenesis in layer-5 pyramidal neurons dramatically increases (Murayama and Larkum, 2009). This supports the notion of the principal importance of the BAC firing mechanism for consciousness. Importantly, suprathreshold input to the neuron’s body (responsible for the bottom-up inflow of sensory signals by D) produces fewer action potentials of the cell than triggering of the dendritic Ca2+ spikes. This once more substantiates the importance of modulatory brain processes in addition to the straightforward sensory afference and provides a convincing argument for the common effects of biased perception being under the contextual and arousal systems control. [See also works by E. Roy John (e.g., John, 2005) and Rodolfo Llinás (e.g., Llinás et al., 1998) on the putative significance of coincidence detection for the effectively working consciousness mechanism.]

In addition (or alternatively to) the thalamocortical resonance or interaction theory, the role of cortico-cortical interactions in the NCC should not be excluded or overlooked. For example, Mashour and coworkers (Lee et al., 2013) demonstrated the selective alterations in fronto-parietal interactions during general anesthesia with three different anesthetic agents. The use of different drugs in the same investigational setting is important in order to be able to identify an anesthetic-invariant mechanism of loss and return of state consciousness (John, 2001), removing agent-specific effects, and by the same token, at least some of the NCCpr or NCCae. A particularly interesting aspect of the work of Lee et al. (2013) is that fronto-parietal communication was preferentially suppressed by all three anesthetics in the feedback (top-down) direction. This important finding is consistent with what was proposed by Del Cul et al. (2007) and predicted by prior preclinical anesthesia studies by Imas et al. (2005a), suggesting that cortical long range connectivity, especially in its top-down aspect, may be critical for consciousness. On the other hand, based on the general knowledge that non-specific thalamocortical effects target more frontal and central than posterior areas it is possible that the typical effect on the top-down aspect of cortical effective connectivity reflects also (or first of all) the effect of the extended thalamo-cortical modulation system. Further, indirect support for the nonspecific brain systems regulating conscious thresholds for visual stimuli comes from a recent study by Park et al. (2014) who showed that the threshold varied with the phase of heartbeats. It is difficult to assume that heartbeats are directly associated with processing specific visual input, but it is easy to understand that and how heartbeats reflect activation levels of the non-specific systems involving the autonomic system contribution to arousal.

In some situations, specific input is processed by the brain and/or stored in its long term memory system but there is insufficient L-system modulation for conscious awareness of the sensory input or stored memory-information. Examples include subjects having fallen asleep, undergone fainting, or brought into anesthetic states. Brains of sleeping or anesthetized subjects receive localized specific input that comes from sensory receptors, but associative input and modulating arousal input from the reticulo-thalamic activation system is insufficient (Magoun, 1958; Hassler, 1978; Purpura and Schiff, 1997; John, 2005; Ribary, 2005; Hudetz et al., 2009; Hudetz and Alkire, 2011; Zhou et al., 2011). Information integration to consciousness is absent (Alkire et al., 2008). On the other hand, when the L-system is artificially stimulated, arousal and consciousness accompanied by sensing the contents of ambient stimulation can be brought about, cortical information-integration can be augmented, release from visual masking produced, or artificial sensations evoked (Smirnov et al., 1978; Tasker et al., 1980; Bachmann, 1994; Giacino et al., 2012; Pillay et al., 2014). Artificial stimulation of the intralaminar thalamic sites that are part of the nonspecific system augments visual evoked potentials in response to grating stimuli (Hunsperger and Roman, 1976). Visual, auditory and somatosensory research using recording of brain potentials has repeatedly shown that the level of expression and timing of the negative-polarity potential N1 (with post-stimulus latency equal to about 50–200 ms depending on the modality and stimulation characteristics) strongly correlates with conscious perception (Uttal and Cook, 1964; Wagman and Battersby, 1964; Hassler, 1979; Alter et al., 1990; Cauller and Kulics, 1991; Bachmann, 1994; Imas et al., 2006; Schubert et al., 2006; Schoenfeld et al., 2011; Auksztulewicz et al., 2012; Auksztulewicz and Blankenburg, 2013; Sinke et al., 2014; Pitts et al., submitted). For example, while early post-stimulus potential components are more or less invariant between sleep or sedation on the one hand and awake conditions on the other hand (or even increased in sedation – Imas et al., 2006), N1 is considerably suppressed in the unconscious state. Similarly, visual cortical neurons in anesthetized animals show early activity in response to light flashes similar to the unanesthtized state, but long-latency responses significantly decrease under sedation (Hudetz et al., 2009). Also, in the crowding effect when target information is left out of awareness, N1 is suppressed although P1 ERP component still reflects basic stimulus characteristics regardless of crowding (Chicherov et al., 2014). When similar monocular textures fuse into subjectively visible images, conspicuous occipitally recorded negative component is present, but absent when fusion into visibility is not achieved (Fahrenfort et al., 2012). Moreover, recently it was shown that whether subjective experience of a visual stimulus in hysterical blindness is present or not is reflected in the amplitude of N1 (Schoenfeld et al., 2011). Importantly, while N1 appeared as an authentic NCC, fMRI recording data could not differentiate between consciously seen vs unseen stimuli. For our purposes it is essential that the electrogenesis of negativity of the surface-recorded brain potentials considerably owes to the apical dendritic activity in the upper layers of the cortex (Larkum, 2013). The stimulus-evoked negativity can be easily explained as resulting from the excitatory synaptic input to the distal compartment of the apical dendrites of layer-5 pyramidal neurons. The fact that consciousness of a stimulus emerges with a relatively long delay after 100 ms (Bachmann, 1994, 2000) is strongly consistent with the fact that N1 is relatively slow compared to the timing of the early arrival of stimulus signals to cortex as indexed by the faster ERP components. This is despite the fact that the early ERP components with latencies under 100 ms can vary depending on whether the target stimulus presented in invariant physical conditions becomes consciously experienced or not (Aru and Bachmann, 2009b) suggesting that they are signatures of the NCCpr and not NCC proper. Furthermore, an ERP signature termed visual awareness negativity (VAN) most conspicuously present as recorded by lateral occipital electrodes also correlates with stimulus awareness (Railo et al., 2011). (However, see Bachmann, 2009, concerning the problem that VAN duration is too short compared to the duration of subjective experience when subjects hold target-stimulus in explicit immediate memory. This problem appears to find a solution in the correlation of slow negative potentials with conscious awareness as discussed later in this article.)

Thus, taking into account the experimental regularities reviewed above, let us operationally regard EEG potential negativity as a signature of the involvement of the L-system in modulating the neural activity of the D-system. This notion does not mean that modulation by the L-system always leads to conscious experience of the stimuli; it is likely that a certain level of the L-activity modulating D-activity is necessary. This in turn implies the existence of a threshold level and/or threshold duration of the processes producing ERP negativity, with sub-threshold levels of the measured negative cortical potential measurable in principle. Consistent with this, Intaité et al. (2014), demonstrated pre-reversal negativity as a signature of the change in conscious perceptual contents. Several hundred ms before subjective reversal of the perceptual contents of an invariant ambiguous stimulus, ERP negativity was enhanced when subsequently the conscious contents were changed.

Not only brief transient ERPs with negative polarity correlate with stimulus awareness timing, but also the slower negative deflections of the brain potentials such as, the contingent negative variation, slow cortical potential waves, or contralateral delay activity appear to be good candidates of a reliable and robust correlate of consciousness, especially as related to expectancy states and application of general-purpose brain-process resources for a specific task involving focused attention (Rösler et al., 1997; Birbaumer, 1999; Devrim et al., 1999; He and Raichle, 2009; Murayama and Larkum, 2009; Fischer et al., 2010; Murd et al., 2010; Stamm et al., 2011; Birbaumer et al., 2012; Pun et al., 2012; Jo et al., 2014; Li et al., 2014). Basically, the slow potential dynamics reflects changes in cortical excitability (He and Raichle, 2009; Raichle, 2011). This notion is substantiated by the known intimate relationship between the slow cortical potential and the thalamo-cortical neuromodulatory system (i.e., the system controlling L, according to our notation). This conceptualization is consistent with observations that trans-cranial magnetic stimulation (TMS) of the occipital cortex elicits state-dependent effects when performed in a state of increased arousal (brought about by caffeine administration) as compared to quiet wakefulness (placebo condition; Murd et al., 2010), or during NREM sleep compared to awake state (Stamm et al., 2011). When caffeine was applied or wakeful state was tested, TMS evoked a stronger early negative component (N1) and enhanced slow negativity in remote cortical areas compared to the placebo condition or NREM sleep condition. Because TMS is a task-irrelevant, nonspecific signal in terms of the contents of consciousness, these results speak in favor of the stance that (slow) negativity reflects nonspecific effects on cortical excitability. Provided that slow negativity correlates with (readiness for) long range effective connectivity, TMS is expected to facilitate cortical communication in conscious states in order to allow sufficient information integration. Studies by Tononi, Massimini and associates indeed show this (e.g., Massimini et al., 2009; Ferrarelli et al., 2010). They tested the state-dependence of the cortical propagation of a TMS-induced EEG signal and found that in the unconscious condition, either in slow wave sleep or anesthesia, long-range cortical communication was suppressed, and restricted to a local region surrounding the stimulation site. In terms of temporal dynamics, the late (sustained) component of TMS-evoked signal was also suppressed, in agreement with results obtained previously with the direct measurement of flash-evoked unit activity in the visual cortex of rats (Hudetz et al., 2009).

In accordance with the conceptualization presented above, Yasuda et al. (2011) showed that with the loss of consciousness at sleep onset, N1 decreased, P2 increased (!), and CNV was increasingly more positive. In sleep the CNV was absent.

We believe that a step forward in revealing the NCC would be achieved by the use of a combined strategy consisting in three key requirements: (i) causal mechanistic effects are used and studied instead of correlational ones in the objective domain of research so that microelectrode stimulation, optical stimulation, TMS, psychopharmacological intervention, or other methods of purposeful manipulation of neural tissue in selected brain areas allow to study the resulting effects on brain processes by brain-imaging or similar methods; (ii) the relative involvement of the D- and L-systems is specifically examined in the context of objective causal manipulations and measurements; (iii) psychophysical procedures are used in combination with (i) and (ii) allowing the precise measurement of subjective contents of consciousness as they emerge, unfold, and decay along the objective time axis. Correspondences between precise timing of the neural signatures and psychophysical phenomena pertaining to the domains of (i), (ii), and (iii) will hopefully make it possible to find causal relationships that are more likely to be indicative of the real constituents of consciousness in terms of the underlying neural processes. An important accompanying research agenda should be to use animal models with mammalian species, executing studies (i) and (ii) and by analogy, invoking and postulating the corresponding variability of the experienced contents (iii). In what follows, we will provide a few ad hoc interpretations of the published research suitable for differentiating the D- and L-system effects in the context of the problem of NCC. Thereafter, we will conclude by envisaging possible experimental approaches for future research in service of the view that C = L × D.

EMPIRICAL FACTS CONSISTENT WITH C = L × D

There are surprisingly few research data on the NCC as based on experiments explicitly relating content- and state-related system effects within the same study that utlize the methodology of contrastive analysis. Measurements and discussions have been evolving around the specific D-system contributions with rarely – if at all – mentioning the L-system contribution. This conclusion is especially valid with regard to the real-time examination of the NCC as they unfold along the fine timescales of psychophysical experimental paradigms. Although a lot of psychophysical and cognitive neuroscience research has been published with results that can be interpreted according to our C = L × D “formula,” this kind of research lacks the power of direct evidence. Nevertheless, here we discuss both – studies with experimental protocols and designs more directly combining the L-system and D-system variables as well as studies allowing indirect interpretations of their data in terms of L- and D-system interactive contributions. We do this, being well aware of the methodological weaknesses of the ad hoc type of argumentation about the second sub-variety of the pertinent research as mentioned above.

Alert patients regularly treated by chronically implanted microelectrodes in order to relieve the suffering from Parkinson’s disease were used as volunteer subjects in a visual mutual masking experiment (Bachmann, 1994). They were asked to discriminate spatially overlapping brief stimuli presented successively with stimulus onset asynchrony (SOA, values less than 100 ms) leading to masking. Compared to the control condition without the pre-test microelectrode stimulation, awareness of the visual targets improved considerably in the main condition with a preliminary activating stimulation targeted at the thalamic nuclei which were the known part of the L-system (including the central medial intralaminar nucleus). Artificially activating the L-system produced improvement of perception of the specific contents represented by the D-system. The effect was obtained also with invariant physical conditions of the independent variables.

A very brief near-threshold Gabor patch was presented for orientation discrimination in the study by Li et al. (2014). MEG responses as an equivalent of slow cortical potential (SCP) were recorded in the conditions allowing comparison of trials with (i) strong and marginal awareness and unawareness, (ii) correct and incorrect behavioral responses, and (iii) subjective confidence in the correctness of response, all with invariant values of the principal independent variables. After the effects of objective performance and confidence were both removed from data, the SCPs were found to be a strong and reliable correlate of consciousness while the neural signatures correlating with veridicality of response and confidence were mostly related to transient brain activity. Because long-lasting EPSPs at the apical dendrites of the (mostly layer-5) pyramidal neurons are considered as the main contributors of surface-recorded SCPs and as the equivalent MEG contrasts between aware/unaware conditions stood for the expression of SCPs, we can conclude that modulation of the D-system (carrying the contents of Gabors) by the L-system (modulating the EPSPs of the content-carrying neurons of the D-system) may be an instance of the NCC. In light of these results, it is inviting to speculate about the possible reasons why LFP responses indicative of correct stimulus perception in the slower theta band preceded the single-neuron gamma band response by about 50-100 ms in the experiment reported by Rey et al. (2014). It is possible that the slower LFP activity in the theta band range represents the L-system activity and the gamma band single-cell responses correspond to the D-system activity. If so, the contextual and/or expectancy-related or arousal-related L-system activity may precede the bottom-up afferent signaling from the specific modal stimulus so that it enhances EPSPs by presynaptic signals targeting the apical dendrites, but not much the high-frequency firing which needs also a sufficient input to the somatic compartment of the D-system nerve cells in the temporal cortex. Only as soon as there is enough coincidence of the L-system and D-system input, firing commences and explicit recognition results. This conjecture is consistent with that of Larkum (2013) with respect to the BAC firing mechanism.

Thus, in spite of suggestions by several authors (Llinás, for example) it seems that a change in thalamocortical 40Hz gamma oscillations, at least in the local sense, may not be the critical factor in the involvement of the L-system for the NCC. Various data support this. In anesthesia with various select agents, the power of both spontaneous and sensory evoked gamma oscillations is enhanced (Imas et al., 2005b; Sellers et al., 2013), although preliminary findings suggest that high-frequency gamma (70-140 Hz) may be suppressed (Hudetz et al., 2011). Nevertheless, the long-range cortical interactions at 40–50 Hz gamma frequencies do seem to be selectively altered in an opposite direction to what should have been expected from the traditional gamma band hypothesis (Imas et al., 2005a,b). All this is consistent with recent findings by Aru et al. (2012a) and Hermes et al. (2014) with respect to the lack of a band-specific gamma correlate of conscious perception. As suggested by several authors (e.g., He and Raichle, 2009; He, 2014; Miller et al., 2014), broadband and/or scale-fee activity of neuronal populations seems to be associated with surface potentials, dendritic integration and very likely with awareness. It appears that BAC firing as a potential mechanism subserving the NCC are unlikely to be tightly coupled with the gamma band responses in implementing the C = L × D type of interaction.

The BAC firing mechanism as related to behavior of alert animals was involved also in the findings of Palmer et al. (2012a,b). They showed how contralateral sensory stimulation inhibited the firing of layer-5 pyramidal neurons in response to a sensory stimulus in vivo and that this inhibition acted on the apical dendrites. Somatic input to pyramidal neurons generates predominantly short-lived EPSPs and fragmented cortical neural activity but not a sustained “field of consciousness,” unless substantial additional modulatory input to the apical parts of the dendrites arrives. On the other hand, only or predominantly non-specific modulation by the L-system targeting the superficial cortical layers in the absence of sufficient afferentation from sensory signals by the D-system (targeting the perisomatic compartment) should lead to fading or “contentless” conscious experience. For example, this happens with fading of retinally stabilized images (due to massive adaptation of the same sensory units), Ganzfeld effects featuring feelings of sensory emptiness (e.g., the coloring of the Ganzfeld disappears from subjective phenomenal experience), falling asleep in sensory isolation experiments, and with hypnotic effects of mononotonous and predictable stimuli (the responses to which are diminished by adaptation effects).

Whatever the normally functioning consciousness mechanism is, it must not represent mainly unreal or hallucinatory content in the awake state but perform adaptively sound reality monitoring (communicating actual environmental input to the subject by the D-system). This is obvious. Indeed, integrative computation by the BAC firing mechanism works mostly when the real presynaptic input via the D-system to the neuron’s basal compartment is present (Larkum, 2013). Only when the cell is caused to fire by feedforward presynaptic D-input to the soma it becomes highly sensitive to the apical-dendritic modulation (Larkum, 2013). This means that the mechanism that brings contents to consciousness has its strong effect insofar as the actual input is present, meaning that in consciousness we clearly experience actual sensory input. Conversely, when subjects experience dreams or are engaged in daydreaming, the conscious contents that are hypothetically ignited by the presynaptic input to the dendrite tufts originating from more rostral, higher level cortical areas responsible for top-down effects (ignited by the L-system) cannot be as detailed and vivid as they are in the actual conscious perception of the real environment.

In the absence of top-down facilitation or selection by the L-system (which may be contolled by the brainstem-nonspecific thamocortical axis) the conscious contents are blurred or nonexistent. The necessary integration is missing. It can be presumed, that with increasing depth of anesthesia, from shallow sedation to deeper levels, the L-system and the D-system neural processes are changed in parallel: reduced state means reduced level of data input to the integrative system and vice versa. Even though strong inputs by the D-system may break through in the state of suboptimal L-system activity, they produce strong and focused sensory activation but in a limited, modality-specific local area (e.g., Laureys et al., 2002; Liu et al., 2013). However, integration with context from higher, supramodal associative processing centers, that are now silent, does not take place. Moreover, there are specific conditions, for example under the influence of hallucinogens, when the normal interaction of the L and D systems can be clearly dissociated.

Many subjective psychophysical phenomena of perception have temporal resolution with time constants varying around 30–300 ms (see Bachmann et al., 2011, for listing and characterizing the many pertinent phenomena.) Thus, for example metacontrast masking maxima occur typically at the target/mask delays of 30–60 ms; apparent motion in the form of beta motion integrating two static inputs for perception is optimized with SOA set at about 40–100 ms; iconic (visual sensory) memory (i.e., visible persistence) spans about 100–200 ms; critical flicker fusion temporal values are also specified in the range of dozens of ms; attentional blink is maximized at about 250–350 ms; target stimulus that is backward-masked by a pattern mask or by an other, competing, subsequently presented target becomes fully consciously available when the mask-free time approaches about 150 ms, but is replaced by mask in visual awareness with shorter target/mask time intervals. This suggests that the neural processes fitting to allow effective inter-stimuli interactivity (caused by presynaptic input arriving from different sources in response to briefly inset stimuli) and also for sustained activity enabling inter-stimuli interaction should be unfolding in the range of intervals of about 30–350 ms. In the traditional integrate-and-fire neuronal models, the EPSP decay is usually too short for this. However, in the BAC firing model the plateau-wave time-course corresponds well to this temporal scale. Most significantly, the BAC firing model nicely corroborates the distinction between the L-system effects and D-system effects related, respectively, to the presynaptic input to the tuft dendrite compartment and the basal somatic compartment of the post-synaptic membrane of layer-5 pyramids. Several psychophysical phenomena can be explained by the hypothetical action of the BAC firing mechanism allowing to combine the L-system and D-system effects by a single cellular level mechanism of integration. We believe that this is exactly the locus where the two traditions of NCC research can be mutually harmonized.

In the visual backward masking by pattern, a brief target stimulus (e.g., with 40 ms duration) is immediately followed by a masking pattern and as a result, target is not consciously perceived while the masking pattern is explicitly experienced (Bachmann, 1994; Breitmeyer and Öğmen, 2006). Recall that the theoretically necessary condition for sensory input to be integrated up to the level of conscious experience requires that input from feedforward D-channels targeted at the somatic compartment of the neurons that represent the stimulus content and associative (modulating) input targeted at the distal dendritic compartment that modulate content-specific activity up to the necessary level for consciousness must simultaneously coincide in time. Target signals feed synaptic receiving membrane compartment close to cell soma with a short delay (say, 30–50 ms) generating few somatic Na+ spikes. However, because this delay is too short for any associative input to arrive to the tuft region of the dendrite in response to the target-evoked perturbation, initially there is no target experience. Processing is pre-conscious. After some more time has lapsed, this associative, tuft-area directed presynaptic input arrives (say, with about 100 ms post-target delay), but it coincides with the mask-stimulus evoked Na+ spikes produced by the neurons that encode mask features. Because certain features of target and mask are shared by the target-responsive and mask-responsive cells (e.g., spatial location, some blob- or line-defining features, etc.), mask-responsive cells receive also the associative presynaptic Ca2+activity initiating input to the dendrite’s upper compartment (this was evoked by the preceding target) and as this input is coincident with Na+ spikes, a plateau wave is produced primarily for the neurons representing the mask features instead of the neurons representing exclusively the target features. We must remember here that the modulating input through the L-system in response to a perturbation by a stimulus has a longer delay to reach the apical compartments of the dendrites of the neurons compared to the delay it takes for the initial basal input throught the D-system to arrive to the cell. This basic fact is the crucial precondition for BAC firing based binding of the later presented stimulus with conscious representation instead of the first presented, briefly offset stimulus. Thus, the target-evoked dendritic Ca2+ mediated EPSP appears after a delay, is spread also to the dendrites of other cells (e.g., mask-related neurons), and coincides with the fast Na+ based somatic EPSP/spiking process of the mask-related cells. It is exatly then and there when and where the coincidence detection device sets in, but as a result, masking stimulus is emphasized for awareness. Bachmann (1994, 1997) in his model of modulated EPSPs as the explanatory mechanism of masking contends that temporal dynamics of the target-evoked N1 may be a signature of the L-system effects as they unfold in real time and are applied onto the D-system neural nodes.

In the mutual masking of the spatially overlapping two successive targets subjects are asked to report both successive stimuli, S1 and S2 (Bachmann and Allik, 1976; Bachmann, 1994). With very short SOAs (e.g., 0–20 ms) the results typically show neither the perfect identification of both the S1 and S2 nor the perfect masking of S1 and S2. The BAC firing mechanism based explanation is as follows. Because the SOA is so short, the L-system presynaptic input to the dendrites tuft-region compartment arrives with a considerable delay and “finds” S1 and S2 related neurons producing some residual somatically ignited Na+ spikes in response to the presynaptic D-system afferents. As a result, a plateau wave with enhanced spiking in the form of a burst is produced and both stimuli become bound together as an integrated pseudo-object in visual awareness. With intermediate SOAs (e.g., 40–90 ms) usually the following stimulus (S2) is well perceived, but the preceding stimulus (S1) is not perceived or not so well perceived. BAC firing mechanism based explanation of this psychophysical result is essentially the same as was used for explaining pattern masking above. When the time interval between onsets of S1 and S2 (SOA) exceeds about 100–150 ms, S1 becomes well visible also. The strongest dominance of S2 over S1 is typically found with SOAs around 40–60 ms. The BAC-based scenario for explaining this is as follows. Somatic presynaptic inputs from S1 carrying the contents of S1 arrive at the layer-5 neurons that represent S1 features, creating Na+ EPSPs’spiking response, but because there is no dendritic calcium response as yet (this response cannot be produced unless more time-consuming L-system mediated signaling originating from the nonspecific reticulo-thalamic influence on apical dendrites is present), plateau/burst wave is not produced for the neurons carrying S1 sensory contents in this early time window. When this delayed presynaptic input arrives at the distal parts of the apical dendrites, EPSPs of the S1-neurons are somewhat decayed, firing frequency is decreased, and probability of the conspicuos plateau-wave is low. S1 is not explicitly perceived so well as the following S2 which altogether suppresses S1 in conscious perception. This is because the somatic-compartment response of the following stimulus related neuron (S2 neuron) is maximized at the moment temporally coinciding with the slower (S1-induced) calcium wave and because due to the spatial-location and some partial featural similarity between S1 and S2, apical dendrites of the S2 neurons are also targeted and the plateau wave is distinctive and strong for the S2-related neurons. As a result, S2 is consciously perceived and S1 perception suppressed. (It is likely that some additional assumptions with regard to the mechanisms involved are needed. For example, the role of NMDA receptors and finely localized sub-cellular membrane mechanisms of competitive inhibition could be postulated to explain why S2 so robustly overpowers S1. See Larkum et al. (2009), for premises of this kind of mechanisms. Also, more precise understanding of the workings of GABAa and GABAb mediated inhibitory mechanisms may be needed in order to precisely describe the ways the L-system and D-system interact on the basis of the layer-5 pyramidal neurons.)

Metacontrast masking can be explained similarly by the L-system and D-system interaction taking place at the basal and apical-dendritic membrane of the cortical neurons representing the contents of stimulation. In this phenomenon, S1 (the target stimulus) is spatially non-overlapping with S2 (the masking stimulus), but is closely spatially adjacent. Typically, when contrasts and durations of S1 and S2 are compatible, with very short SOAs S1 and S2 are both perceived as if they form a single, composite object. The BAC firing based L/D interaction explanation is similar to what was used for mutual masking with shortest SOAs as described above. Simply because in metacontrast S1 and S2 are not spatially superimposed, the common formed perceptual image allows good discrimination of mask and target features spatially. It is easy to envisage a small neural network where the distinct spatial location cues dictate that modulations executed by the associative presynaptic input to the apical dendritic compartment is bifurcated to different neurons in parallel due to the difference in the receptive fields which is an important feature of stimulation. With intermediate SOAs (e.g., 40–70 ms) S1 is again strongly masked while S2 is well perceived – metacontrast masking is effective. The theoretical explanation is similar to the one presented when explaining pattern- and mutual masking. Moreover, as the shapes of S1 perimeter and S2 internal part surrounding S1 shape are identical or very similar in most of the metacontrast stimuli setups, surface quality of S2 (i.e., the metacontrast mask such as a ring for example) becomes preceptually represented combined with S1 shape which lacks its surface quality and therefore is shown as being “emptied” from this quale.

Explaining masking based on L-system and D-system interaction is not a recent “invention.” For example, Bachmann (1984, 1997) in his perceptual retouch theory interpreted masking as a result of L-system-mediated modulation of mask-specific signals up to the level of conscious experience by simultaneously depriving the target-specific signals of a sufficient level of this kind of modulation. Because L-system effecs at the cortical level of the D-system nodes are delayed compared to the initial D-system effects, the boost of L-system modulation ignited by target presentation is maximized exactly when the freshly ariving D-system signals carrying mask content arrive cortical neurons dedicated to encode contents. As the signal-to-noise ratio of the mask-related specific afferent activity is higher than the specific target-related activity when the boost of L-modulation arrives, mask-related net activity combining the presynaptic D-input and L-input effects wins over the target-related net activity (target-related neural activity has decayed already when L-input arrives, but mask-related activity is maximized at that moment). Modulated post-synaptic EPSPs (Bachmann, 1994, 1997) and N1 components of ERPs (Bachmann, 1984) were used to illustrate the hypothetical D-system and L-system interactive effects producing psychophysical effects of visual awareness. Results of more recent studies with directly measuring ERPs and spectral EEG perturbations and using contrastive analysis with invariant physical stimulation conditions also show that NCC in masking includes a relatively late brain activity (Aru and Bachmann, 2009a,b).

A psychophysical paradigm called perceptual latency priming (PLP) has helped to demonstrate that there is a relative latency advantage (i.e., earlier perception) of a visual stimulus that is preceded by another, masked stimulus at its location (Bachmann, 1989; Neumann and Scharlau, 2007; Scharlau, 2007). The first stimulus accelerates perception of the second stimulus even if the first stimulus is backward-masked by the second one up to a total invisibility for direct awareness. In the control condition S2 is presented alone and the temporal delay of its perception is measured psychophysically (e.g., temporal order judgment against a reference stimulus). In the main condition, S2 is preceded by a priming stimulus S1 (spatially adjacent or overlapping with S2). As a result of priming, subjective delay is shortened compared to the control condition without priming. (The effect is obtained also when the prime remains unconscious and is masked.) L- and D-systems interaction-based explanation capitalizing on BAC firing neuronal mechanism assumes that S1 induces the processes consisting in presynaptic somatic input to the neurons encoding its features and a temporally delayed associative (collateral and/or cortico-thalamic) presynaptic input to apical tufts of the neurons that represent attributes of the stimuli associated with the prime in an associative network (including S2 related neurons). Spatial location and approximate size are among the important attributes shared by the prime (S1) and the target (S2). This delayed apical presynaptic input sent via the L-system appears to be temporally coincident with S2 related early somatic-compartment activity in the neurons representing S2 (this being brought about via the D-system). As a result, a plateau wave with a burst of spiking will be an associative medium for temporal binding of S1-evoked late activity and S2-evoked early activity. Because the apical-compartment input for the S2-representing neurons is unusually early (due to the preceding S1-evoked associative activity), already the very first somatic presynaptic input to the S2 neurons finds unusually early coincidence with the apical calcium spikes, which means that S2 is consciously perceived unusually fast.

Object substitution masking (OSM) can be explained in a similar vein. In OSM, if a backward mask does not cover the target in space and is spatially and form-wise sparse (e.g., four dots surrounding a target image such as a landolt C), the masking effect is absent. However, when the same target and mask are presented among the spatially distributed distractor objects (with the subject not knowing beforehand where the target is located), with the mask specifying which object is the target and when mask offset is considerably delayed after target offset (a simultaneous onset, asynchronous offset display), strong masking occurs (Enns and Di Lollo, 1997; Di Lollo et al., 2000). In OSM, traditionally weak masks have strong effects when attention is not focused on the target before its presentation. The BAC firing mechanism could be used to suggest a similar explanation to what was presented for backward masking and mutual masking. However, it is necessary to explain why masking is absent in the condition without distractors and occurs when distractors are presented. It is natural to expect that the temporally delayed associative top-down modulation targeting presynaptically the layer-5 neurons’ dendrites and igniting the BAC firing mechanism is susceptible to the lateral inhibitory influences mediated by the inhibitory synaptic effects in the dendrites’ tuft compartment. If the early-onset OSM display contains many competing stimuli presented simultaneously from the several spatially separated locations, the subsequent delayed associative modulation of the target-related neurons will be inhibited by the lateral afferents from the formerly activated neurons representing the spatially remote competing stimuli. Basically, OSM results from the main share of the L-system-mediated modulation being used by the mask D-system representation instead of the target D-system representation.

In the motion-induced blindness displays a few static yellow disks otherwise clearly perceptible become extinguished from awareness from time to time, provided that they are viewed on the background of a moving texture or a set of moving random dots (Bonneh et al., 2001). The BAC firing mechanism-based explanation: two higher level representations – static disks versus moving set of small items – compete for being “serviced” by the top-down modulation by the L-system targeted at the tuft compartment of their respective neurons. Although somatic D-system responses to presynaptic input are preserved all the time for both types of stimuli, dendritic apical compartment afference through the L-system is unstable and fails at times. As a result, discs temporarily fade out of awareness. Competition at the higher level between two classes of neurons representing two different actual perceptual events (one showing static objects and the other a dynamic background) does not allow to send sufficiently steady and efficient top-down signals simultaneously to the dendrites of the lower level neurons that represent local cues of these two types of events.

Ganzfeld effects. When a subject stares at an empty field with homogeneous coloring (no brightness gradients and contours in it) for a long time, sooner or later an experience of “fading out” or “emptiness” of the visual sense occurs (Avant, 1965; Wackermann et al., 2008). Colorful visual experience disappears. The explanation founded on the L/D systems’ interaction implemented by the BAC firing mechanism assumes this: without almost any specific input that would “recruit” layer-5 pyramidal neurons by somatic-compartment presynaptic input (there is simply not enough sensory input) being available, apical-compartment directed modulation by the L-system becomes without its necessary somatic counterpart of presynaptic input and as a result, any sufficient amount of the plateau-waves is absent. Awareness “gets visually empty.” This interpretation invites another assumption. The top-down modulating signals from the higher level are generated insofar as there is a certain minumum amount of object- and feature-specific variability in the perceived environment. (Hypnotic states resulting from sensory input monotony and lack of variability are also a common reality. Conversely, hallucinatory experiences so common to Ganzfeld experiments suggest a dominance of the top-down or associative input mediated by the dendritic calcium sub-mechanism in predetermining the contents of consciousness in comparison with the input from the actual sensory environment.) How exactly this principle is implemented in the brain remains only a matter of speculation for now.

The possible combinations of the D-system and L-system neurons’ post-synaptic activity in response to the strength and synchronicity of their presynaptic inputs are schematically illustrated in Figure 1. The psychophysical phenomena of variable consciousness can be explained on the basis of the variants of D/L interaction. Variant (i) characterizes conditions for an absence of contentful conscious experience when the D-system input is insufficient or asynchronous with the L-system despite a strong contribution from the latter. Variant (ii) shows how conscious experience is absent when the L-system contribution is sub-par and/or asynchronous despite the normal contribution of the D-system. Variant (iii) illustrates the emergence of the interactivity between D- and L systems sufficient for conscious awareness as a result of strong enough and synchronized input.


[image: image]

FIGURE 1. Three possible variants of L- and D-system presynaptic input to layer-5 pyramidal neurons that may determine contentful conscious experience. Variant (A) shows lack of sufficient acitivity for long-range integration and consciousness because D-system specific input to the perisomatic compartment of pyramidal neurons is weak or asynchronous with L-system presynaptic inputs to the neuron’s apical compartment. Variant (B) illustrates the opposite situation where the D-system presynaptic input is present but the L-system contribution is weak or incoincident. Both (A) and (B) represent scenarios lacking consciousness with its contents. In contrast, variant (C) illustrates sufficiently strong and synchronous presynaptic input from the D- and L-systems that leads to plateau-wave of activity and integration of the neuron’s contentful contribution to the phenomenal field of consciousness.



CONCLUSION

In this article, we presented a theoretical perspective, supported by variable empirical data, integrating the two traditions of NCC research which have been developing in relative mutual isolation. Tradition-1 has been examining consciousness state systems with their central role in regulating the level of consciousness, but largely ignoring or overlooking, or being unable to study in detail the functioning and expression of the system of specific contents. Tradition-2, on the other hand, has produced a vast amount of information about the system of processing contents of consciousness and its activity signatures, but has largely ignored the involvement of the state/level system. Importantly, there is enough scientific knowledge about the build and expression of function of the neural mechanisms subservig each of these two functions but unfortunately, there has been insufficient research simultaneously investigating the contributions of the mechanisms serving the two functions within the same experiment in the context of contrastive analysis. We suggest an integration of these two paradigmatic perspectives whereby the objective measurements of the processes of the two neural systems – the state/level system and the contents system – are carried out in experiments where the confounds from stimulus variability are avoided and the problems emerging from the need to distinguish NCCpr, NCC, and NCCae are minimized.

We describe the two neural systems – the data-representng D-system and the level-modulating L-system – and characterize their working parameters and regularities. We suggest a heuristic “formula” C = L × D enabling to combine the two necessary subsystems for consciousness jointly sufficient for producing the subjectve experience with its specific content and varyig in the level of expression of this content, spanning from unconscious to fully conscious and stable phenomenal representation. Importantly, several measurable neurobiological, temporal, and spatial parameters of functioning of the two systems allow us to explain many experimental facts as a result of interaction of the L- and D-systems in real time. Our conceptualization is consistent with several well known approaches and accepted principles in consciousness studes such as the importance of top-down, backpropagating information flow in the brain for consciousness, the temporally delayed nature of phenomenal experience compared to unconscious specific information processing and the importance of the long-range connectivity and global integration of information for consciousness. Among other aspects of the present theoretical view, it must be emphasized that because the L-system-based modulation targets superficial cortical layers and thus largely contributes to negativity and because long-range connectivity which is principally significant for the information integration theory of Tononi and associates also implies apical presynaptic input, the SCP/negativity hypothesis, info-integration theory, and Larkum’s BAC firing mechanism seem highly mutually consistent. We also think that our approach has merit because the neural subcellular level, cellular-level, local field potential level, local-circuit level and global-connectivity level aspects seem to be harmonized within the same conceptual framework, which at the same time, does not necessarily remain merely speculative but can be tested and falsified by specific experiments combining brain imaging and psychophysical experiments. We believe that C = L × D helps better specify the NCC, especially by objectively measuring and differentiating the relative contribution of the mechanistically distinguishable subcomponents of the brain involved in producing the astonishingly rich and often hearthbreakingly beautiful phenomenal view of the world.
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