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Visual stimuli can be rendered invisible, apparently removing them from conscious processing. Our brain, however, still processes these physically present stimuli to a certain degree, as can be seen when subjects are asked to make a forced-choice guess about features of the unseen stimulus. Early visual areas are thought to be involved in processing of subliminal information, whereas higher-order visual areas are believed to represent conscious awareness. We looked at neural activity in two of these higher-order areas, the fusiform face area (FFA) and parahippocampal place area (PPA), comparing activations for physically removed, subjectively invisible, and visible stimuli. Our results show that FFA activity is modulated by both physical presence and subjective awareness of face stimuli, whereas PPA results showed no significant differences between these events.
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Neural activity in category-selective regions is modulated by both subjective
and physical disappearance
When we are unaware of a physically present visual stimulus, this stimulus, although invisible, is still processed to some degree. For example, in a study by Hesselmann, Hebart, and Malach (2011), participants correctly ‘guessed’ the location of subjectively invisible faces and tools on a computer screen above chance level in a forced-choice task. This study shows that there is a dissociation between subjective and objective reports of visibility. Moreover, Kouider, Berthet, and Faivre (2011) found that emotional faces that were made undistinguishable by crowding could influence participants’ performance on a valence judgment task on neutral targets. These results suggest that not only stimulus-unspecific features, such as stimulus location, can be processed ‘subconsciously’, but also features that are stimulus-specific, such as emotional expressions.
To study unawareness of a stimulus, a physically present stimulus has to be made to disappear from conscious perception. In the studies mentioned above, this was done using continuous flash suppression (Hesselmann et al., 2011) and crowding (Kouider et al., 2011). Some other methods that achieve this effect belong to the family of visual illusions, a set of paradigms that can often be used to investigate the edges of what human visual perception is capable of. One of the oldest induced blindness illusions known to science is called Troxler fading (Troxler, 1804). It describes the natural fading of a stimulus that is present in the periphery of our visual field and occurs after approximately 10 seconds of  very stable fixation. Objects of low contrast compared to the background disappear faster and stay invisible longer than high contrast objects. Invisibility time scarcely exceeds two seconds because the effect is very sensitive to eye movements. A more robust effect is found when the surrounding background is not of a uniform luminance, but instead consists of dynamic noise such as can be found on a badly tuned television set. A target then disappears into the background, an effect called filling-in (Spillmann & Kurtenbach, 1992). Other methods that remove stimuli from our conscious awareness are motion-induced blindness (MIB; e.g., Schölvinck & Rees, 2009) in which a moving pattern makes isoluminant targets disappear and reappear seemingly at random, and flash-induced fading (Kanai & Kamitani, 2003) in which a visual transient flashed near a target induces a time-locked disappearance.
For the current study, we used functional magnetic resonance imaging (fMRI) to look at neural processing of invisible stimuli. This requires a good time-locked method, preferably without using any additional objects that illicit stimulus-unrelated neural activity, to establish disappearance. May, Tsiappoutas, and Flanagan (2003) devised such a method using so-called contrast decrements (CD), in which the contrast between background and stimulus is abruptly decreased, by changing the luminance of either background or stimulus. This effect can last up to about 10 seconds, thus providing a long period over which we can measure neural activity corresponding to unawareness of a physically present stimulus.
	So what happens to the sensory information of invisible stimuli in the brain? From a study in 2010 it appears that the blood oxygen-level dependent (BOLD) signal in early visual cortex (V1, V2, and V3) decreases with subjective disappearance and increases with subjective reappearance (Hsieh & Tse, 2010). However, another study has claimed that the BOLD signal in V1 is not modulated by awareness but rather by attention (Watanabe et al., 2011), indicating that subjectively invisible stimuli are similarly processed as visible stimuli at a basic level. Early and late visual areas process information differently, from low-level features to high-level category-related information. Therefore, there may be a dissociation between early visual areas and late ventral visual areas such as the highly specialized fusiform face area (FFA; Kanwisher, McDermott, & Chun, 1997) and parahippocampal place area (PPA; Epstein & Kanwisher, 1998) in their contribution to conscious processing. In a study by Beck, Rees, Frith, and Lavie (2001), FFA-activity was modulated by conscious awareness of a change in face stimuli. Large, Cavina-Pratesi, Vilis, and Culham (2008), on the other hand, found that the lower-order occipital face area represented both change detection and change blindness equally, indicating that this area represents information before it enters conscious awareness.
In recent years, a debate about the dissociation between attention and awareness has gained some momentum (Dehaene & Changeux, 2011; Koch & Tsuchiya, 2012; Lamme, 2003; Marchetti, 2012), and it is still unclear whether one can exist without the other. Attention and awareness were once thought to be the same or inseparable processes (James, 1890; Posner, 1994). At the other end of the debate, Dehaene and Changeux (2011) claim that these processes are clearly separate and that one can even occur without the other. In a recent article, Marchetti (2012) argues that “attention” and “awareness” (or “consciousness”) exist in several different forms and on several different levels. Some forms of attention can cause some forms of conscious awareness, and the idea that one can exist without the other might stem from the fact that it is not always easy to identify the attention and awareness components of a task. Because this debate is still ongoing, research on awareness should always take into account attentional processes.
As the current study focuses on visual awareness, comparing awareness and unawareness of a stimulus, participants were explicitly instructed to always attend to the stimulus location. We combined the paradigm proposed by May et al. (2003) with faces and houses as stimuli projected on and around fixation, to investigate whether FFA and PPA represent pure visual input or rather code for conscious awareness. Because the contrast decrements method with these stimuli leads to subjective disappearance on only a proportion of trials, this gave us the opportunity to look at both successful trials in which the target perceptually disappeared and unsuccessful trials in which the target remained visible. We measured BOLD signal using fMRI to compare how unconsciously and consciously perceived stimuli are processed by higher-order visual areas. We expect to find diminished activity in FFA and PPA when face and house targets, respectively, are rendered invisible compared to when they are subjectively perceived. This result would suggest that higher order processing plays an important role in conscious awareness of a visual stimulus.
Methods
Participants
Participants (16 men, 27 women, Mage = 22.7 years, age range: 18–38) were recruited through the Radboud Research Participation System to participate in a pretest to test the individual effectiveness of the paradigm. Participants for whom the disappearance effect occurred in less than 10% of all trials were excluded for the main experiment. For the main fMRI experiment, 24 participants (8 men, 16 women, Mage = 23.0 years, age range: 18–38) were selected on the basis of their performance during the pretest, four were left-handed. All participants gave informed consent and received payment or student credit for their participation. The pretest took place in an MRI dummy lab, in an attempt to match experimental conditions as much as possible between the pretest and fMRI experiment.
Stimuli
The visual disappearance paradigm was adapted from May et al. (2003). We used line drawings of faces and houses as stimuli, and applied a Gaussian blur filter with a radius of 9.0 pixels to each picture which appeared to strengthen the disappearance effect and did not affect recognizability of the pictures (Figure 1). During both the pretest and the main experiment, stimuli were projected on a uniform gray background. High and low contrast stimuli were both darker than the background (contrast with background: 91% and 9%, respectively) with a contrast decrement of 84%1. Stimuli were either presented on a TFT monitor (MRI dummy lab) or on a projection screen (1.5T MRI scanner) at the rear of the magnet bore and were viewed via an adjustable mirror. Stimuli were presented using Matlab and the Psychophysics Toolbox (Version 3; http://psychtoolbox.org).
Procedure
Four different trial types were used (Figure 2): A target condition (C; High-low) and three control conditions (A, B, and D; Low-blank, High-blank, and Low-high, resp.). A single trial lasted 8200-10200 ms. Each trial started with a small black fixation square presented for 2000-3000 ms (Figure 3). Next, a high or low contrast stimulus appeared centered around fixation, spanning 7.2 visual degrees in width and 10.0 visual degrees in height. This was followed by a change in contrast or a physical disappearance of the stimulus after 1000 ms. Another 1000 ms later, a patch of visual noise with the same visual angle as the stimulus was briefly presented to avoid afterimages. A question mark appeared after 2000-3000 ms, cueing a response period of 2000 ms. Participants were instructed to press one of four buttons with their right hand to indicate whether they still perceived the stimulus after contrast change or physical disappearance (on a scale of 1-4, with 1 = No, not at all, 2 = I don’t think so, 3 = I do think so, and 4 = Yes, certainly). For the pretest, one block of 80 trials was used to assess performance and strength of the disappearance effect for each participant. The main fMRI experiment consisted of four blocks of 80 trials each divided over two MRI runs, totaling 40 trials of each condition for each stimulus category. During the MRI session, a functional localizer paradigm was used to determine FFA and PPA location. The same face and house stimuli were shown in blocks of 16 seconds, interspersed with fixation blocks. On each block, the picture or fixation square was briefly removed 2-3 times, to which participants were asked to respond with a single button press. Each stimulus category was presented in a total of ten blocks.
Data acquisition
We acquired T2* weighted functional images on a Siemens Magnetom Avanto 1.5 Tesla MRI system (Siemens, Erlangen, Germany) with a 32-channel head coil, using a gradient-echo echo-planar imaging (EPI) sequence (33 axial slices, ascending slice acquisition, repetition time (TR) = 2 s, echo time (TE) = 40 ms, 80° flip angle, echo spacing = 0.55 ms, voxel size = 3.0×3.0×2.5 mm, 0.5 mm slice gap). The field of view (FoV; 192×192×99 mm) was placed such that it enveloped at least the entire ventral occipitotemporal region. For each participant, we also acquired a structural T1 weighted image (176 saggital slices, TR = 2250 ms, TE = 2.95 ms, 15° flip angle, echo spacing = 8.7 ms, voxel size = 1×1×1 mm).
MRI Data analysis
Four participants out of 24 were not included in the final analysis due to complete absence of the disappearance effect (n = 3) or falling asleep during the task (n = 1). Image preprocessing and statistical analysis for the remaining twenty participants were performed using SPM8 (www.fil.ion.ucl.ac.uk). A region of interest (ROI) analysis was performed using the MarsBaR ROI toolbox (Brett, Anton, Valabregue, & Poline, 2002). The first four volumes of each run were discarded to allow for T1 equilibration. For preprocessing, functional images were first spatially aligned to the mean volume for each participant, followed by slice-timing correction on volumes acquired during the main experimental blocks. Each participant’s structural image was then coregistered to the mean volume obtained during realignment and normalized with the SPM8 T1 template, resampling at 1×1×1 mm. All functional images were subsequently normalized using the resulting spatial normalization parameters and resampled at 2×2×2 mm, followed by smoothing with an isotropic three-dimensional Gaussian kernel (6 mm full-width at half maximum). 
We applied first-level analyses to the functional localizer and the experimental data using the general linear model (GLM). All trials were modeled as boxcar functions with the onset corresponding to the onset of the stimulus and a duration of two seconds, and convolved with a standard hemodynamic response function (HRF). We modeled face and house blocks separately, as well as six head movement regressors (three translation, three rotation), with a high-pass filter cutoff of 128 s to remove slow signal drifts. Two contrasts were then generated to find areas that respond more to faces than houses (e.g., FFA) and vice versa (e.g., PPA). These individual contrast images were subjected to a second-level analysis to extract bilateral mean FFA and PPA coordinates. We then extracted individual FFA and PPA peak voxel coordinates from the first-level analyses using a small volume correction with a box area around the mean peak voxel found in the second-level analyses spanning 10 mm in each direction (Table 1 and Figure 4). We took the peak voxel of activated regions found with this method as the coordinates of each participant’s FFA and PPA. For the region of interest (ROI) analysis on these stimulus-selective regions, individual (bilateral, where possible) ROIs were defined as box areas (6×6×6 mm) around these peak voxels using the MarsBaR toolbox. For each individual participant, percent signal change was extracted from these regions for a total of 14 events of interest, seven events for each stimulus categories, with MarsBaR. These events are based on both the stimulus condition (Low-blank, High-blank, High-low, Low-high) and the corresponding dominant response (1 = No, 2 = I don’t think so, 3 = I do think so, 4 = Yes): Low-blank1, High-blank1, High-low1, High-low2, High-low3, Highlow4, and Low-high4.
Results
Behavioral performance
	For the pretest, the proportion of complete disappearances in High-low trials ranged from 0% to 80% with a mean of 22.86%. Participants were excluded from the fMRI experiment if disappearance of the stimulus occurred in less than 10% of all High-low trials. One participant was excluded due to subjective disappearance on many trials of the Low-high condition (approximately 50%) and a large number of missed trials over the entire block (25%).
	In the fMRI session, participants generally indicated that they did not see the stimulus after it had completely disappeared (Low-blank: M = 1.04, SD = 0.24; High-blank: M = 1.10, SD = 0.38). In the low-high condition, the stimulus was most often perceived after the contrast change (M = 3.97, SD = 0.26). For the high-low (target) condition, responses were widely distributed over the four response options (M = 2.47, SD = 1.22). These results did not differ between stimulus conditions (Figure 5).
Neuroimaging results
	The results obtained from the ROI analyses can be found in Figure 6. Analyses focused mainly on the differences between high-blank1 (both physical and perceptual disappearance), high-low1 (perceptual disappearance only), and high-low4 (no disappearance). Because not every participant made use of all four response alternatives during the high-low condition, only a few could be included in statistical analyses over all seven events for faces (n = 13) and houses (n = 14). Therefore, we started our analysis with a model in which the events high-low1 and high-low2 were taken together as a ‘No’-response, and high-low3 and high-low4 were combined to form a ‘Yes’-response, such that all twenty participants could be included in the analyses. The resulting data can be found in Figure 7. The results from the ROI analyses were examined with two separate one-factor analyses of variance (ANOVA), one for FFA (face stimuli) and one for PPA (house stimuli), with Event Type (5 levels: Low-blank1, High-blank1, High-low12, High-low34, Low-high4) as the independent factor and percentage signal change as the dependent measure. These analyses revealed a significant effect of Event Type for FFA, F(4, 16) = 18.39, p < 0.001, ηp2 = 0.821, and for PPA, F(4, 16) = 3.24, p < 0.05, ηp2 = 0.447. Pairwise comparisons revealed a significant difference between High-blank1 and High-low12 (p < 0.05; two-sided) and a trend for a difference in activation between High-low12 and High-low34 (p < 0.10; two-sided) in FFA. These effects were not present in PPA.
	To compare true answers, we performed post-hoc t-tests on the original 7-event model for FFA with data of 13 participants who used all four response alternatives in the High-low condition. This revealed no significant differences between High-blank1 and High-low1, nor between High-low1 and High-low4.
Discussion
The main purpose of this paper was to show whether higher-order visual areas, such as FFA and PPA, process invisible stimuli. To this end, we measured brain activity in these areas using BOLD fMRI under conditions of physical and perceptual disappearance, perceptual disappearance only, and physical and perceptual visibility of a stimulus.
The original contrast decrements paradigm was shown to successfully render a physically present disk stimulus presented in the periphery invisible (May et al., 2003). Behavioral results from the current experiment showed that face and house stimuli presented on and around fixation could also be rendered invisible with the right contrast decrement level, albeit to a lesser extent. We made use of this last fact to compare between physically matched but perceptually different events (high-low1 and high-low4, respectively).
The neuroimaging results showed that subjectively invisible faces (high-low12) elicited a higher activation of the FFA compared to physically removed faces (high-blank1), but a lower activation compared to visible faces (high-low34). House stimuli did not have the same effect on PPA activity. Due to the small number of participants who made use of all four response alternatives during the high-low condition and relatively few measurements for each of these four events, the comparisons with high-low1 and high-low4 had very low power and were not significant.
The results from our first analyses imply that FFA activity is modulated by conscious awareness of a stimulus, similar to early visual areas (Hsieh and Tse, 2010), but also by physical presence of a stimulus: FFA processes visual information even before it enters consciousness awareness. This dual behavior was described earlier by Large et al. (2008) for the lower-order face-selective OFA in a study on change detection, where FFA was only associated with conscious processing.
Due to the known variability in FFA and PPA location between subjects (Saxe, Brett, & Kanwisher, 2006), we used a functional localizer to determine individual FFA and PPA locations as regions of interest. Face-selective brain regions were often easily found with this method, but it proved less powerful to find place-selective (or house-selective) areas. This might explain the relatively small signal changes we found and possibly also the lack of significant contrasts in PPA.
The behavioral measure in this experiment was a purely subjective one: Did the participant perceive the stimulus or not? According to a recent article by Hesselmann et al. (2011), a subjective measure of stimulus visibility might not give a complete assessment of a participant’s perceptual state, and an objective measure is needed to pull apart different stages of consciousness. Unfortunately, a good objective measure was not available for the current paradigm. By offering four answer alternatives, our participants were able to express doubts about stimulus visibility, allowing for a better subjective measure. However, by doing this, we ran the risk of obtaining too few measurements for some events, especially the target condition. To reduce the noise caused by this data sparseness, we decided to concatenate events.
Conclusion
The current study showed that sudden unawareness of an attended stimulus attenuates, but not eliminates, activity in FFA, a higher-order visual area selective for faces. This discovery provides new insights to the study of conscious awareness and may hopefully contribute to the long-standing debate on the dissociation of attention and awareness.
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Footnotes
1 Contrasts and contrast decrement values were calculated in accordance with May, Tsiappoutas & Flanagan (2003) using the following formulas:
Cstim	= ( ( Lumbg – Lumstim ) / ( Lumbg + Lumstim ) ) * 100
CD	= ( ( Chigh – Clow ) / Chigh ) * 100

