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Abstract

The neural processes that give rise to visual awareness are currently the subject of much debate. One brain region in particular, the primary visual cortex (also known as striate cortex or V1), has been implicated in the neural interactions that give rise to conscious perception. This region, located in and around the calcarine fissure in the occipital lobe, was long regarded merely as a relay station for visual cortical input, with visual awareness believed to arise from the activity of highly specialized visual areas in the parietal and temporal lobes. The perceptual consequences of V1 lesions, however, reveal the indispensable role of this area in conscious perception, and this view is supported by recent neurodisruption and neuroimaging studies carried out in neurologically normal observers. Here we review findings from neuropsychology, cognitive neuroscience, and electrophysiology, and discuss what they reveal about the role of V1 in visual awareness. 
V1 and historical studies on visual perception
In the human brain, the calcarine cortex, and later the whole striate cortex was identified as the “center of vision” or “cortical retina” by Henschen (1893) on the basis of over 160 cases of blindness and hemianopia after cortical lesions. He also found that the upper visual field is represented in the lower bank of the calcarine sulcus and the lower visual field in the upper bank. Point-to-point projection of the retinal image onto the brain had been proposed by Ibn al-Haytham already around the turn of the first century, and this was confirmed by Inoye (1909), who observed a correlation between the visual field defect and the locus of lesion in the striate cortex. 

The earliest systematic investigations into the effect of posterior occipital lesions concluded that field defects were absolute (Holmes, 1918). Importantly, it was later discovered that in some cases, when assessed through forced choice paradigms, the patient is able to detect stimuli presented in the blind field, despite reporting a complete lack of visual experience. This above-chance level detection performance in the absence of visual experience is known as blindsight. The first report of this phenomenon was by Poeppel et al (1973) whose sample of cortically blind patients were able to localize visual stimuli presented in their blind field at an above chance level with eye movements. Subsequently it was shown that patients with V1 damage can localize unseen stimuli also by pointing (Weiskrantz et al, 1974).  The localization performance of the unaware stimuli, assessed through forced-choice paradigms, is more accurate by pointing than by eye movements, implying that the visual processing of targets within the blind field cannot simply be attributed to oculomotor reflex (Weiskranz et al, 1974). 
Blindsight and its implications on understanding the neural basis of visual awareness
The phenomenon of blindsight, namely the manifestation of some visual processing in the absence of V1, has been influential in shaping the current understanding of the neural basis of phenomenal awareness (e.g., Lamme, 2001; Block, 2005). That a stimulus which the subject knew was delivered, and under certain circumstances detects, is not accompanied by a phenomenal visual experience is the hallmark of blindsight that strongly implicates V1 in phenomenal conscious perception (Cowey, 2004). 
The remaining ipsilesional extrastriate cortex is belived to be critical for blindsight. Although V1 provides the vast majority of extrastriate feedforward input (see Felleman & Van Essen, 1991), its lesion does not silence the remaining visual cortex altogether; primate electrophysiology (Rodman et al, 1989) as well as neuroimaging studies in human subjects (e.g., Barbur et al, 1993; Goebel et al, 2001) have demonstrated that ipsilesional extrastriate regions do remain responsive to visual stimuli presented in the blind field. This activation is likely to arise through projections from the superior colliculus as well as from a small subpopulation of neurons in the dorsal lateral geniculate nucleus that continue to project to extrastriate cortex after a V1 lesion (Cowey & Stoerig, 1991; Cowey, 2004). Although likely to underlie the ability to localize and detect stimuli in the blind field (e.g., Barbur et al, 1993), activity in the ipsilesional extrastriate cortex cannot reach awareness; this has been taken to imply that activity in V1 is the neural correlate of phenomenal awareness, and that extrastriate activation needs to be fed back to V1 in order to be consciously perceived (Lamme, 2001; Block, 2005). 

Transcranial magnetic stimulation studies on the role of V1 in awareness
In recent years, a number of studies have used transcranial magnetic stimulation (TMS) to investigate both in blindsight patients as well as in neurologically normal observers. In TMS, electric current is used to induce a magnetic field with the objective of altering local electric fields in the brain; the magnetic field passes through the scalp and the skull of the subject inducing current that stimulates the neural tissue. The stimulation induces an electric field both inside and outside the axon (Nagarajan et al, 1993), creating a transmembrane potential, or a nerve depolarization voltage (Rudiak & Marg, 1994). This transmembrane potential can cause membrane depolarization and the initiation of an action potential, which then propagates along a nerve like any other action potential. As TMS can be used to directly activate visual areas that under visual stimulation are dependent on other cortical areas or the thalamus for activation, it allows one to disentangle the information flow that is required to distribute visual information throughout the cortex from the interactions that directly determine whether visual qualia are consciously perceived.  This is an important issue with respect to the role of V1 in visual awareness, as it allows one to dissociate any function V1 may play in visual awareness from its important role in providing feedforward input to the extrastriate cortex (cf. Felleman & Van Essen, 1991). 
As is the case with direct electrical stimulation, TMS applied over visual cortical areas can induce the perception of flashes of lights, phosphenes. These percepts are useful tool for studying the neural basis of phenomenal awareness, as they enable one to determine whether the induction of phosphenes by stimulation of one of area requires the integrity of another area. This approach was used by Cowey and Walsh (2000), who used TMS to directly stimulate the intact ipsilesional extrastriate visual areas in the blindsight subject GY. This subject suffered from almost total destruction of his left V1, resulting in complete blindness in his right visual field with the exception of some macular sparing (Barbur et al, 1993; Azzopardi & Cowey, 2001). GY was able to perceive phosphenes induced from the contralesional hemisphere, but not when intact extrastriate regions in his ipsilesional hemisphere were stimulated. In contrast, a control subject with blindness due to a subcortical trauma but with an intact V1 was able to perceive phosphenes, demonstrating that it is the lack of V1 rather than the blindness that prevented extrastriate activation from reaching visual awareness.

The importance of V1 in conscious perception of extrastriate activity was subsequently demonstrated also in neurologically normal observers. Pascual-Leone and Walsh (2001) studied the role of V1 in conscious perception of phosphenes induced from V5/MT by applying TMS over V5/MT and V1 in close temporal proximity. When TMS was applied over V5/MT at an intensity sufficient for inducing the perception of a moving phosphene, a subsequent TMS pulse (that was subthreshold for eliciting phosphenes) delivered over V1 degraded or removed the sensation of moving phosphenes. The timing of this effect indicated that the feedback from V5/MT to V1 was critical for conscious perception of the V5/MT phosphene. In a subsequent study, using the same paired-pulse paradigm, it was shown that it is the stimulation intensity over V1 rather than over V5/MT that determines whether V5/MT activation is consciously perceived (Silvanto et al, 2005). This finding is consistent with the evidence that the activation level of early visual cortex is correlated with subjects’ conscious percept rather than the physical attributes of the stimulus. Using functional magnetic resonance imaging (fMRI) Ress and Heeger (2003) found that in a contrast detection task, false alarms as well as hits were associated with higher level of activation in V1 than misses and correct rejections. That false alarms evoked more activity than correct rejections shows that the activation level of V1 reflected subjective experience rather than stimulus properties, as the physical stimulus was identical in the two instances. 

V5/MT – V1 feedback has been shown to be necessary for conscious perception of not only TMS-induced phosphenes but also of real, visually presented motion stimuli. In a study by Silvanto et al (2005b), TMS was administered over V1 or V5/MT in different time windows during performance of a motion detection task in order to trace the flow of information that gives rise to awareness (Silvanto et al, 2005). The results showed two critical periods of V1 activity, one preceding and another postdating the V5/MT critical period, suggesting that although V5/MT obtains visual information through V1 feedforward activity (reflected in the early V1 critical period predating that of V5/MT), backprojections from V5/MT to V1 remain critical for awareness of motion, as demonstrated by the presence of the late V1 critical period postdating that of V5/MT. This finding demonstrates the importance of backprojections in normal vision (Juan et al, 2004) and shows that the role of V1 extends beyond the feedforward sweep and is consistent with the view that activity in an extrastriate area selective for a particular attribute is insufficient for awareness of that attribute (cf. Zeki & Bartels, 1999). Distinct early and late peaks of V1 activity have also been found for letter detection (Corthout et al, 1999) and figure-ground segregation (Heinen et al, 2005).
Evidence from Electrophysiology
Extrastriate feedback is expressed as modulatory influence from beyond the classical receptive field of V1 neurons (Lamme & Spekreijse, 2000; Albright & Stoner, 2002).
There is indeed ample evidence that extrastriate feedback modulates the tuning of V1 neurons. The most direct evidence comes from the classic studies conducted in Jean Bullier’s lab (Hupe et al, 1998, 2001). In these experiments, inactivation of V5/MT lead to a significant decrease in responses of V1 neurons to low salience bars moving against a static background and to a reduction of suppression of a moving background (Hupe et al, 1998; 2001). These findings suggest that backprojections from higher-order areas to V1 potentiate mechanisms of both the excitatory receptive field center (Sandell & Schiller, 1982) and of the inhibitory surround (Bullier, 2001). However, this feedback modulation was reduced when the salience of the moving bars was increased (Hupe et al, 1998), implying that the importance of this feedback on the neural firing in V1 is restricted to specific stimulus conditions. In other words,  the finding that extrastriate feedback modulates V1 activity only for low contrast stimuli implies that this modulation cannot be critical for all phenomenal awareness. Furthermore, this feedback modulation was observed in anesthetized animals, pointing to a general principle of cortical information processing rather than to a critical feature of visual awareness in particular. 

There is also evidence of a dissociation between an early and late period of activity in V1, with the latter, presumably in response to feedback from extrastriate cortex, being critical for visual perception. Single-unit work has shown that in response to a textured figure overlying a textured background, at 50 ms after stimulus presentation V1 neurons show selectivity for the local orientation of the line segments that make up the figure. At 80 ms the figure ground boundary selectively evokes a larger response than the rest of the scene, and at 100 ms the elements of the interior of the figure evoke a stronger response than the background elements (Lamme, 1995; Lamme et al, 1996; Zipser et al, 1996). Importantly, it is this late stage of V1 activity that correlates with the monkey’s perceptual report (Super et al, 1999), supporting the view that V1 activity in response to extrastriate feedback determines the content of visual awareness. What is not clear, however, whether this finding extends to all types of visual experience; figure-ground segregation is a computationally demanding task and it is possible that in such circumstances the importance of extrastriate feedback is amplified. This is an important issue as a V1 lesion abolishes phenomenal awareness of not only complex visual stimuli but also of low-level visual qualia. 
In summary, there is plenty of evidence that feedback connections do modulate the responses of V1, and that they are important for accurate encoding of complex visual stimuli. However, this modulation only seems to play a major role for low-contrast, complex visual stimuli. For example, for high contrast stimuli the importance of extrastriate-V1 feedback is diminished (cf. Hupe et al, 1998), yet after a V1 lesion all phenomenal vision is lost.  Single-cell studies are yet to provide an answer to the question of why a V1 lesion abolishes all phenomenal awareness. 

Why is V1 necessary for awareness?
The evidence from neuropsychology, cognitive neuroscience and electrophysiology described above has been taken to imply that activity in V1 is the neural correlate of phenomenal awareness, and that extrastriate activation needs to be fed back to V1 in order to be consciously perceived. Why is this feedback modulation critical for visual awareness? One influential account (Lamme, 2000) proposes a qualitative difference between feedforward and feedback activation in the visual cortex. In this view, unconscious visuo-motor transformations, (as in blindsight), may be executed in an entirely feedforward processing cycle, while visual awareness is critically dependent on feedback connections to the primary visual cortex. This theory however is more of a description of the experimental evidence rather than a neural explanation of visual awareness. It is still unclear why feedback activity in particular (rather than feedforward activity) should be critical for visual awareness.  
Is V1 necessary under all cirumstances?
Very recent evidence indicates that after a unilateral V1 lesion, the intact hemisphere can enable conscious perception in the blind field. As was discussed above, TMS applied unilaterally over intact extrastriate regions within the damaged hemisphere fails to induce phosphenes in the blindsight subject GY (Cowey & Walsh, 2000). However, when TMS is applied over the extrastriate area V5/MT in both the damaged and intact hemisphere in close temporal proximity, GY perceives two separate phosphenes, one in the good hemifield and the other in the blind hemifield, symmetrical in shape and location (Silvanto et al, 2007). The induction of phosphenes in GY’s blind field is likely to result from the stimulation of his ipsilesional V5/MT through callosal connections, increasing and/or modulating the activation level of neurons in V5/MT of the normal hemisphere that have a representation of part of the ipsilateral visual field. The finding that the induction of blind field percepts in GY required bilateral application of TMS is a further demonstration of the inability of GY’s ipsilesional hemisphere to support conscious visual perception and thus reinforces the view that V1 is indispensable for phenomenal vision. The main implication of this finding, however, is that a retinotopic representation of the visual field in V1 is not necessary for phenomenal awareness. Even if the contralesional V1 in GY did contribute to the blind field percept, it could not have acted as a “read-out” map for the blind field percept, as V1 does not contain a retinotopic representation of the ipsilateral visual field.  
The neural basis of GY’s blind field phosphenes is unclear, and combining TMS with neuroimaging techniques such as EEG and fMRI is required to resolve the issue. It needs to be noted however that, as GY sustained his lesion at the age of eight, it is possible that significant reorganization has taken place in his cortex, rendering this finding not directly applicable to the question of how visual awareness arises in the normal brain. 
Extrastriate implications of a V1 lesion
The phenomenon of blindsight seems to demonstrate that even though extrastriate regions in the damaged hemisphere can be strongly activated, this activation cannot be consciously perceived in the absence of V1. This view is supported by imaging studies that have shown activation in ipsilesional extrastriate areas V5/MT and V4 in response to stimuli presented in the blind field of blindsight subjects (Barbur et al, 1993; Goebel et al, 2001). Furthermore, direct stimulation of the ipsilesional extrastriate cortex using TMS in GY does not induce phosphenes in the blind field when the stimulation is restricted to the damaged hemisphere (Cowey & Walsh, 2000).
However, this view does not take into account the consequences of the V1 lesion on the extrastriate visual cortex. The greatest normal afferent input to extrastriate cortex is from V1 of the same hemisphere (Maunsell & Van Essen, 1983), and the loss of this input must greatly affect the functioning of these regions. This has been shown in single-cell studies. When single moving bars were presented in the presumed field defect resulting from removal of striate cortex, the number of direction-selective neuron was low and their responses were sluggish (Rodman et al, 1989). Furthermore, when random dots moving globally were presented into the field defect, there was no evidence of direction selectivity in V5/MT when the stimulus is restricted into the field defect (Azzopardi et al, 2003). In short, while ipsilesional V5/MT is activated by visual stimuli presented in the field defect, the visually evoked responses are severely impaired. It is therefore possible that V5/MT activation (either by visual stimulation or TMS) in blindsight subjects does not give rise phenomenal vision because this region is not in the appropriate condition to be properly activated. It is logically possible that blindsight arises because phenomenal vision is computationally more demanding than unconscious visual detection, with the former still possible with a damaged V5/MT. This possibility has so far not been investigated.
Future directions
Whether the importance of extrastriate – V1 feedback activity extends beyond motion perception is not known. All the evidence so far has come from studies that have looked at the information exchange between V5/MT and V1 in motion perception, and in order to determine whether these findings reflect a general process in which visual information reaches awareness, the cortico-cortical interactions between V1 and other extrastriate areas, particularly within the ventral stream, need to be examined. This can be studied by investigating the role of V1 in conscious perception of phosphenes induced from various extrastriate areas (Cf. Pascual-Leone & Walsh, 2001), as well as and in relation to conscious perception of visually presented shapes and colour. Furthermore, real vision often requires binding of attributes such as colour and motion, and future experiments should investigate how feedback connections from various extrastriate areas into V1 interact in such circumstances. 

A more fundamental issue involves whether awareness of basic qualia requires extrastriate-striate backprojections specifically, or whether recurrent activity between any two visual areas is sufficient. Turning visual input into a conscious percept seems to require V1, as is implied by the fact that GY does not experience qualia when stimuli are presented to him visually. However, the finding that GY can perceive phosphenes with bilateral application of TMS implies that V1 may not be necessary for phenomenal vision under all circumstances.  Further studies are needed to determine the precise role of the contralesional extrastriate cortex in generating blind field phosphenes in GY. It will also be important to determine whether subjects with bilateral V1 damage can perceive phosphenes.  
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