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“...Eyes evolved and now the cosmos could see...
...Star stuff, the ash of stellar alchemy had emerged into consciousness.”
            Carl Sagan
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Summary and general discussion
The world around us is typically filled with a massive amount of visual informa-
tion. For instance, a beach side provides us with a broad range of visual input 
such as the motion of the seawater, the shapes of people lying together on the 
beach or the color of the pebbles. The processing of these different types of 
information has been linked to distinct and functionally specialized visual areas 
in the brain. Nonetheless, this modular processing style still results in a uni-
fied visual experience of a group of people lying on a shingle beach. Therefore, 
somehow or somewhere these different types of visual information (e.g., mo-
tion, color, shape) must become integrated or  “bound together” in the brain 
(Keizer et al., 2008). 

Experiments presented in this thesis demonstrate that it might be more 
fruitful to examine “how” different levels of the cortical hierarchy interact in 
order to produce a unified conscious experience of visual information, instead 
of finding out “where” such an experience emerges. To illustrate, in chapter 
2 we showed that the initial feedforward sweep of activity is able to travel 
through the cortex reaching the highest levels of the cortical hierarchy (includ-
ing prefrontal areas) without producing conscious vision. This suggests that 
activation of prefrontal regions in itself is not sufficient for the emergence of 
a conscious visual percept. In chapters 3 & 4 we highlighted the importance 
of recurrent interactions in the construction of a visual percept. Our results 
indicate that the feedforward sweep is mainly an unconscious sensory process, 
while subsequent feedback signaling is crucial for producing a conscious visual 
experience. Moreover, in chapter 5 of this thesis we showed that interactions 
between traditionally segregated dorsal and ventral extrastriate regions play 
an important role in shaping vision. These findings demonstrate the necessity 
of information integration across cortical regions in the process of generating 
full-blown visual perception.

Disrupting processing in the visual system 
In chapter 2 we started by investigating the scope of feedforward process-
ing and the impact it has on visual perception (and behavior). We interfered 
with visual processing by masking information such that extensive process-
ing (i.e., feedback processing) of visual information was disrupted (Lamme et 
al., 2002; Fahrenfort et al., 2007). Interestingly, although visual stimuli were 
masked they were still able to reach high-level cortical regions, such as the 
prefrontal cortex. Traditionally the prefrontal cortex, the highest level of the 
cortical hierarchy, has been designated as the seat of conscious experiences 
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(for review see Van Gaal & Lamme, 2011). However, our results (chapter 2) 
and findings of others (Lau & Passingham, 2007; Van Gaal et al., 2008) seem 
to challenge this view. In chapter 2 we demonstrated that unconsciously 
perceived (masked) information could still influence prefrontal neural mecha-
nisms and higher-level cognition. In previous studies, such influences might 
have derived from strong sensory-motor links established through learning, 
making unconscious information processing a rather “dumb” process. By elim-
inating the formation of automatic stimulus-response mappings we were able 
to show that unconsciously presented stimuli can trigger prefrontal cortex-
mediated inhibitory control processes in a flexible and adaptive manner. This 
latter finding demonstrates that the fast feedforward sweep is able to activate 
the highest levels of the cortical hierarchy and influence behavior in a “smart” 
and flexible way. However, although the feedforward sweep is able to trigger 
prefrontal cortical responses, it does not seem to coincide with a conscious ex-
perience of that information (see Figure 6.1). Alongside our findings a growing 
amount of studies suggest that feedforward processing is not sufficient for the 
emergence of visual awareness (Lamme, 2003; Koivisto et al., 2011). These 
studies indicate that more extensive integration of information is necessary, in 
which recurrent interactions play a crucial role.  

Figure 6.1 Visual information reaching the highest levels of the cortical hierarchy 
does not necessarily results in a conscious experience of that information. Wide-
spread interactions between higher and lower-level cortical regions seem to be 
crucial for the emergence of a conscious visual percept (see Lamme, 2003). 
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It has been frequently proposed that successful segregation of a figure 
from its background is one of the first and crucial steps for the emergence of 
a conscious visual percept (Lamme et al., 1998; Fahrenfort et al., 2007). How-
ever, “how” and “where” figure-ground segregation arises is still much debat-
ed. Different phases of figure-ground segregation have been distinguished in 
early visual cortex, involving low-level to more sophisticated and higher-level 
mechanisms of vision. It has been well established that initially activity in early 
visual cortex is related to local feature detection (Livingstone & Hubel, 1988). 
Local feature detection is typically found to rapidly succeed stimulus presenta-
tion and emerge during the fast feedforward sweep of activity. Quickly follow-
ing this initial phase, figure boundaries are being detected. It has been widely 
agreed upon that during this second phase the detection of figure boundaries 
is mediated by feedforward signaling and horizontal connections within early 
visual cortex (Zipser et al., 1996; Lamme et al., 1999; Rossi et al., 2001; 
Marcus & Van Essen, 2002; Friedman et al., 2003). After boundary detection a 
more disputed third functional phase appears to emerge in early visual cortex, 
which seems to be mainly driven by horizontal connections and feedback from 
extrastriate regions (Lamme, 1995; Zipser et al., 1996; Lamme et al., 1998b; 
Lamme et al, 1999; Zhou et al., 2000). During this latter phase neural corre-
lates of more higher-level stages of figure-ground segregation (such as figure 
surface segregation) can be found in V1/V2, reflecting integration of informa-
tion across the visual field (Lamme et al., 1999; Zhou et al., 2000; Scholte et 
al., 2008). In Chapter 3 we causally tested the role of early visual cortex dur-
ing these different stages in figure ground segregation. We therefore recorded 
EEG signals while briefly disrupting activity in early visual cortex with TMS at 
various moments in time after stimulus presentation during a figure discrimi-
nation task. Results demonstrate that early visual cortex causally contributes 
to different (low-level and higher-level) stages of figure-ground segregation. 
More specifically, besides reestablishing the importance of V1/V2 in a rela-
tively early phase (~100-120 ms, see also Amassian et al., 1989; Sack et al., 
2009; Jacobs et al., 2012) of visual perception, we demonstrate that activity 
in early visual cortex in a relatively late time window (~240-260 ms) causally 
contributes to surface segregation. In addition, we observed that disruption 
of activity in early visual cortex in an intermediate time window (~160-180 
ms) did not affect task performance or neural signaling related to surface seg-
regation (see also Silvanto et al., 2005; Heinen et al., 2005; but see Koivisto 
et al., 2011). This latter finding is rather interesting as it indicates that the 
importance of activity in early visual cortex for visual perception varies over 
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time. This could mean that initially activity is being fed forward to higher vi-
sual regions, followed (after some time) by feedback signals arriving from 
higher-tier regions, thus creating a period “in between” feedforward signaling 
and feedback processing. Our results suggest that in this intermediate period 
activity in early visual cortex is less important for successful figure-ground 
segregation. However, this seems to somewhat contradict recently developed 
so-called predictive coding models of vision (Rao and Ballard, 1999; Friston, 
2005). In such schemes incoming bottom-up sensory information is being in-
hibited or “explained away” by top-down predictions send from higher to lower 
areas via feedback connections. The objective according to these models is 
to minimize the discrepancy between prediction and sensory input. When the 
prediction is not completely accurate a prediction error is generated and send 
from lower to higher areas via feedforward connections. These prediction er-
rors adjust predictions at a higher level so that feedback signals carrying the 
predictions back are able to neutralize prediction errors at the lower level (and 
suppress or “explain away” the activity at the lower level). In this way, there 
is a concurrent cycle of feedforward and feedback signaling in which lower and 
higher levels influence each other (Rao & Ballard, 1999). In such a model it 
appears to be crucial that sensory information in early visual cortex remains 
unperturbed until the prediction error is minimized (and sensory information is 
inhibited or explained away). From such a perspective the behavioral effect of 
disruption of activity in V1/V2 might actually become smaller as the prediction 
error decreases (and higher-level sensory predictions become more accurate) 
and more sensory information has been “explained away” (leaving less signal 
to disrupt in early visual cortex). In light of our findings it would be very inter-
esting to explicitly study the predictive coding model using TMS. 

 
The conscious experience of sensory input
In daily life accurate predictions about visual input are very important for visu-
al perception. Typically, in our environment not all objects are nicely segregat-
ed from the background. In the natural world objects are frequently occluding 
each other. However, despite partial sensory input we do not experience the 
world as a collection of fragmented surfaces or incomplete objects. To over-
come occlusion, our visual system goes beyond given physical features and 
“fills-in” absent information. In Chapter 4 we tried to determine how the dis-
crepancy between given physical input and our visual experiences arises. We 
therefore used TMS to study where and how in the brain perceptual comple-
tion emerges. Our findings suggest that feedback signaling from higher visual 
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areas (LO) to early visual cortex causally contributes to perceptual completion. 
When comparing the critical time windows of higher visual area LO and early 
visual cortex during a perceptual completion task we find that early visual 
cortex is necessary after the critical period of LO. Furthermore, our study dem-
onstrates that interruption of feedback from LO to V1/V2 disrupts the percep-
tual experience and not so much the actual physically presented information 
leading up to such an experience. This suggests that recurrent interactions 
between higher and lower levels in the visual system causally contribute to 
the emergence of a conscious perceptual experience. Moreover, because the 
perceived stimuli were not actually physically present (illusory figures) our re-
sults are a striking example of how recurrent interactions are able to integrate 
sensory information with our predictions, past experience or (invariant) rules 
of the world around us, thereby transforming sensory input into a full-blown 
conscious visual percept.
 The above-described findings allowed us to link specific neural mecha-
nisms to different steps during visual perception and ultimately to the emer-
gence of a conscious visual experience. To be more specific: we demonstrated 
that recurrent interactions between lower and higher cortical regions are criti-
cal for generating a conscious visual experience. Interestingly, Lamme and 
colleagues (1998) showed that removal of consciousness by means of an-
esthesia selectively reduced recurrent interactions in primary visual cortex, 
without affecting the feedforward sweep. Massimini and colleagues (2005) 
also demonstrated how reduced levels of awareness affect cortical information 
transmission. By combining TMS and EEG during states of wakefulness and 
sleep it became clear that the spreading of cortical activity evoked by premo-
tor TMS was much more confined within the TMS target area during sleep than 
during wakefulness. In a state of wakefulness activity was rapidly spreading 
to connected cortical regions, while during sleep activity did not propagate be-
yond the stimulated target site. Recently the combination of TMS and EEG has 
been used to evaluate the level of effective connectivity (causal interactions in 
the brain) in non-communicating patients suffering from severe brain injury. 
In this way EEG/TMS can possibly become a valuable tool in neuroscience and 
neurology by providing an objective measure of the level of consciousness in 
such patients (Rosanova et al., 2012). These studies in combination with our 
findings indicate that integration of information by means of (recurrent) in-
teractions between different cortical regions play a crucial role in generating 
(visual) awareness (see also Tononi, 2004). 

In an attempt to broaden our understanding of the cortical interactions 
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leading up to visual awareness we tried to establish where feedback to early 
visual cortex during visual perception comes from. We therefore followed (mo-
tion-defined) figure-ground segregation upstream and disrupted signaling in 
ventral and dorsal cortical regions (‘object’ area LO and motion sensitive area 
V5/HMT+, respectively). Results from two experiments revealed an interest-
ing interaction between these classically dorsal and ventral regions. Surpris-
ingly, where disruption of V5/HMT+ deteriorated processing of motion-defined 
surface segregation disruption of ventral area LO enhanced motion-defined 
figure surface processing. These findings indicate that functional interactions 
between the dorsal and ventral stream are contributing to feedback to early 
visual cortex. Interestingly, Harris and colleagues (2008) recently found a 
similar result. In their study participants had to either perform an object iden-
tification or an object orientation detection task while the right intraparietal 
sulcus/inferior parietal lobe was being disrupted by short trains of 12 HZ rTMS. 
Stimulation of parietal regions impaired orientation judgments while improving 
object identification. It seems that the configuration of dorsal/ventral interac-
tions is depending on whether the type of information processed (i.e., motion, 
texture, color) or current task demands (e.g., spatial orientation detection, 
object identification) engage either the dorsal or ventral stream (Walsh et al., 
1998; Jokisch & Jensen, 2007). Further research (combining TMS and fMRI) is 
necessary to establish more precisely how disruption of for instance ventral re-
gions affects processing in dorsal regions (Wokke et al., in preparation). None-
theless, the above-described findings point towards a model of vision in which 
the dorsal and ventral segregation is less absolute and more “pragmatic” than 
previously assumed (De Haan & Cowey, 2011). 

Concluding remarks
Our results and previous work draw a picture in which (widespread) recurrent 
cortical interactions are crucial for integration of information and the emer-
gence of visual awareness. Of course linking consciousness to specific pro-
cesses in the brain does not tell us anything about the function of conscious-
ness per se. It could very well be that becoming consciously aware of visual 
information has no additional function (Lau & Rosenthal, 2011). For example, 
in chapter 2 of this thesis we demonstrated that unconscious information is 
able to activate the entire cortical hierarchy and influence higher-level cogni-
tive functions in a flexible manner. More findings in support of this point of 
view demonstrate that behavioral performance can remain unchanged under 
different levels of awareness (Rounis et al., 2010). On the other hand, re-
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cent evidence seems to suggest that awareness is important for guiding in-
formation processing. Conscious information processing is thought to be more 
flexible than unconscious information processing, in the sense that incoming 
information can be strategically used conform task demands and prior expec-
tations, reducing the amount of computations necessary for decision making 
(De Lange et al, 2011). In line with such a perspective are theories that state 
that awareness serves a crucial role for cognition by rapidly making infor-
mation available to a broad range of higher-level processes (Dehaene et al., 
2006), thereby making consciously processed information much more robust 
and longer lasting than unconsciously processed information. 

Fortunately, a growing number of (scientific) disciplines are focusing 
on consciousness (e.g., Block, 2005; Kahneman, 2003; Laureys et al., 1999; 
Hobson, 2002; Van Berkum et al., 2008; Noë, 2009; Rosanova et al., 2012). 
The integration of knowledge across different disciplines might proof to be a 
crucial step in understanding how and why consciousness arises and to arrive 
at a more generalizable theory of consciousness. In this way we can try to 
understand neural events related to consciousness in the broader context of 
the interactions with our environment, our past experiences and our evolution.
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