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Introduction
Visual perception seems to quickly and effortlessly provide us with information 
about our environment. For instance, surviving a bicycle ride through Amster-
dam, enjoying perfectly shot scenes from a Kubric film or hitting a winner fore-
hand while playing tennis all depend on “having our eyes open and see”. From 
a plain man’s perspective, mechanisms underlying visual perception might ap-
pear very straightforward (open eyes      see) and seem to provide us with an 
exact copy of the external world. However, for over hundreds of years scholars 
are trying to unravel this highly complicated and constructive process. 

One of the first ideas about visual perception involved rays of light 
emitting the eyes, bumping into the world around us to detect objects (“extra-
mission theory”, see Gross, 1999). In the 17th century this idea was put to rest 
by the work of Kepler, proposing that the lens re-focuses intromitted light onto 
the retina (see Lindberg, 1987). Surprisingly, the old belief of extramission still 
persists today as Gregg and colleagues demonstrated in 2001 (Gregg et al., 
2001). In this study participants had to choose the correct depiction of how vi-
sion operates from various graphical and/or textual descriptions. Results show 
that extramission beliefs were even found among U.S. college students who 
just finished an introductory psychology course, which included sensory and 
visual processing (Winer et al., 2002). 

In the second part of the 19th century Hermann von Helmholtz further 
modernized vision science. It was Helmholtz who introduced the important 
concept of ‘unconscious inference’ in vision science (see Turner, 1977). Uncon-
scious inference means that our visual system infers the most probable cause 
from noisy and incomplete data provided by our sensory apparatus. This latter 
theory of vision makes visual perception far more complex than “just opening 
our eyes and see” and transforms vision from passively receiving visual input

Figure 1.1. Inference in vision: Noisy visual information makes some find salva-
tion in a burned fish finger. A long encounter of this fish snack with a hot pan 
resulted in the appearance of the face of Jesus (visible with some good faith).  
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into actively constructing perception, making use of past experiences and the 
regularities of the world we live in (e.g., figure 1.1).

Around the same time, part of the neuroanatomical organization of the 
visual system became more evident through the study of patients with rela-
tively focal cortical lesions. As a consequence of damage to specific regions 
in the brain highly selective visual impairments were observed. For instance, 
patients suffered from the selective inability to perceive color, motion or faces 
due to distinct lesion in the brain. These findings eventually led to the idea 
of a modular organization of the visual system in which highly specialized 
regions process different aspects of a visual scene (such as color, motion or 
shape information). To date, more than 40 distinct region in the visual system 
have been identified, making the cortical organization of the visual system at 
first glance a bit “Mondrianesk” (see figure 1.2a). In an attempt to deepen 
our understanding of this fragmented structure, the visual system has been 
broadly divided into two functionally and anatomically separate processing 
streams (Ungeleider and Mishkin, 1983; Milner and Goodale, 1992). The ven-
trally spreading “what” or “vision for perception” pathway specializes in object

recognition while the dorsal stream mainly processes visuospatial informa-
tion, such as motion, distance and location (the “where” or “vision for action” 

Figure 1.2a. Map of visual areas in the cortex according to Felleman & Van Essen (Fel-
leman & Van Essen, 1991), used with permission. Figure 1.2b. Both dorsal and ven-
tral stream originate from the primary visual cortex (V1). The ventral stream travels 
to the temporal lobe and is highly associated with object identification (the “what” or 
“vision for perception” route). In contrast, the dorsal stream spreading to the parietal 
lobe mainly processes spatial information (the “where” or “vision for action” stream). 

a b
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pathway, see figure 1.2b).
Increasing knowledge about the structure (and modular nature) of the 

visual system started to raise an important and difficult question: How do we 
end up with one unified visual experience of the world around us when the 
organization of the visual system is modular and segregated in “where” and 
“what” routes? For instance, when we see a woman in a blue dress eating a 
pain au chocolat in a coffee corner we do not experience the color blue, the 
shape of the woman, the downward motion of her head when searching for a 
fallen piece of chocolate as being separate and isolated fragments of informa-
tion. Instead all information seems to become integrated or “bound” together 
to create the experience of a unified percept. In order to integrate and bind all 
these different types of visual information (e.g., color, motion, shape), an effi-
cient form of communication between different (visual) cortical regions seems 
crucial. 

Visual perception and hierarchical processing 
An issue that further complicates our understanding of the operation of the 
visual cortex is that not all visual areas receive the information directly from 
the eyes, but only after it has been processed by other areas: the visual areas 
form a hierarchy. In such a scheme the primary visual cortex (V1) is critically 
positioned as the first region where visual information enters the cortex (only 
~10 % of the projections from the eye surpass the primary visual cortex, see 
Cowey & Stoerig, 1991). The processing of visual information has traditionally 
been considered as a strictly hierarchical mechanism (flowing from low-level 
to higher-level areas). It has been well established that neurons in low visual 
regions, i.e. the early visual cortex  (V1/V2), are well equipped for process-
ing elementary features of a scene (Hubel and Wiesel 1968; Friedman et al. 
2003). In higher visual regions receptive fields -the region of the visual field 
that is able to stimulate a neuron- increase in size and their characteristics 
become more complex (Maunsell and Newsome 1987), creating potentiality 
for the initially distributed information to become integrated. In the temporal 
domain it has been demonstrated that visual information reaches the primary 
visual cortex within ~40 ms after stimulus onset. From here on information 
is being rapidly fed forward, activating even the highest levels of the cortex 
within ~120 ms (Lamme & Roelfsema, 2000). It is remarkable that within 
this short period - dominated by feedforward connections - activation can 
already be found reflecting tuning properties of neurons in for instance face 
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or house selective regions (Fahrenfort, 2009). The feedforward sweep is thus 
able to rapidly activate neurons tuned for the type of information that is be-
ing presented. Further, the fast feedforward sweep of activity is already able 
to trigger relevant response activation in the motor cortex (Dehaene 1998). 
Although object category information and even relevant motor activity can 
already be found during the initial flow of activity, this first fast sweep of in-
formation processing does not seem to mark the end of the visual process (as 
some have claimed previously [Tovée, 1994; Oram & Perrett, 1992]).

Recently, a growing number of studies dismiss this strict hierarchal 
feedforward model of vision by showing that early visual cortex is not only ac-
tive in the first stages of vision, but also contributes to more integrated and 
sophisticated stages of visual processing (Lamme, 1995; Zhou, et al., 2000; 
Juan & Walsh, 2003; Scholte, 2003; Ro et al., 2003; Fahrenfort et al., 2007; 
Koivisto et al., 2011). These findings suggest that the visual process follows an 
inverse hierarchal path after an initial hierarchical feedforward phase (Lamme, 
2003; Ahissar & Hochstein, 2004).  

After the feedforward sweep has activated visual areas, horizontal 
connections within cortical regions and feedback connections between areas 
start to provide neurons with information beyond their classical receptive field 
(Lamme et al., 1999). Activity in this later period seems to be more and more 
related to the visual percept that we eventually experience, in contrast to sole-
ly reflecting physically presented features (Supèr et al., 2001). Vision seems 
to start out as a purely sensory process during the initial feedforward sweep, 
after which more and more cognitive properties appear to be reflected in neu-
ral signaling. It has been suggested that during this latter phase horizontal 
integration and feedback interactions could lead to a reverberating “ignition” 
of widespread activity, eventually resulting in a full-blown conscious visual 
percept (Dehaene et al., 2006). Differences between the initial fast feedfor-
ward sweep and later stages when feedback signals and horizontal integra-
tion become more dominant have typically been associated with transient, 
pre-attentive, unconscious vision vs. sustained, attentive and conscious vision 
(Roelfsema et al., 1998; Lamme & Roelfsema, 2000; Dehane et al., 2001; 
Lamme, 2003), illustrating that a large part of the visual process occurs be-
yond the initial feedforward sweep of activity. 

Disentangling feedforward and feedback processes
To study the scope of the initial feedforward sweep and the role of feedback 
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signaling during visual perception one ideally would want to disentangle these 
two processes by for instance disrupting the feedforward sweep or by selec-
tively interfering with feedback signaling. Fortunately, such methods exist. In 
backward masking, processing of a target stimulus is disrupted and rendered 
less perceptible or even invisible through the presentation of a second stimu-
lus, a mask (Breitmeyer & Ogmen, 2000; Lamme et al., 2002; Fahrenfort et 
al., 2007; Supèr et al., 2010). Crucially, backward masking seems to expose 
a temporal nonlinearity of visual perception by demonstrating that the pre-
sentation of a second stimulus can influence processing of the first presented 
stimulus (Lamme et al., 2002). Backward masking effects have recently been 
explained by selectively disrupting feedback signals related to the first pre-
sented target stimulus, while leaving the feedforward sweep of this stimulus 
largely intact (Enns & Di Lollo, 2000; Lamme et al., 2002; Fahrenfort et al., 
2007), although this is still highly debated (Breitmeyer & Ogmen, 2000; Supèr 
et al., 2010). 

Lately, a growing amount of studies make use of Transcranial Magnetic 
Stimulation (TMS) to study the neural dynamics underlying visual perception. 
TMS is a technique that induces an electric field in the brain, thereby modulat-
ing cortical processing by depolarizing neurons of the targeted region (Rossi 
et al., 2009; Wagner et al., 2009). TMS can thus be used as a tool to interfere 
with processing in a certain cortical region or network by briefly inducing a 
so-called “reversible virtual lesion” (Boyer et al., 2006; Lamme, 2006; Cowey 
& Walsh, 2001; Harris et al., 2008). Especially in the past decade TMS has 
proven to be a fruitful tool to explore the causal significance of cortical ar-
eas participating in neural networks at various moments in time (Sack et al., 
2009; Bolognini & Ro, 2010). In this thesis we will use both TMS and backward 
masking to uncover the contributions of feedforward vs. feedback signals dur-
ing visual perception.

Outline of this thesis
In Chapter 2 we investigated what the scope and impact of the feedforward 
sweep is on visual perception and behavior. We therefore interfered with visual 
processing by backward masking information such that this information was 
no longer consciously perceived. Backward masking is thought to block ex-
tensive processing of information and interrupt feedback signals flowing from 
higher to lower visual areas, thereby removing visual awareness of a target 
stimulus (Lamme et al., 2002; Van Gaal et al., 2008; Faherfort et al., 2007). 
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In this study we used masked priming to find out how “smart” the feedforward 
sweep is. As described above, this initial sweep of activity is able to trigger 
relevant response activation in motor cortex (Deheane et al., 1998). In addi-
tion, previous work demonstrated that unconscious information was even able 
to trigger cognitive demanding and traditional conscious processes, such as 
task selection or response inhibition (Lau & Passingham, 2007; Van Gaal et al., 
2008). However, it has been suggested that these results are merely based on 
rigid and automatic stimulus-response mappings, making this process rather 
“dumb”. In chapter 2 we show that, while disrupting feedback processing, 
visual information is still able to influence “smart” high-level behavior and 
prefrontal brain mechanisms in a flexible and adaptive manner. Further, these 
results show that although visual information is able to reach the highest level 
of the cortical hierarchy (prefrontal cortex) this does not necessarily coincides 
with a conscious experience of that information.
 The above-described findings demonstrate that the fast feedforward 
sweep of activity is capable of penetrating the cortical hierarchy up to its high-
est levels  and able to influence high-level behavior. A logical next step would 
be to find out what the limits of the feedforward sweep are and what part 
feedback processing plays during the build up of a (conscious) visual percept. 
In order to study the role of feedforward and feedback signaling we combined 
TMS and electroencephalographic recordings (EEG) during figure-ground seg-
regation (Chapter 3). Figure-ground segregation is one of the first and most 
crucial steps in visual perception and describes the ability to distinguish a 
figure from its background. During figure-ground segregation certain regions 
of a scene are being denoted as figure while others are being perceived as 
background, making use of different cues (e.g., luminance, color, motion or 
texture, see figure 1.3). In chapter 3 we investigated the role of feedforward 
and feedback signaling making use of motion-defined figures. In the proces of 
figure-ground segregation different stages of different complexity can be dis-
tinguished: An early (low-level) stage in which figure borders are detected and 
a later (higher-level) stage when surface segregation (and border ownership 
coding) emerges. To date, the discussion about the role of early visual cortex 
during surface segregation has not been settled. In this chapter we employed 
TMS and EEG to causally test when early visual cortex contributes to differ-
ent stages during figure-ground segregation. We conclude that areas V1/V2 
are not only essential in the early stage of figure-ground segregation (figure 
boundary detection), but additionally play a crucial role in processing feedback 
signals contributing to surface segregation.
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The above-described findings demonstrate that feedback interactions 
might be necessary for full-blown visual perception, eventually resulting in a 
conscious experience of a visual percept. To test this we made use of TMS to 
find out if feedback signals play a crucial role in transforming sensory informa-
tion into a perceptual (conscious) experience. In order to dissociate percep-
tual experience from the physically presented stimulus features we studied 
the process of perceptual completion. Typically, when we look around us we 
immediately notice that the world is filled with occluded objects of which we 
receive limited sensory information. However, we do not experience the world 
as being made up of fragmented objects or fractioned surfaces. Our visual 
system seems to overcome missing information and is able to complete this 
fragmented sensory input. In Chapter 4 of this thesis we investigated the 
necessity of feedback interactions (by using TMS) between early visual cortex 
(V1/V2) and higher-level area LO (lateral occipital area) during the process of 
perceptual completion.

 

In Chapter 5 we used a combination of (r)TMS and EEG to find out where 
feedback processing to early visual cortex during figure-ground segregation 
originates. In this chapter we followed figure-ground segregation into the dor-

Figure 1.3. Figure-ground segregation: A square is made visible because the central 
region of the scene is made up of line elements with an orientation orthogonal to that of 
the rest. The central region is being denoted as figure, whereas the surrounding region is 
being seen as background. Note that the classical receptive field of a neuron in V1 only cov-
ers a region of the visual field approximately the size of the region within the black circle. 



Chapter 1

18

sal and ventral stream (see figure 1.2b), again making use of motion-defined 
figures. In two experiments we explored how and when motion sensitive dor-
sal area V5/HMT+ and the object selective ventral lateral occipital (LO) region 
contribute to visual perception (figure-ground segregation). Surprisingly, we 
did not find typically segregated “dorsal” (i.e., motion information) or “ventral” 
(i.e., object information) contributions during the build-up of a visual percept. 
Instead, our results suggest a “push-pull” interaction between dorsal and ven-
tral extrastriate regions (see also Walsh et al., 1998; Jokisch & Jensen, 2007; 
Harris et al., 2008b). These findings support recent developed models that 
advocate a less strict and rather flexible functional segregation of the dorsal 
and ventral stream (De Haan & Cowey, 2011; Schenk, 2012). 

Finally, in the last chapter (Chapter 6) findings are summarized and 
discussed.
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