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1. Introduction

Common sense suggests that our choices are primarily influenced by consciously
perceived information, which can be used to cautiously weight available alternatives
and to select the appropriate action. However, a closer inspection of our day-to-day
behavior suggests otherwise. To illustrate, imagine yourself driving home after a
long day of work. Today, you have been extremely busy and, although you are not
finished yet, you decided to head home anyway. While driving home, instead of
focusing on the road ahead, you are reflecting about what happened that day at work
and the work you have to catch-up on during the weekend. Suddenly, you arrive at
your destination.

How can it be that you drove all the way home without having any memory of
the events along the way? Crucially, your eyes must have been open all the time and
you must have processed large amounts of information, and taken a large number of
actions, to get home safely. However, very little of this information has reached your
conscious awareness. Notwithstanding, you have produced rather complex and
intelligent behavior, including shifting gears, monitoring other cars, adjusting your
speed and steering, listening to the radio, and so forth. You did it all seemingly
unconsciously, on automatic pilot; just as a plane can fly on automatic pilot (without
being conscious).

This example illustrates that (at least part of) our everyday behavior unfolds
entirely automatically and unconsciously, without requiring any conscious or
voluntary control. In fact, this might not be as strange as it sounds since there seem
to be many creatures capable of performing rather complex behaviors, probably
without having a single conscious experience (e.g. bees, ants). All this suggests that
there is a distinction between absorbing and acting on visual information, versus
consciously seeing. However, accepting this idea has consequences. It immediately
brings to mind the question whether all cognitive and neural operations can be
initiated unconsciously or whether this might only be the case for highly trained and
over-learned behaviors (e.g. driving a car). Maybe other cognitive operations, even
more intelligent and complex ones, require consciousness? Or might these also
unfold completely unconsciously?

In this thesis, I will explore the human ability to control behavior
unconsciously and the extent and depth to which unconscious information is
processed in the human brain; hotly debated issues in the field of Cognitive
Neuroscience. Before outlining how, I will first give a brief overview of what is

already known about this topic.



On the unconscious influences of our behavior

In the last decades, experimenters have revealed many intriguing observations of the
influence of unconscious information on behavior, for example by studying brain-
lesioned patients. When people suffer from a lesion in primary visual cortex, they
lose their ability to detect visual stimuli presented in the hemifield contralaterally to
their lesion. Notwithstanding the lack of conscious experience, some of these
patients are still able to categorize or respond to stimuli presented in the blind part
of their visual field when asked for a forced-choice response, a phenomenon termed
“blindsight”. Blindsight patients have for example been shown to be able to follow
the path of a moving stimulus, verbally classify color stimuli, accurately point to
objects, recognize facial expressions and even circumvent collision to various
obstacles and barriers in their “blind” hemifield (de Gelder & Rouw, 2001; de Gelder
et al,, 2008; Lamme, 2001; Stoerig & Cowey, 1997; Weiskrantz, 1996). It is important
to note that the patients themselves often claim to have no conscious awareness at
all of any of these features, which reveals that a substantial amount of perceptual
processing can occur in absence of consciousness, yet influence behavior.

The operation of unconscious perception/cognition has not only been studied
in patients, but even more so in healthy participants. In order to do this,
experimenters have designed many experimental protocols in which the perception
of a stimulus is carefully manipulated. In a laboratory setting, masking is the most
common and productive method of choice (Breitmeyer, 1984). In typical backward
masking experiments (see Figure 1.1a), participants have to quickly respond to a
target (e.g. a large arrow contour) that is rapidly preceded (< 100 ms) by another
stimulus (e.g. a small arrow), the so-called prime. Because the prime is presented
very briefly (e.g. 14 ms) and fits within the contour of the target (the “mask”), its
visibility is strongly reduced (e.g. Kunde, 2003; Vorberg, Mattler, Heinecke, Schmidt,
& Schwarzbach, 2003). Under specific conditions the prime can even be impossible
to see. Importantly, the same briefly presented stimulus is perfectly visible when
presented in isolation. Thus, stimuli that enter the visual system later in time can
have large effects on the awareness of earlier presented stimuli. Interestingly, even
when masked stimuli are not perceived consciously, they can still influence
perceptual and behavioral processes, as evidenced by faster response times and
fewer errors when the prime and the target are pointing into the same direction
(congruent trials) than when they are pointing into different directions (incongruent
trials). Apparently, the direction of an arrow can activate a corresponding response
tendency in the absence of conscious awareness of the arrow itself. With this in

mind, if we go back to the driving-example, it suddenly becomes clear that we might



indeed be able to navigate home by processing information unconsciously on many

occasions (e.g. to “decide” to go left or right at a crossroads).
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Figure 1.1 The masking paradigm

a) A typical sequence of events in a backward masking experiment. Participants have to quickly respond to a
target (the large arrow) that is rapidly preceded (< 100 ms) by another stimulus (the small arrow), the so-
called prime. The prime can either be congruent (pointing into the same direction) or incongruent to the
target (pointing into the other direction). The prime is not visible when it is presented very briefly (e.g. 14
ms), because the target also functions as the metacontrast mask. b) A typical sequence of events in a pattern
masking experiment. Subjects have to classify the target as a number larger or smaller than 5. The prime can
be congruent (prime and target both falling on the same side of 5), and incongruent (prime and target are

not falling on the same side of 5). The prime is not visible when it is presented very briefly (e.g. 33 ms).

More complex unconscious information processing

Recently, evidence for more complex unconscious information processing has been
obtained, for example by using slightly more abstract stimuli, such as words or
numbers. For instance, in the task depicted in Figure 1.1b, participants have to
respond to target-numbers (the number 9) larger than five with their right hand, and
to target-numbers smaller than five with their left hand. Before each target a prime-
number is presented (the word “three”). Because the prime-number is presented
briefly and sandwiched between random letter strings it cannot be perceived
consciously; a phenomenon called pattern masking (Enns & Di Lollo, 2000). Again,
participants are faster and produce fewer errors to congruent than to incongruent
trials, which indicates that, also at a slightly more abstract level, unconscious
information is able to influence our behavior (Dehaene et al., 1998).

The last couple of years, a plethora of even more astounding effects of
unconscious stimuli on behavior, perception and cognition are revealed. To name a
few, unconscious information has been shown to influence motivation (Pessiglione et
al, 2007), the value of rewards (Pessiglione et al., 2008), emotional face/word

processing (Naccache et al., 2005; Whalen et al., 1998), object recognition (Stoerig &



Cowey, 1997), semantic processing (Dehaene et al, 2001) and online action
execution (Binsted, Brownell, Vorontsova, Heath, & Saucier, 2007). Furthermore,
people are able to classify masked letters as consonants or vowels (Kiesel, Kunde, &
Hoffmann, 2007b), masked words as representing small or large objects (Kiesel,
Kunde, Pohl, & Hoffmann, 2006) or even analyze chess configurations unconsciously
(Kiesel, Kunde, Pohl, Berner, & Hoffmann, 2009). These recent and thought-
provoking results have furthers stressed the possible contribution of unconscious
processes in shaping our everyday, but rather complex behavior. Given the extensive
number of studies indicating that unconscious stimuli can affect high levels of
cognitive processing one might wonder whether there are any limits to the scope

and depth of unconscious information processing.

Are there any limits to unconscious cognition?

Although the evidence for unconscious influences on actions and decision-making is
rapidly accumulating, much controversy surrounds the actual complexity and depth
of unconscious information processing. Overall, the general assumption is that
unconscious information can influence several highly automatic, “low-level”
cognitive processes (e.g. reading, motor preparation), but that there are some more
complex, “high-level” cognitive processes that are (intuitively) so strongly associated
with conscious awareness that it seems impossible that these could also be triggered
unconsciously. In this respect, perhaps the most hotly debated case is the existence
of unconscious cognitive control (Dehaene et al.,, 2003; Eimer & Schlaghecken, 2003;
Jack & Shallice, 2001; Kiesel, Kunde, & Hoffmann, 2007a; Lau & Passingham, 2007;
Mayr, 2004; Umilta, 1988; van Gaal, Ridderinkhof, Fahrenfort, Scholte, & Lamme,
2008). Cognitive control is an umbrella term that refers to all cognitive processes
that regulate and monitor ongoing actions to optimize goal-directed behavior,
especially in novel, changing and non-routine situations (Miller, 2000; Ridderinkhof,
Ullsperger, Crone, & Nieuwenhuis, 2004). To illustrate, cognitive control seems
necessary to plan series of events, to flexibly change plans and actions, to detect and
learn from errors, to overcome/monitor response conflict, to select relevant sensory
information and to inhibit inappropriate actions.

Empirically, the relationship between consciousness and cognitive control is
nicely illustrated by an experiment of Merikle, Joordens and Stolz (1995). In their
experiment, prime-words were presented either very briefly (e.g. 43 ms) or slightly
longer (214 ms) and were preceded and followed by letter strings, which functioned
as masks. Immediately after the second mask, a three-letter word-stem was

presented. Participants were instructed to complete the word-stem with any word
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that came to mind, except the prime-word that was just presented. Interestingly,
participants were perfectly able to exclude prime-words that were presented for a
long duration, whereas they still used prime-words that were presented briefly on
many occasions. This suggests that visual information activates several cognitive
processes automatically and unconsciously, which can only be inhibited when
information is perceived consciously. Nicely summarized by Dehaene (2008), it
seems that “the ability to inhibit an automatic stream of processes and to deploy a
novel strategy depends crucially on the conscious availability of information.”

Another suggested limit of unconscious information processing is its apparent
short-lived nature (Dehaene & Naccache, 2001). Masked priming studies showed
that the effects of unconscious stimuli on behavior (and brain activity) are of a
fleeting form since behavioral priming effects are generally absent when the interval
between the masked prime and the target is longer than ~500 ms (Dupoux, de
Gardelle, & Kouider, 2008; Greenwald, Draine, & Abrams, 1996; Mattler, 2005).
These results imply that bridging information across time cannot occur if subjects
are not aware of the stimulus (Dehaene & Naccache, 2001). On the other hand,
conscious information can be held active for a long time, stored in working memory
and used strategically to control behavior.

This phenomenon was nicely illustrated by Kunde (2003) using the task
depicted in figure 1.1a. He showed that the conscious experience of response conflict
on the previous trial influences control mechanisms on the current trial. More
specifically, the correspondence effect (mean RT congruent trials - mean RT
incongruent trials) on the current trial was smaller when trials were preceded by an
incongruent trial compared to a congruent trial. These results are generally
interpreted by assuming that, following the detection of conflict, PFC-mediated
control processes increase future performance by increasing top-down control over
sensory processes (Botvinick, Braver, Barch, Carter, & Cohen, 2001; Egner & Hirsch,
2005; Kerns et al., 2004). However, the occurrence of specific stimulus/response
repetitions might also explain some of the variance in conflict tasks (Hommel,
Proctor, & Vu, 2004; Mayr, Awh, & Laurey, 2003; Nieuwenhuis et al., 2006). Crucially,
in Kunde’s experiment, regulatory control was absent when conflict-inducing stimuli
were experienced unconsciously. Along similar lines, some authors have observed
that “unconscious errors” do not trigger post-error control adaptations (post-error
slowing in the trial following the error) whereas “conscious errors” do (e.g.
Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, 2001). In combination, this suggests
that conscious information can be used strategically to plan, guide and control future

behaviors, whereas unconscious information cannot. These (and other) results have
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led several authors to conclude (implicitly or more explicitly) that, although many
aspects of our behavior can be triggered unconsciously, some cognitive control
operations are in the exclusive domain of consciousness (Dehaene & Naccache, 2001;
Eimer & Schlaghecken, 2003; Hommel, 2007; Libet, 1999; Pisella et al., 2000; Shiffrin
& Schneider, 1977).

Brain mechanisms underlying conscious and wunconscious information
processing

The question which cognitive processes can operate outside of conscious awareness
and which cannot, naturally relates to the way conscious and unconscious stimuli are
processed in the human brain. In 2001, Dehaene and colleagues showed that
unconscious (masked) words are still processed in extra-striate visual cortex and a
region in the posterior fusiform gyrus corresponding to the visual word form area.
These results provided evidence for the processing of unconscious stimuli in
relatively high-level cortical brain areas (see also Dehaene et al., 1998). Crucially, in
this study, they also observed that the neural activations evoked by unconscious
words were radically reduced compared to the neural activations induced by
conscious words. Whereas conscious words evoked large-scale frontoparietal
activations, unconscious words did not, and activated only local and specialized
neural processors (see also Dehaene et al, 2003). Interestingly, the strength of
unconscious activations was observed to decay with increasing depth, highlighting
the fleeting nature of unconscious information; this time in the brain.

Recently, researchers from many different labs have obtained similar results
by using various paradigms (e.g. attentional blink, dichoptic fusion, attentional
blindness) and neuroscientific methods (e.g. fMRI, electroencephalographic
recordings (EEG), positron emission tomography (PET)) (Gross et al., 2004; Kouider,
Dehaene, Jobert, & Le Bihan, 2007; Melloni et al., 2007; Moutoussis & Zeki, 2002;
Rees, Kreiman, & Koch, 2002; Sergent, Baillet, & Dehaene, 2005; Tononi, Srinivasan,
Russell, & Edelman, 1998). Based on these findings (amongst others), it has been
argued that the prefrontal cortex (PFC) might play a “special role” in generating
conscious experience and that unconscious stimuli cannot activate prefrontal
cortices (e.g. Crick & Koch, 2003; Dehaene et al., 2003; Dehaene & Naccache, 2001;
Rees et al.,, 2002). If unconscious information cannot active the PFC and it also
“disappears” rapidly, it seems reasonable to assume that cognitive control functions
(which rely on the PFC), cannot operate unconsciously.

In this thesis I put this long-held assumption to a direct test. In doing so, I

mainly focused on a special case of cognitive control, namely inhibitory control. This
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is a rather extreme PFC-mediated form of cognitive control (Aron, 2007; Simmonds,
Pekar, & Mostofsky, 2008) that allows people to cancel a planned or already initiated
action, which becomes necessary when routine actions have to be overcome for
optimal performance. The question is now: can humans change or inhibit a dominant
response tendency based on unconscious information when necessary, or do we
have to be conscious of the critical (control-initiating) stimulus for doing so? More
specifically, if we go back to the example given in the beginning of the introduction: if
we are driving in the “unconscious mode” and a pedestrian unexpectedly crosses the

street, are we then able to avoid an accident (e.g. by breaking fiercely)?

How to study the possibility of unconscious inhibitory control?

Inhibition paradigms come in many flavors. The most famous of which are stop-
signal task, the Go/No-Go task and a class of task known as conflict tasks (e.g. the
Stroop, the Simon or the flanker task). A key feature of these tasks is that a planned
or already triggered response must be inhibited or overcome in the course of action.
[ set out to modify these existing paradigms in such a way that we could study the
possibility of unconsciously triggered cognitive control. To this end, | masked stop-
signals in a stop-signal task (chapter 2 and 3), No-Go signals in a Go/No-Go task
(chapter 4 and 5, 8) and flanker-like distractor stimuli in a masked priming task
(chapter 6 and 7). Although this seems a rather straightforward approach, this
method differs substantially from the way unconscious information processing has
been studied thus far, as it combines two factors that, to our knowledge, have been
rarely combined before.

First, in the majority of my experiments (chapter, 2-5, 8) the unconscious
stimulus of interest is highly task-relevant and attended. For example in the stop-
signal task, participants perform speeded right- or left-hand responses to go-signals,
but are instructed to refrain from responding when the go-signal is occasionally
followed by a stop-signal (Logan, 1994). [ mixed conscious (weakly masked) and
unconscious (strongly masked) stop trials with regular go trials to examine the
possibility of unconsciously triggered inhibitory control. Importantly, in this task, the
stop-signal is the key stimulus and is actively attended and processed. This is
important, since it has been shown that attended and task-relevant stimuli are
processed faster and more deeply in the human brain than unattended and task-
irrelevant information (Lamme & Roelfsema, 2000). This becomes even more
evident since, recently, it has been shown that attention can be oriented towards
unconscious stimuli and enhances the influence of unconscious information on

subsequent behavior (Naccache, Blandin, & Dehaene, 2002; Sumner, Tsai, Yu, &
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Nachev, 2006). In contrast, in typical masked priming paradigms, the unconscious
stimulus is usually irrelevant and generally participants are even instructed to
ignore all stimuli preceding the target.

Second, and perhaps more importantly, the unconscious stimulus of interest is
strongly associated with high-level cognitive control functions that strongly rely on
prefrontal cortices. In other words, the task-set of the participant requires a deep
level of information processing of the unconscious stimulus, which is the case to a
lesser extent in previous masking studies. The combination of both factors allowed
us to tap more directly into the possible depth and scope of unconscious information
processing in the human brain than previous masked priming studies (or studies
using related paradigms).

By continuously exploring the range of cognitive processes that do not require
consciousness, the long-term goal of these experiments is to contribute eventually to
answering one of the hardest questions in science: what is the function of
consciousness (if any)? Furthermore, by exploring what types of neural activity can
be triggered by unconscious stimuli and what types of activity cannot, I hope that
these experiments might contribute to our understanding of what specific brain

mechanisms are linked to conscious awareness.

Outline of this thesis

The research described in this thesis can be divided roughly in two parts. In the first
part of this thesis, I mainly (however not exclusively) focused on cognitive control
operations that I call online cognitive control processes. This is done to highlight that
behavioral adaptations based on unconscious control signals are implemented
directly (in the current trial). These processes are sometimes also referred to as
reactive control processes (Braver, Gray, & Burgess, 2007). In the second part of this
thesis, I mainly focused on regulatory cognitive control processes (sometimes also
referred to as proactive control). The implementation of such preparatory control
processes are reflected in behavioral adaptations after the experience of
(unconscious) conflict/errors (in the next trial).

In the next chapter (chapter 2), by masking stop-signals in a stop-signal task, I
aimed to test the possibility of unconsciously triggered inhibitory control. We report
that unconscious information is able to initiate high-level inhibitory control
processes, thereby breaking the proposed intimate relationship between
consciousness and cognitive control.

In follow-up experiments (chapter 3-5) I set out to further explore the

underlying neural mechanisms of the phenomenon. The main goal of these chapters
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was to examine whether unconscious control stimuli are able to active prefrontal
control networks, commonly activated during consciously triggered cognitive
control. In chapter 3 and 4, the main focus was on the temporal and relatively broad
spatial dynamics of unconscious response inhibition using EEG, whereas the main
goal of chapter 5 was to test the depth of processing of unconscious stimuli using
methods that allow more spatial precision in the neuro-anatomical inferences
(fMRI).

Chapter 6 deals with the structural basis of interference control on
consciously and unconsciously presented conflict-inducing stimuli. To this end, a
voxel-based morphometry study was performed to examine whether individual
differences in pre-SMA structure (associated with conscious conflict resolution) can
predict individual variability in the ability to inhibit (un)conscious irrelevant
distrators and subsequently select the appropriate action.

In chapter 7 and 8, I shifted my focus away from online control adjustments
towards understanding the impact of unconscious stimuli on the regulatory changes
in cognitive control. As mentioned before, it is generally observed that unconscious
information processing is fleeting, which suggests that (relatively) long-term
influences should be absent if subjects are not aware of a stimulus. To test this
assumption, the data presented in chapter 3 and 6 was re-analyzed. This time, we
focused our analyses on those trials that followed trials containing unconscious
conflict-inducing stimuli (chapter 7) or an unconscious No-Go stimulus that was
responded to (“unconscious errors“) (chapter 8). This allowed us to examine the
potential lifetime and long-term influence of unconscious information on subsequent
behavior and brain activity.

In the final chapter (chapter 9), I will summarize and interpret the obtained

results and outline possible future directions for the study of unconscious cognition.

Publications and co-authors

All chapters that are included in this thesis are accepted or submitted for publication
in international peer reviewed journals and are included in slightly adapted form to
increase the consistency of the thesis. Here, [ would like to express my gratitude
towards several colleagues with whom I collaborated extensively during my PhD
project and who have made important contributions to the experiments/papers. On

the next page is a list of references to acknowledge them.
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2. Dissociating consciousness from inhibitory control: Evidence for
unconsciously triggered response inhibition in the stop-signal task

Abstract

Theories about the functional relevance of consciousness commonly posit that
higher-order cognitive control functions, such as response inhibition, require
consciousness. To test this assertion, we designed a masked stop-signal paradigm to
examine whether response inhibition could be triggered and initiated by masked
stop-signals, a signal informing a participant to stop an action they have begun. In
two experiments, masked stop-signals were observed to occasionally result in full
response inhibition as well as yield a slow-down in the speed of responses that were
not inhibited. The magnitude of this subliminally triggered RT slowing effect
correlated with the efficiency measure (stop-signal reaction time) of response
inhibition across subjects. Thus we show that response inhibition can be triggered
unconsciously, the more so in individuals and under conditions that are associated
with efficient response inhibition. These results indicate that, in contradiction to

common theorizing, inhibitory control processes can operate outside awareness.

Introduction

Many perceptual and motor processes can occur in the absence of consciousness, as
evidenced by recent subliminal priming reports (Dehaene et al., 1998; Eimer &
Schlaghecken, 1998; Kunde, 2003; Vorberg et al., 2003) and patient studies (Driver &
Mattingley, 1998; Stoerig & Cowey, 1997; Weiskrantz, 1996). Apparently, a
substantial amount of processing can occur unconsciously and yet affect behavior.
However, the question which specific cognitive processes can be triggered by
unconscious information, and which cannot, is subject to a lively debate (Dehaene &
Naccache, 2001; Eimer & Schlaghecken, 2003; Jacoby, 1991; Kunde, 2003; Mayr,
2004; Nieuwenhuis et al., 2001; Rossetti, Pisella, & Vighetto, 2003). Many authors
have suggested that cognitive control functions, associated with prefrontal cortices,
such as conflict detection and response inhibition, require consciousness (Baars,
2002; Dehaene & Naccache, 2001; Eimer & Schlaghecken, 2003; Libet, 1999; Rossetti
et al., 2003; Tsushima, Sasaki, & Watanabe, 2006; Umilta, 1988). Cognitive control
processes can be defined as those processes that regulate and monitor ongoing
actions to optimize goal-directed behavior. The logic behind the consciousness-
control relationship is the idea that we usually become aware of stimuli that
interfere or interrupt routine action, which are the same stimuli that call for adaptive

control operations. Therefore, it has been proposed that higher-level control
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operations, such as response inhibition, depend on the conscious detection of
response-relevant warning signals (Dehaene & Naccache, 2001; Eimer &
Schlaghecken, 2003). Following this line of reasoning, it should not be possible to
trigger inhibitory control processes when the instruction stimulus itself is presented
subliminally. In two studies we put this claim to a direct test.

The ability to cancel an already initiated response is an important cognitive
control function that allows people to meet complicated task demands and quickly
adapt to environmental changes. One experimental measure of response inhibition is
provided by the stop-signal paradigm (Logan, 1994). The stop-signal task provides a
direct behavioral test of the ability to stop a planned or ongoing action in a voluntary
fashion. In our adapted version of the task, participants perform speeded right- or
left-hand responses to go-signals. On a small proportion of those trials, the onset of
the go-signal is followed by a stop-signal, instructing the subjects to refrain from
responding. When the stop-signal is presented shortly after the go-signal,
participants are able to inhibit their responses easily. However, when the interval
between go-signal and stop-signal is increased, participants are less likely to inhibit
their response, because the go process is closer to completion. By varying the stop-
signal delay, the stop-signal task yields an estimate of the duration of the inhibitory
process, the stop-signal reaction time (SSRT). The SSRT can be used to compare the
efficiency of inhibitory control processes between conditions or individuals.

To examine the role of consciousness in response inhibition, we conducted
two experiments in which we masked stop-signals optimally, which caused stop-
signals to be invisible, and sub-optimally, which caused stop-signals to be visible. For
simplicity, we call optimally masked stop-signals masked stop-signals and sub-
optimally masked stop-signals non masked stop-signals. We reasoned that if
response inhibition could be triggered unconsciously, this could result in small
differences in inhibition rates on stop trials containing a masked stop-signal
compared to inhibition rates on go trials, trials without a stop-signal. Additionally,
we expected response times (RTs) on stop trials containing a masked stop-signal
(escaping inhibition) to be slower than RTs on go trials due to the triggering of
inhibitory control processes (however, not to the level of complete response
termination). Furthermore, participants with relatively short SSRTs (reflecting
efficient response inhibition on stop trials containing a non masked stop-signal)
could be more susceptible to the influence of masked stop-signals, and hence show
greater RT slowing effects to masked stop-signals than those with slower SSRTs. By
using this experimental set-up we were able to show that inhibitory control can be
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triggered unconsciously, contradicting the proposed direct association between

inhibitory control functions and consciousness.

Experiment 1

Materials and methods

Participants

Twenty-four students from the University of Amsterdam participated in this study
(16 female; age ranging from 18 to 25). The local ethical committee approved the
experiment, and subjects gave written informed consent before experimentation. All

participants had normal or corrected-to-normal vision.

Design and materials

Stimuli were presented on a grey frame (59.10 cd/m?, visual angle of 3.78°) against a
black background (2.17 cd/m?2) at the center of a 15-inch BenQ TFT monitor. Trials
started with a 1000 ms blank screen, after which a go-signal appeared. The primary
Go-task involved the discrimination between two isoluminant (16.84 cd/m?2) colored
circles (blue and green, visual angle of 0.60°), mapped onto responses with the left
and right hand respectively (thumb responses). Go-signals appeared pseudo
randomly with equal frequency. During stop trials, a grey circle, the stop-signal
(41.85 cd/m?, visual angle of 0.60°), appeared after the presentation of the go-signal.
The stop-signal delay (SSD) between the go-signal and the stop-signal was one of five
equiprobable intervals (100, 200, 300, 400 or 500 ms). After presentation of a stop-
signal a black circular nonoverlapping metacontrast mask was presented (2.17
cd/m?2, visual angle of 1.30°). Go-signal and stop-signal duration was 16.7 ms, mask
duration was 150 ms (see Figure 2.1). The above-mentioned parameters (target
duration, mask duration, stimulus contrasts) typically result in a linear masking
curve, which means that masking is most effective with short SOAs between targets
and metacontrast masks (Di Lollo, von Muhlenen, Enns, & Bridgeman, 2004; Francis,
1997). In this experiment, the SOA between the stop-signal and the mask could
either be short (16.7 ms) or long (100, 150 and 200 ms, equal frequency). When the
SOA between the stop-signal and the mask was short, the stop-signal was masked
optimally and could not be perceived consciously (as revealed by a post-
experimental forced-choice detection task). However, when the SOA between the
stop-signal and the mask was long, the stop-signal was masked sub-optimally, which
caused stop-signals to be visible. We will refer to stop trials with a short stop-signal-

mask SOA as short stop trials, and to stop trials with a long stop-signal-mask SOA as
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long stop trials. Short stop trials were matched to short go trials to reliably compute
performances measures. In short go trials, stimulus timing between the go-signal
and the mask was exactly the same as in short stop trials, since a blank screen was
presented instead of a stop-signal on these trials. By this means, the only difference
between these trials is that short stop trials contain an additional stop-signal,
whereas short go trials do not. Similarly, long stop trials were matched to long go
trials (see Figure 2.1). Trials were presented in a random order with equal frequency
(all 25%).

Go-signal Stop-signal Stop-signal SOA Mask
delay or blank

Long
stop trial . o
Long
go trial . o

16.7 ms 100-500 ms 16.7 ms 100, 150, 150 ms
200 ms

Go-signal Stop-signal Stop-signal  Mask
delay or blank

Short
stop trial . o
Short
go trial . o

16.7ms 100-500 ms 16.7 ms 150 ms

Figure 2.1 Stimulus timing of the masked stop-signal paradigm

Participants did three experimental sessions held on separate days on three
consecutive weeks in a row. Total test duration was 5 hours for each participant
(first session two hours, second session one hour, third session two hours).
Experimental blocks consisted of 120 trials. The inter-trial interval was jittered
(2500-3000 ms in steps of 100 ms, pseudo randomly) to minimize anticipation on
the presentation of the go-signal. Before the first experimental blocks, participants
performed one block of choice RT only (80 go trials) and one practice block of the
stop-signal task. Participants performed 840 to 960 trials in each experimental
session. Performance feedback was given after each block (Mean RT, standard
deviation, go error rate, inhibition rate on go trials, and inhibition rate on long stop

trials). Participants were not informed about the presence of trials containing a
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masked stop-signal and did not receive any feedback about performance on these
trials during testing. To equalize the inhibition rate on long stop trials between
participants, the experimenter monitored participants’ performance by stressing
either the primacy of responding or inhibiting, aiming at an overall inhibition rate on

long stop trials of approximately one third.

Forced-choice detection task

To obtain an objective measure of stop-signal visibility participants performed five
blocks of a forced-choice detection task with single-trial error feedback after the final
experimental block in the third session. None of the participants reported to be
aware of the masked stop-signals before being informed about them at the beginning
of forced-choice detection. Trial timing was exactly the same as in the experimental
sessions, except that visual feedback (the words “goed” or “fout”, Dutch for right or
wrong) was centrally presented after every trial (for 1000 ms) in uppercase, Arial
font in black color (visual angle of 0.45°). Each block consisted of 40 short stop trials,
40 short go trials (400 trials in total) and to check whether subjects were fully
attending during the detection task 10 long stop trials were included (stop-signal-
mask SOAs of 100 and 150 ms only). Participants were instructed to ignore go-
signals and press left if there was a stop-signal presented and right if there was no
stop-signal presented. Detection responses were to be given after mask presentation.
Before running the detection task participants were fully informed about the precise
structure of the trials. Additionally, participants were informed about the fact that
this task contained 10 “easy” trials (long stop trials) and 80 “difficult” trials (40 short
go trials and 40 short stop trials) and that exactly half of the difficult trials contained
a stop-signal. Summary feedback (percentage correct) was given after every block
for easy and difficult trials separately. Between blocks participants were encouraged
to perform the best they could, even though they were unable to detect the stop-
signals.

Data analysis

This is a quite difficult task, especially because stop-signals in long stop trials are
pretty difficult to perceive at the beginning. Therefore participants will make false
alarms on go trials, which means that they sometimes stop on trials on which no
stop-signal is presented (but participants thought that there was one presented). To
reliably measure unconsciously triggered response inhibition, unconscious response
inhibition is quantified in terms of a relative inhibition rate on short stop trials

compared to short go trials. These trials are perceptually similar (see Results) and
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the timing between go-signal and mask presentation is exactly the same. So, if
subjects inhibit more often on short stop trials compared to short go trials this
means that masked stop-signals triggered response inhibition on these trials. This
yields a more conservative measure than just comparing the number of inhibited
trials on short stop trials with zero as baseline. The same logic accounts for RT
slowing. If participants are slower on responded short stop trials than on responded
short go trials this means masked stop-signals triggered inhibitory control, however
not to the level of complete response termination. Effect sizes (reported in figures)
were calculated by subtracting the inhibition rates or mean RTs on short go trials
from the inhibition rates or mean RTs on short stop trials. All responses before the
appearance of the next trial are incorporated in our RT analysis. Inhibition rates are
computed by taking all trials without a response. When no response was given before
the appearance of the next trial, this trial was considered to be inhibited.

Repeated measures analyses of variance (ANOVA) were performed on mean
RT on correct short go trials, responded short stop trials, SSRT and square root
inhibition rates on short go trials and on short stop trials with within-subjects’
factors of Trial and Session. The behavioral data of the second session of one subject
was lost due to technical problems. Group averages were used for this participants’
second session in the analyses. Detection performance was analyzed by signal
detection methods, a bias-free measure of stimulus visibility, and tested for
significance using a one-sample t-test.

For each behavioral session, an estimate of the SSRT of each single subject
was calculated. The SSRT can be estimated by collapsing RTs on go trials (on which
no stop-signal occurred) into a single distribution. RTs are rank ordered and the RT
on the nth percentile is selected, where n is the proportion of failed inhibitions on
long stop trials at a given stop-signal delay (SSD). SSRT can be calculated by
subtracting the SSD from this value (Logan, 1994). This process can be repeated
several times for each delay or once across delays (using the average SSD). When the
experiment contains sufficient trials, there is no reason to weight one method more
than another (Band, van der Molen, & Logan, 2003). Because some subjects did not
stop on long stop trials on which the stop-signal was presented 500 ms after the go-
signal, the SSRT cannot be calculated for these SSDs. Therefore, we used the average
SSD to compute SSRTs. For example, given that button-press responses could be
withheld in approximately 34% of all long stop trials (66% noncancelled long stop
trials), SSRT is calculated by subtracting the mean SSD (300 ms) from the 66th
percentile of the Go RT distribution (~640 ms). This participant would have a SSRT
of 340 ms.
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Results

SSRTs (F(2,46) = 12.31, p < 0.001) decreased across sessions, reflecting an increased
efficiency of response inhibition, clearly indicating that participants benefit from
repeated task experience. Because we degraded go-signal and stop-signal visibility,
we strongly increased the difficulty of our task compared to regular stop-signal
studies. Therefore, Go RTs (* 620 ms) and SSRTs (+ 330 ms) in our task were slightly
larger than usually found in stop-signal tasks (Logan, 1994; but see Rubia, Smith,
Brammer, & Taylor, 2003).

Unconsciously triggered response inhibition

Table 2.1 summarizes the inhibition rates on short go trials and short stop trials
separately. What can be seen in this table is that participants sometimes inhibit their
response on short go trials as well as on short stop trials. Inhibition rates decreased
across sessions for both trials (F(2,46) = 19.26, p < 0.001), which indicates that
participants become better at detecting non masked stop-signals (on long stop trials)
by doing this task and therefore stop less on trials on which no stop-signal is
perceived. However, across sessions participants stopped relatively more on short
stop trials than on short go trials (F(1,23) = 7.65, p = 0.011, see Figure 3.2a for effect
sizes). Although unconscious stopping behavior increased slightly across sessions,
the interaction did not reach significance (F(2,46) = 1.74, p = 0.19). To specifically
test whether training plays a role in unconscious stopping behavior, separate follow-
up analyses per session were performed, revealing that participants significantly
stopped more on short stop trials than on short go trials in the final session only
(t(23) = 3.04, p = 0.006). Thus, perhaps surprisingly, masked stop-signals
occasionally trigger response inhibitory processes to the level of complete response

termination.

Unconsciously triggered RT slowing

On the whole, participants did not slow down their responses on short stop trials
compared to short go trials (F < 1; see the white bars in Figure 2.2b). To test whether
good inhibitors are more susceptible to the influence of masked stop-signals than
poor inhibitors, we used a median split on participants’ SSRT in the final session. It
has been shown previously that good inhibitors show larger stopping related ERP
components (Falkenstein, Hoormann, & Hohnsbein, 1999) and recruit stopping
related areas, such as the right inferior frontal gyrus and the subthalamic nucleus
more than poor inhibitors (Aron & Poldrack, 2006). Additionally, activity in these

stopping related areas correlated with SSRT in the latter experiment. Good inhibitors
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(N =12) slowed down their responses on short stop trials more than poor inhibitors
(N =12) (F(1,22) = 10.34, p = 0.004). For good inhibitors, RTs on short stop trials
were significantly longer than RTs on short go trials, not only across all sessions
(F(1,11) = 14.21, p = 0.003), but also progressively so for successive sessions
(F(2,22) = 3.98, p = 0.034; see grey bars in Figure 2.2b). Separate t-test analyses
confirmed this interaction, revealing significant RT slowing in the second (t(11) =
3.35, p = 0.006) and third session (t(11) = 2.62, p = 0.024). In contrast to good
inhibitors, poor inhibitors did not slow down their responses on short stop trials
compared to short go trials (F(1,11) = 1.92, p = 0.19; see black bars in Figure 2.2b).
To rule out the possibility that the stop-signal was perceptually more similar to one
of the go-signals and therefore might produce response congruency effects, we
analyzed the RT slowing effects for both go trials separately (blue or green). RT
slowing effects did not differ between go stimuli (overall, p = 0.93; good inhibitors, p
= 0.19; poor inhibitors, p = 0.53).

Table 2.1
General performance measures for each separate session averaged across all participants
Short Go Trial Short Stop Trial
Inhibition rate Reaction time Inhibition rate Reaction time SSRT
Session1l 4.5(0.9) 630 (6.2) 4.6 (0.8) 629 (6.2) 353 (7.2)
Session2 2.5 (0.6) 614 (5.5) 2.7 (0.6) 616 (5.2) 337 (7.0)
Session3 1.0 (0.2) 599 (6.5) 1.4 (0.2) 601 (5.5) 328 (7.3)

Note: SSRT is the stop-signal reaction time (ms) (+ SEM).

To verify the role of evolving Stimulus-Response (S-R) associations due to training in
unconsciously triggered inhibitory control, the RT slowing effect in the final session,
which reflects the eventual impact of masked stop-signals on RT slowing behavior,
was correlated with the decrease/increase in SSRT across sessions (SSRT in the first
session - SSRT in the final session) which reflects the increase in performance over
sessions for each individual participant (r = 0.41, p = 0.049, see Figure 2.2c). This
significant correlation indicates that the more participants increase their
performance on long stop trials across sessions, the more they slow down their
responses on short stop trials (compared to short go trials) in the final session.

To test the specific hypothesis that the influence of masked stop-signals
increases with individual levels in the efficiency of inhibitory control, we correlated
the unconscious RT slowing effect with SSRT for all sessions separately (see Figure

2.2d). In our experiment unconscious RT slowing correlated significantly with SSRT
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in the final session (r = -0.53, p = 0.007). The highly significant negative correlation
in the final session suggests that the extent to which masked stop-signals trigger
inhibitory control processes depends on the participants’ efficiency at inhibiting
ongoing responses. So, participants with relatively short SSRTs (reflecting efficient
response inhibition on long stop trials containing a non masked stop-signal) are more
susceptible to the influence of masked stop-signals, and hence show greater RT
slowing effects to masked stop-signals than those with slower SSRTs. That this
relation strengthens over sessions is an indication for the role of S-R associations
due to repeated task experience in unconsciously triggered response inhibition.
Because the impact of masked stop-signals increases across sessions due to learning
(even being absent in the first session) and because the individual ability of
participants to inhibit responses on non masked stop-signals determines the impact
of masked stop-signals on behavior we rule out the possibility that the effect we
found is due to a general disruption of ongoing processes by an additional stimulus

in the short stop condition compared to the short go condition.
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Figure 2.2 Behavioral measures of unconsciously triggered inhibitory control processes
(a) Unconscious inhibition rate per session averaged across all participants (# SEM). Participants stopped
significantly more often on masked stop trials than on masked go trials. (b) Unconscious RT slowing per
session for all participants and for good and poor inhibitors separately (+ SEM). Good inhibitors were
significantly slower on masked stop trials than on masked go trials. (c) Correlation between performance

increase/decrease (SSRT in the first session — SSRT in the final session) and unconscious RT slowing in the
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final session. (d) Correlations between unconscious RT slowing and SSRT for all three sessions. (e) Conscious-
and unconscious post-error slowing averaged across all participants (+ SEM). Participants slowed down after

conscious errors only and not after unconscious errors. * p < 0.05; **, p < 0.01; ***, p < 0.001.

An unexpected finding of this study was that poor inhibitors actually seemed to be
faster on short stop trials than on short go trials. How can this be explained? We
hypothesize that the slowing down of RTs found in our study may have been
counteracted by another effect known to occur in the conditions used here. It has
been shown previously that responses to masks speed up when preceded by
undetected primes (Fehrer & Raab, 1962) and that these masks appear subjectively
earlier than single masks (Bachman, 1989). In our experiment all trials contain
masks, but on short stop trials, masks are preceded by task-relevant stop-signals,
whereas short go trials contain single masks only. Although participants were not
instructed to respond to the masks, but to the preceding go-signal, masks do indicate
“the end of the trial” and thus are highly relevant in this task. Consequently, baseline
RTs to short stop trials, disregarding any unconscious inhibition effect, could be
faster than to short go trials. Although this pattern was not observed as a significant
effect for the 50% poor inhibitors group, it was observed for the more extreme group
of the one-third worst inhibitors who speeded up their responses to short stop trials
(compared to short go trials) across sessions (F(1,7) = 4.76, p = 0.033, one-tailed).
The one-third best inhibitors in fact overcome this speeding bias and slow down
their responses (F(1,7) = 8.92, p = 0.020). This indicates that masked stop-signals
initially speed up responses, to be counteracted and reversed only by response
inhibition on masked stop-signals. Good inhibitors seem able to do so by training,
whereas poor inhibitors do not, or less so. Because of these opposite effects of
masked stop-signals on RTs, the ‘true’ inhibition effect triggered by masked stop-
signals might be even larger than we were able to demonstrate here.

Post-error slowing

A third behavioral measure of control in the stop-signal task is post-error slowing,
the slowing that occurs after a failed attempt to inhibit the response on a stop trial
(Rieger & Gauggel, 1999; Schachar et al., 2004). Post-error slowing is measured by
RTs on correct go trials immediately following failed stop trials compared to RTs on
correct go trials immediately following go trials. Although post-error slowing effects
are not always observed in the stop-signal task (Emeric et al., 2007) we looked into
whether such trial-by-trial adaptive control mechanisms were triggered consciously

and/or unconsciously in our task. Recent studies did not find regulatory trial-to-trial
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behavioral adjustments after unconscious errors (Nieuwenhuis et al, 2001) or
unconscious conflict (Kunde, 2003; but see Praamstra & Seiss, 2005).

In our task, failed long stop trials were associated with substantial post-error
slowing across sessions (F(1,23) = 40.74, p < 0.001; all ps < 0.001 for each separate
session, see Figure 2.2e). This effect did not increase upon training (F < 1). On the
contrary, participants did not slow down their responses after failed short stop trials
(F(1,23) = 1.64, p = 0.21). There was no sign of a training related increase in post-
error slowing across sessions (F(2,46) = 1.13, p = 0.33; all ps > 0.05 for separate
sessions). Good and poor inhibitors did not differ in conscious (F(1,22) = 1.95, p =
0.18) as well as unconscious post-error slowing (F(1,22) = 0.11, p = 0.74). So, trial-
by-trial adaptive control processes (post-error slowing) were clearly triggered by
non masked stop-signals, but not by masked stop-signals. Contrary to the online
effects of masked stop-signals, post-error slowing was not dependent on task
training. Apparently, automation of S-R associations was not sufficient for
unconscious regulatory trial-by-trial control processes to emerge in our masked

stop-signal task.

Stop-signal visibility

The forced-choice detection task with single-trial error feedback after the final
session yielded a hit rate of 45.1% and a false alarm rate of 45.0%. The resulting d-
score of -0.002 did not deviate significantly from zero (¢£(23) = 0.07, p = 0.95). Thus,
short stop trials could not be discriminated from short go trials, and participants
were exactly at chance level (50.0%) in detecting the presence or absence of stop-
signals when masked with a stop-signal-mask SOA of 16.7 ms. An analysis for good
(d’=0.003, t(11) = 0.06, p = 0.95) and poor inhibitors (d’ = -0.007, t(11) = 0.17, p =
0.86) separately revealed that detection performance was at chance level for both
groups. Good and poor inhibitors did not differ in detecting masked stop-signals
(t(22) =0.16, p = 0.88).

Furthermore, the correlation between each participants’ individual d-score
and unconscious RT slowing effect (r = 0.27, p = 0.21) or unconscious inhibition rate
(r =-0.40, p = 0.053, note that this is a trend towards a negative relation) in the third
session was not significant. These results clearly demonstrate that the RT slowing
effects and the inhibition effects could not be due to accidental perception of stop-
signals. Any effect of perceptual learning would have revealed itself after the final
session. After the final session participants easily detected stop-signals when masked

with a long SOA, as expressed in an average detection rate of 93.4% (SD = +5.6).
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Experiment 2

In experiment 1 we showed that, after training, a masked stop-signal resulted in a
small increase of actually inhibited responses and a slowdown of non-inhibited
responses compared to a condition without a stop-signal. This latter effect was
present only for the good inhibitors and not for poor inhibitors. As we have
previously noted, the comparison of short stop trials and short go trials is slightly
complicated by the fact that the former contain an additional stimulus (the stop-
signal), whereas the latter do not. This additional stimulus might have rather
unspecific effects on responding, such as facilitating response production (Fehrer &
Raab, 1962) or interfering with it. Interference as an explanation of our previous
results is unlikely on the grounds that the impact of masked stop-signals correlated
with participants' ability to inhibit responses on long stop trials (containing a non
masked stop-signal). However, initial response facilitation by masked stop-signals
was more likely, because the worst eight inhibitors actually speeded up their
responses on short stop trials compared to short go trials.

To test whether unconsciously triggered inhibitory control processes do
necessarily require training to emerge, and to test whether it can be triggered in all
participants, we designed a somewhat different version of the previous experiment,
namely a selective stop-signal task (de Jong, Coles, & Logan, 1995; van den
Wildenberg & van der Molen, 2004). In this task, one signal (the stop-signal)
instructs the participant to inhibit their response, whereas another signal (the “go-
on” signal) instructs the participant to continue and press the button. In this
experiment, on stop trials the word “STOP” was presented, and on go-on trials the
word “BLUF” was presented. The stop-signal as well as the go-on signal could be
masked by forward masks only or by forward and backward masks. By this means
four conditions were created: (1) go-on trials without backward masks, (2) stop
trials without backward masks, (3) go-on trials with backward masks, and (4) stop
trials with backward masks (see Figure 2.3). The stop-signal (or go-on signal) was
masked optimally by introducing forward and backward masks, which caused these
stimuli to be invisible (as revealed by a post-experimental forced-choice detection
task). The stop-signal (or go-on signal) was masked sub-optimally when the
backward masks were absent, which caused them to be visible in these conditions.
We were particularly interested in the comparison between stop trials with
backward masks and go-on trials with backward masks, since this would reveal
whether inhibitory control processes can be triggered unconsciously in the selective
stop-signal paradigm. The advantage of this paradigm is that a subliminal stimulus is

presented on stop trials as well as go-on trials. This should serve to equalize the
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Fehrer-Raab effect across conditions. Furthermore, because we used a highly
automatized stimulus (the word STOP) as a stop-signal in this experiment, RT
slowing and response inhibitory effects could potentially appear in the first session
already, because the stimulus-response association is more easily formed during

testing.

Materials and methods

Participants

Twelve volunteers participated in the experiment for course credits (10 female, ages
ranging from 18 to 25). The local ethical committee approved the experiment, and
subjects gave written informed consent before experimentation. All participants had

normal or corrected-to-normal vision.

Stimuli and procedure

Stimuli were presented against a black background (2.17 cd/m?2) at the centre of a
17-inch VGA monitor. Participants viewed the monitor from a distance of
approximately 90 cm, so that each cm subtended a visual angle of 0.64 degrees. On
trials with backward masks, we first presented a go-signal (29 ms, blue left pointing
arrow or red right pointing arrow [isoluminant at 9.0 cd/m?2], width 0.64°, height
0.34°), followed after a variable delay (the SOA) by two randomly chosen uppercase
consonant strings (both 43 ms), the stop-signal or go-on signal (29 ms), and finally
two consonant strings (both 43 ms). On trials without backward masks, the same
sequence was used, but the consonant strings at the end (backward masks) were
replaced with blank screens (see Figure 2.3). Before each trial, a warning signal (a
white cross presented for 300 ms) appeared 500 ms before the go-signal. The inter-
trial interval was jittered (2000-3000 ms in steps of 200 ms, pseudo randomly) to
minimize anticipation on the presentation of the go-signal.

The word “STOP” was used as a stop-signal and the word “BLUF” as a go-on
signal (uppercase Courier font in white color, font size 24). The control word “BLUF”
was matched to the “STOP” word on frequency of appearance in daily Dutch
language (91 vs. 78 respectively per 1 million, as stated in the Celex database). The
stimulus set of the consonants used as masks consisted of 10 uppercase letters (X, K,
R, M, H, G, D, W, Z and N). No consonants were used that were also part of the
experimental words. The mask contained seven letters, which were slightly
overlapping to increase the density of the mask. The spacing between the centres of

the letters was 12 pixels.
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In this experiment, a staircase-tracking procedure dynamically adjusted the delay
between the onset of the go-signal and the onset of the stop-signal to control the
probability of inhibition. After a successfully inhibited stop trial without backward
masks, the stop-signal delay (SSD) in the next trial increased by 14.3 ms, whereas the
SSD decreased by 14.3 ms in the next trial when the participant was unable to stop.
This algorithm ensured that responses were successfully inhibited in about 50% of

the stop trials without backward masks. Every block started with a SSD of 129 ms.

Go-on/stop trial Go-on/stop trial
without backward masks with backward masks
300 ms + +
200 ms
29 ms <= || =p J <= || =p J

SOA

SSD

43 ms WGRKMXN RXRKDXZ

43 ms GKMZDNH GKMHDNH
29 ms BLUF || sTop BLUF || stop J
43ms ZANHKMH
43 ms XNKMWDA
Time

Figure 2.3 Stimulus timing of the masked selective stop-signal paradigm
SOA = stimulus onset asynchrony, SSD = stop-signal delay.

Participants were tested in a 1%-hour session in which they performed ten
experimental blocks of 120 trials (25% of each of the four conditions). The first two
blocks were considered practice. Participants received performance feedback after
every block (mean RT, SD, and percentage inhibited trials on stop trials without
backward masks). Participants were instructed to press as fast as possible to the
presentation of the go-signal, but inhibit their response when the word “STOP” was
presented. They were instructed to press the button to the go-signal when the word
“BLUF” was presented or when random letters only were presented after the go-
signal. Participants were not informed about the presence of masked stop-signals (or
masked go-on signals). To equalize the inhibition rate on stop trials without
backward masks between participants, the experimenter monitored participants’

performance by stressing either the primacy of responding or inhibiting, aiming at
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an overall inhibition rate on stop trials without backward masks of approximately
50%.

Forced-choice detection task

After the stop-signal task participants performed 64 trials (32 stop trials with
backward masks and 32 go-on trials with backward masks) of forced-choice
detection. In this forced-choice detection task, trials were randomly drawn from a
uniform distribution, rendering the presentation of the trials unpredictable. On each
trial a whole sequence of events was presented and the subjects were instructed to
press the left button when they thought the word STOP was presented and press the
right button when they thought the word BLUF was presented. For simplicity, a trial
was followed after 1000 ms by a pair of choices presented left (STOP) and right
(BLUF) of fixation. Participants determined which of the two words was presented in
the preceding trial. There was no stress to speed up responses in this task. Trial
timing was exactly the same as in the stop-signal task and SSDs of 129, 157, 186 and
229 ms were used. Before running the detection task participants were fully
informed about the precise structure of the trials and the fact that exactly half of the
trials contained the word STOP and the other half the word BLUF. None of the
participants reported to be aware of the masked stop-signals (or go-on signals)

before being informed about them at the beginning of forced-choice detection.

Data analysis

The statistical analyses were similar to those in experiment 1.

Results

The statistical analyses revealed a similar pattern of results as in experiment 1.
Participants stopped more often on stop trials with backward masks than on go-on
trials with backward masks (¢(11) = 2.21; p = 0.049, see Figure 2.4a). Additionally,
RTs on stop trials with backward masks were significantly longer than RTs on go-on
trials with backward masks (¢(11) = 3.56; p = 0.004, see Figure 2.4b). In this
experiment, there was no reliable correlation between RT slowing and SSRT (p =
0.65). Failed stop trials without backward masks were associated with substantial
post-error slowing (¢t(11) = 6.17, p < 0.001), whereas participants did not slow down
their responses after failed stop trials with backward masks (t(11) = 1.01, p = 0.33,
see Figure 2.4c). The average SSRT in this experiment was 411 ms (SD = 19.3).
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Stop-signal visibility

The forced-choice detection task after the final session yielded a hit rate of 52.7%
(SD = 6.6). The resulting d-prime score of 0.14 did not deviate significantly from
zero, (t(11) = 1.47, p = 0.17). Furthermore, the correlations between each
participant’s individual d-prime score and unconscious RT slowing effect (r =-0.27, p
= 0.39) or unconscious inhibition rate (r = 0.11, p = 0.74) were not significant. In
sum, the forced-choice detection task confirmed that our masking procedure
rendered stop-signals largely invisible. Although our d-prime measure was slightly
above zero (however, not significantly), the absence of reliable positive correlations
between d-prime scores and inhibition measures suggests that it is unlikely that our

results are due to accidental visibility of masked stop-signals.
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Figure 2.4 Behavioral measures of unconsciously triggered inhibitory control processes

(a) Unconscious inhibition rate on go-on trials with backward masks and stop trials with backward masks
averaged across all participants (+ SEM). Participants stopped significantly more often on stop trials with
backward masks than on go-on trials with backward masks. (b) Mean RTs on go-on/stop trials with
backward masks (# SEM). Participants were significantly slower on stop trials with backward masks than on
go-on trials with backward masks. (c) Conscious- and unconscious post-error slowing averaged across all
participants (# SEM). Participants slowed down after conscious errors only and not after unconscious
errors.*p < 0.05; **p < 0.01; ***p < 0.001.

General discussion

Our study provides the first empirical evidence that unconscious task-relevant
signals can actively trigger and initiate response inhibition, thereby breaking the
alleged intimate relationship between consciousness and inhibitory control
(Dehaene & Naccache, 2001; Eimer & Schlaghecken, 2003; Libet, 1999). Additionally,
our results show that cognitive control functions are differentially affected by
awareness. In our masked version of the stop-signal task, on-line inhibitory control

operations could be triggered unconsciously, whereas regulatory trial-by-trial
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control operations (post-error slowing) could not. Although the primary focus of our
study was testing whether high-level cognitive control processes, such as response
inhibition (governed by prefrontal brain areas), can be triggered unconsciously, our
data also shows that unconsciously triggered inhibitory control is not as efficient as
consciously triggered inhibitory control. While non masked stop-signals lead to
complete response inhibition on the majority of trials, this is the exception rather
than the rule on trials containing a masked stop-signal. Additionally, trial-by-trial
regulations (post-error slowing) are clearly present after conscious errors, but
absent after unconscious errors in two different versions of the masked stop-signal
paradigm. So, unconsciously triggered inhibitory control seems to differ from some
other cognitive control processes in that it appears to be less flexible and less
efficient and probably takes more time to develop. These results converge with
studies showing that awareness seems crucial for some types of (trial-by-trial)
cognitive control regulations (Dehaene et al., 2003; Kunde, 2003; Nieuwenhuis et al.,
2001; but see Praamstra & Seiss, 2005), but also demonstrates the possibility of
unconsciously triggered inhibitory control.

Our results contradict a previously proposed function of consciousness;
“conscious vetoing” (Haggard & Libet, 2001; Libet, 1999). In the famous Libet
experiments (Libet, Gleason, Wright, & Pearl, 1983), it is nicely demonstrated that
humans become aware of their intention to act after the emergence of
electrophysiological markers in the brain that reflect action preparation (see also
Lau, Rogers, Haggard, & Passingham, 2004; Soon, Brass, Heinze, & Haynes, 2008).
Therefore, it is likely that motor acts are initiated in the brain unconsciously, which
undermines the concept of conscious free will. In such a view intention is just a
consequence of neural activity, and not the cause (Haggard & Libet, 2001; Libet,
1999). Although our actions are probably initiated in the brain unconsciously, Libet
proposed that stopping or vetoing an action requires voluntary inhibition (see also
Pisella et al., 2000; Rossetti et al.,, 2003). Thus, consciousness might be needed to
control the final execution of actions by vetoing or stopping inappropriate action
plans (Libet, 1999). This idea is supported by Rossetti and colleagues (Pisella et al.,
2000; Rossetti et al,, 2003) who showed that ongoing motor actions (e.g. pointing
movements) can be redirected on-line automatically and involuntarily. However,
they argued that stopping (inhibiting) such an action requires a conscious and
voluntary process, which seems to be much slower. The present results extend this
idea by showing that inhibitory control processes can be triggered by masked stop-
signals. Thus, not only the initiation of an act might unfold unconsciously, it seems

also possible to initiate the veto process unconsciously (see also Brass & Haggard,
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2007). However, as stated previously, non masked stop-signals are able to trigger
response inhibition much more efficiently than masked stop-signals, which suggest
that consciously and unconsciously triggered inhibitory control (or veto)
mechanisms differ qualitatively from each other. Future studies are needed to
unravel the exact role of conscious and unconscious processes in inhibiting or
vetoing our actions.

There is a range of methods in the literature to demonstrate unconsciousness
of stimulus material, ranging from simple subjective assessments (‘were you aware’)
to rigorous forced-choice detection tasks. Demonstrating chance performance in a
forced-choice detection task is usually considered sufficient (and the strongest)
evidence for non-conscious perception (e.g. Dehaene et al., 1998; Vorberg et al,,
2003). However, whether detection performance exceeds chance-level performance
(reaches significance or not) depends on several task aspects, such as the number of
trials used for detection performance and the number of participants tested (for a
more elaborate discussion on this issue see Dehaene, 2008; Hannula, Simons, &
Cohen, 2005). Although detection performance did not differ significantly from
chance-level in both experiments, it cannot be ruled out that detection performance
might have exceeded chance-level eventually when more trials and/or participants
were measured. However, our rationale for believing that participants were
probably unable to perceive masked stop-signals consciously in both experiments is
not based on detection performance only, but on many more observations. First,
masked stop-signals do not yield response time slowing in all participants in
experiment 1. RT slowing was correlated negatively with SSRT and in fact, RT
slowing effects were found only for good inhibitors and not for poor inhibitors. If RT
slowing effects had been caused by slight visibility of masked stop-signals, our
observed RT slowing effect would not differentiate between participants. Note that
the very worst performers in experiment 1 even speeded up their responses on stop
trials containing a masked stop-signal, probably because they did not overcome the
Feher-Raab effect. Second, we have demonstrated qualitative differences in the
effects of masked vs. non masked stop-signals on trial-by-trial post-error slowing.
Such qualitative differences in processing masked vs. non masked stimuli are
considered as convincing evidence for unconscious perception (Jacoby, 1991;
Merikle, Smilek, & Eastwood, 2001). Last but not least, there were no reliable
correlations between participants’ d-scores and unconscious inhibition rates or RT
slowing effects in both experiments. This indicates that unconscious RT slowing and

unconscious response inhibition are probably independent of stop-signal visibility.
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It is important to stress that this study is essentially different from previous work on
inhibition effects in the masked priming task (Eimer, 1999; Eimer & Schlaghecken,
1998). Eimer and colleagues have shown that at longer prime-target intervals (> 100
ms.), initial response facilitation by congruent task-irrelevant primes is automatically
followed by inhibition (longer RTs on congruent than on incongruent trials). They
called this form of inhibition “exogenous”, because in situations like the masked
priming task, suppression of incorrect or premature response tendencies seems to
be largely under automatic, stimulus-driven control (Eimer & Schlaghecken, 2003),
mediated mainly by subcortical structures (Aron, Schlaghecken et al., 2003; but see
Sumner et al.,, 2007). Although these findings challenged the view that all inhibitory
processes are necessarily endogenous, suppression of motor responses is still
thought to be largely under voluntary, cognitive control, mediated by prefrontal
structures (Aron, Fletcher, Bullmore, Sahakian, & Robbins, 2003) in situations like
the stop-signal task (Dehaene & Naccache, 2001; Eimer & Schlaghecken, 2003).

Additionally, Ansorge (Ansorge, 2004) showed that a masked task-irrelevant
prime presented at the same location as a subsequent target speeds up responses,
whereas a masked prime presented at the noncorresponding location slows the
target responses down. In one condition of one experiment (Experiment 5), a prime
was sometimes presented without the following target, in which case the response
was to be withheld. In this condition, a prime presented at the same location as a
subsequent target had a less beneficial effect, compared to a control condition.

In the above-mentioned experiments (Ansorge, 2004; Eimer & Schlaghecken,
1998), awareness of control-signals was manipulated in a task in which an action
that should be executed was primed (validly or invalidly) by a task-irrelevant masked
signal that preceded the go-signal. By contrast, in our experiments, awareness of
control-signals was manipulated in a task in which an ongoing action should be
aborted upon a task-relevant stop-signal that followed the go-signal. Our present
experiments extend these previous findings by providing a direct test of the notion
that masked control signals can elicit (inhibitory) control over an already ongoing
action.

In the stop-signal task a particular arbitrary stimulus is assigned to a
“withhold” response without being mapped onto a motor response. In line with
previously proposed mechanisms of unconscious processing, such as the direct
parameter specification theory (Neumann, 1990), the action trigger theory (Kunde,
2003) or the evolving automaticity theory (Abrams & Greenwald, 2000; Damian,
2001), the association between the unconscious stimulus (the stop-signal) and the

(withhold) response evolves during learning. In experiment 1, masked stop-signals
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did not have sufficient inhibiting power immediately, at least not enough to
overcome the Fehrer-Raab effect (no unconscious RT slowing or inhibition in the
first session). During training the stop-signal becomes associated with inhibition and
therefore masked stop-signals can increasingly activate response inhibition without
a mediating conscious percept. However, unconscious inhibitory control does not
necessitate extensive training to evolve. We have shown in a selective stop-signal
paradigm (Experiment 2) that a stop-signal with inherent stopping properties is able
to trigger inhibitory control unconsciously in the first session already.

These data fit in nicely with recent experimental reports (using various
subliminal priming paradigms) showing that unconscious processes are more
elaborate than previously supposed. These studies have revealed various top-down
effects on the processing of unconscious stimuli such as temporal attention
(Naccache et al,, 2002), spatial attention (Sumner et al., 2006), cognitive intentions
(Ansorge & Neumann, 2005; Kunde, Kiesel, & Hoffmann, 2003) and strategy
(Greenwald, Abrams, Naccache, & Dehaene, 2003), thereby showing that people can
exert conscious control over processes that are triggered unconsciously. In line with
our results, recently one study showed that even very high-level cognitive control
functions could be influenced without awareness. Lau and Passingham (2007) used
functional MRI to test whether the cognitive control network in the prefrontal cortex
can be activated by unconscious primes. In their task, participants had to prepare to
perform either a phonological judgment task or a semantic judgment on an
upcoming word. On a single-trial basis, participants were instructed which task to
perform. However, on all trials a prime was presented just before the instruction
stimulus, half of which triggering the alternative (“wrong”) task, and half of them
triggering the same (“right”) task. When participants were unconsciously primed to
perform the wrong task, there was increased activity in the network associated with
the wrong task, and decreased activity in the consciously instructed task set. So,
participants were actually engaged in the wrong task when they were primed to do
so. Additionally, activity in the mid-dorsolateral prefrontal cortex was associated
with this effect.

This is very strong evidence that cognitive control processes in the prefrontal
cortex can indeed be triggered unconsciously. However, one limitation of this study
is that participants were not asked to respond to the primes. So, the unconscious
stimuli were not task-relevant for participants. Our results further extend these
results by showing that unconscious task-relevant stimuli can trigger cognitive
control processes and influence behavior. Apparently, we do not have to become

aware of a stimulus for it to initiate (probably prefrontal) “endogenous” inhibitory
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control mechanisms. An important next step to understand the function of
consciousness would be systematically searching for precise boundaries between
cognitive (control) functions that require consciousness, and cognitive functions that

do not.
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3. Frontal cortex mediates unconsciously triggered inhibitory control

Abstract

To further our understanding of the function of conscious experience we need to
know which cognitive processes require awareness and which do not. Here we show
that an unconscious stimulus can trigger inhibitory control processes, commonly
ascribed to conscious control mechanisms. We combined the metacontrast masking
paradigm and the Go/No-Go paradigm to study whether unconscious No-Go signals
can actively trigger high-level inhibitory control processes, strongly associated with
prefrontal cortices (PFC). Behaviorally, unconscious No-Go signals sometimes
triggered response inhibition to the level of complete response termination and
yielded a slow-down in the speed of responses that were not inhibited.
Electroencephalographic (EEG) recordings showed that unconscious No-Go signals
elicit two neural events: (1) an early occipital event and (2) a fronto-central event
somewhat later in time. The first neural event represents the visual encoding of the
unconscious No-Go stimulus, and is also present in a control experiment where the
masked stimulus has no behavioral relevance. The second event is unique to the
Go/No-Go experiment, and shows the subsequent implementation of inhibitory
control in the PFC. The size of the frontal activity pattern correlated highly with the
impact of unconscious No-Go signals on subsequent behavior. We conclude that
unconscious stimuli can influence whether a task will be performed or interrupted,
and thus exert a form of cognitive control. These findings challenge traditional views
concerning the proposed relationship between awareness and cognitive control and

stretch the alleged limits and depth of unconscious information processing.

Introduction

Over the last decades, research in psychology and neuroscience has shown that a
substantial amount of cognitive processing goes on outside awareness (for reviews
see Dehaene & Naccache, 2001; Kouider & Dehaene, 2007). Although there appears
to be general agreement that simple behavior is influenced by information of which
we are unaware (but see Hannula et al, 2005; Holender & Duscherer, 2004),
complex behaviors are often thought to result from conscious cognitive control
(Baars, 2002; Dehaene & Naccache, 2001; Eimer & Schlaghecken, 2003; Jack &
Shallice, 2001; Tsushima et al., 2006; Umilta, 1988). Cognitive control functions
regulate and monitor our ongoing actions to optimize our behavior. Inhibitory
control, the ability to cancel a planned or already initiated action, is an extreme form

of cognitive control, in large part relying on the PFC (Casey et al., 1997; Fuster, 2000;
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Konishi et al.,, 1999; Liddle, Kiehl, & Smith, 2001; Picton et al., 2007; Ridderinkhof et
al., 2004) and associated exclusively with consciousness (Dehaene & Naccache, 2001;
Eimer & Schlaghecken, 2003). A crucial issue in the field of unconscious/conscious
cognition is whether such high-level cognitive (control) processes are evident in the
absence of consciousness.

We designed a masked Go/No-Go task to study the operation of unconscious
inhibitory control and recorded EEG to track the fate of masked No-Go signals in the
human brain. Typically, ERP studies using the Go/No-Go task report clear
distinctions between Go trials and No-Go trials in the N2/P3 latency range (200-500
ms) at fronto-central electrode sites, which have been attributed to generators in the
parietal, medio-frontal and ventral/dorsal lateral prefrontal cortex (Bokura,
Yamaguchi, & Kobayashi, 2001; Kiefer, Marzinzik, Weisbrod, Scherg, & Spitzer, 1998;
Lavric, Pizzagalli, & Forstmeier, 2004; Nieuwenhuis, Yeung, van den Wildenberg, &
Ridderinkhof, 2003). In our task, participants had to respond as fast as possible to a
Go signal, but were instructed to withhold their response when they perceived a No-
Go signal, preceding the Go-signal. In our version of this paradigm (see Figure 3.1a),
the Go signal also functioned as a metacontrast mask, leading to undetectable No-Go
signals at the short stimulus onset asynchrony (SOA), and perfectly visible No-Go
signals at the long SOA. Our main interest was in the comparison between Go trials
and unconscious No-Go trials, since this would reveal whether unconscious No-Go
signals could trigger frontal inhibitory control mechanisms.

Previous behavioral and imaging studies have shown that the way
unconscious stimuli are processed is affected by top-down settings of the cognitive
system, such as temporal/spatial attention, task strategy and the task being
performed (Kunde et al., 2003; Naccache et al., 2002; Nakamura, Dehaene, Jobert, Le
Bihan, & Kouider, 2007; Sumner et al., 2006). In order to test whether the relevance
of the masked No-Go signal influences the depth to which it is processed, we
performed a control experiment, in which the physically identical masked stimulus
was task irrelevant (see Figure 3.1b). This experimental set-up enabled us to test
whether: (1) high-level inhibitory control processes can be triggered unconsciously,
(2) unconscious No-Go signals reach prefrontal areas and (3) task relevance

influences the depth of processing of unconscious stimuli.
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Materials and Methods

Participants

Thirty undergraduate psychology students of the University of Amsterdam (15 in
each experiment; 22 females) participated and gave their written informed consent
prior to participation. All were right-handed, had normal or corrected-to-normal
vision, and were naive to the purpose of the experiments. All procedures were
executed in compliance with relevant laws and institutional guidelines and were

approved by the local ethical committee.

a) Masked Go/No-Go task b) Control experiment
Conscious Unconscious Conscious Unconscious grey
No-Go trial (15%) No-Go trial (15%) Go trial (70%) No-Go trial (15%) circle trial (15%) Go trial (70%)

L kel Tk

Figure 3.1 Stimuli and trial timing of the masked Go/No-Go task and the control experiment

Grey circle and black cross duration was 16.7 ms. Go signal duration was 100 ms. In conscious No-Go trials
the SOA between the No-Go signal and the Go signal was 83 ms. Participants had to respond to the Go signal
(black metacontrast mask), but were instructed to withhold their response when a No-Go signal preceded the
Go signal. In the masked Go/No-Go task a grey circle served as a No-Go signal (a), whereas in the control
experiment the No-Go signal was a black cross (b). Therefore, the masked grey circle was associated with
inhibition in the masked Go/No-Go task and thus served as an unconscious No-Go signal. In the control
experiment, the unconscious grey circle was not associated with inhibition (and was task irrelevant), because
participants were instructed to inhibit their responses on a black cross. Comparing processing of unconscious
grey circles between both experiments enabled us to test whether: (1) high-level inhibitory control processes
can be triggered unconsciously, (2) unconscious No-Go signals reach prefrontal areas and (3) task-relevance

influences the depth of processing of unconscious stimuli.

Stimuli

Stimuli were presented on a grey box (59.1 cd/m?, visual angle of 3.78°) against a
black background (2.17 cd/m?) at the center of a 15-inch BenQ TFT monitor with a
refresh rate of 60 Hz. The monitor was placed at a distance of approximately 90 cm
in front of the participant, so that each centimeter subtended a visual angle of 0.64
degrees. Participants were told that they would see a black annulus (the Go signal,
2.17 cd/m?, visual angle of 1.30°, duration 100 ms) and that they would have to

respond as fast as possible by pressing a button with their right index finger. In the
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masked Go/No-Go task, participants were instructed to withhold their response
when they perceived a grey circle (the No-Go signal, 41.85 cd/m?, visual angle of
0.60°, duration 16.7 ms) preceding the Go signal. The SOA between the No-Go signal
and the Go signal was either short (16.7 ms) or long (83 ms). The No-Go circle
exactly fitted within the Go-annulus, which typically results in efficient metacontrast
masking (Enns & Di Lollo, 2000). We used perceptually weak No-Go signals and very
strong Go signals, which is known to result in a monotonic masking function, leading
to undetectable stimuli at short SOAs (Di Lollo, von Muhlenen, Enns, & Bridgeman,
2004; Francis, 1997). Two post-experimental detection tasks showed that No-Go
signals remained undetectable at the short SOA, but were clearly visible at the long
SOA. For simplicity, we labeled the condition with the long SOA as the conscious No-
Go condition, and the condition with the short SOA as the unconscious No-Go
condition. Stimuli were presented using Presentation (Neurobehavioral Systems,
Albany, USA)

The experiment consisted of three sessions on separate days with a maximum
interval between sessions of one week. The first two sessions were behavioral
sessions only (1lhr per session); EEG was measured during the third session (3hr
session). Participants performed seven experimental blocks per session, each
containing 200 trials, 70% of which were Go trials, 15% were conscious No-Go trials
and 15% were unconscious No-Go trials. Trial duration was jittered between 1400
and 2200 ms (in steps of 200 ms), randomly drawn from a uniform distribution,
rendering the presentation of the stimuli unpredictable. After each block,
participants received performance feedback (mean RT, percentage correct stops on
conscious No-Go trials). Participants were not informed about the presence of
unconscious No-Go trials and did not receive any feedback about performance on
these trials during testing. At the end of the third session of the masked Go/No-Go
task, participants performed several detection tasks to assess the visibility of No-Go
signals when masked with a SOA of 16.7 ms, as well as a SOA of 83 ms.

In the control experiment, participants were told to inhibit their responses to
the black cross (2.17 cd/m?, visual angle of 0.50°, duration 16.7 ms). By using a
different No-Go signal (a black cross instead of a grey circle) we prevented any
association of the unconscious grey circle with response inhibition, as response
inhibition was associated exclusively with the conscious black cross in this
experiment (see Figure 3.1b). All other parameters and procedures were exactly the

same as in the masked Go/No-Go task.
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Behavioral tests of grey circle visibility

To test if participants were truly unaware of the No-Go signals presented just before
the Go signal, participants performed two detection tasks after the final experimental
block of the masked Go/No-Go task. First, participants performed a yes-no detection
task (one block of 200 trials). Trial timing and number of trials per condition was
exactly the same as in the masked Go/No-Go task. Participants were instructed to
press the right button whenever they thought a No-Go signal was presented. In all
other cases they did not have to press the button. Second, two blocks of a forced-
choice discrimination task were done. Before starting this task, participants were
informed about the presence of No-Go signals appearing very shortly before the Go
signal on some trials during the experiment. None of the participants reported to be
aware of these No-Go signals during the Go/No-Go experiment. In the forced-choice
discrimination task, each block consisted of 50 masked No-Go trials (SOA of 16.7 ms)
and 50 Go trials. Stimuli were presented in pseudo-random order and trial timing
was exactly the same as in the experimental sessions. Participants were instructed to
press the left button when they thought that a No-Go signal shortly preceded the Go
signal and press the right button when they thought this was not the case.
Participants were told that in 50% of all trials, a Go signal was preceded by a No-Go

signal and were instructed to consider this in their response.

Behavioral analysis

Because conscious No-Go signals are quite difficult to perceive at the beginning,
participants will produce false alarms on Go trials, which means that they sometimes
inhibit their response on trials on which no No-Go signal was presented (but
participants thought that there was one). To reliably measure unconsciously
triggered response inhibition, unconscious response inhibition is quantified in terms
of a relative inhibition rate (percentage of trials inhibited) on unconscious No-Go
trials compared to Go trials, which are perceptually similar (see Results). So, if
subjects inhibit more responses on unconscious No-Go trials (successful stops)
compared to Go trials (false alarms) this means that unconscious No-Go signals
triggered response inhibition. This yields a more conservative measure than just
comparing the number of inhibited trials on unconscious No-Go trials with a zero
baseline. All trials on which there was no response upon the start of the next trial are
incorporated in our analyses of response inhibition. Repeated measures analyses of
variance (ANOVA) were performed on square root percentages of responding on Go
trials, unconscious No-Go trials and unconscious grey circle trials with within-

subjects factors of Trial type and Session. For the response time analyses RTs shorter
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than 100 ms and higher than 1000 ms were excluded. Repeated measures analyses
of variance (ANOVA) were performed on mean RT on correct Go trials, mean RT on
responded unconscious No-Go trials and mean RT on responded unconscious grey
circle trials with within-subjects factors of Trial type and Session. Forced-choice
detection performance was analyzed by signal detection methods and tested for

significance using a one-sample t-test.

EEG measurements and analyses

EEG was recorded and sampled at 256 Hz using a BioSemi ActiveTwo 48 channels
system (BioSemi, Amsterdam, the Netherlands). Forty-eight scalp electrodes were
measured, as well as four electrodes for horizontal and vertical eye-movements
(each referenced to their counterpart) and two reference electrodes on the ear lobes.
After acquisition, the EEG data was referenced to the average of both ears and was
filtered using a high pass filter of 0.5 Hz, a low pass filter of 20 Hz and a notch filter of
50 Hz. Eye movement correction was applied on the basis of the horizontal and
vertical EOG, using the algorithm of Gratton, Coles and Donchin (Gratton, Coles, &
Donchin, 1983). Thereafter, we did an artifact correction on all separate channels by
removing segments outside the range of +50 uV or with a voltage step exceeding 50
1V per sampling point. Baseline correction was applied by aligning time series to the
average amplitude of the interval from -300 ms to the -100 ms preceding Go signal
onset. This is well before the presentation of the grey circle in the conscious No-Go a
well as the unconscious No-Go/grey circle trials. All pre-processing steps were done

with Brian Vision Analyzer (Brian Products GmbH, Munich, Germany).

All subsequent analyses were conducted on difference waves obtained by
subtracting the ERP on unconscious No-Go/grey circle trials from the ERP on Go
trials. To increase the signal to noise ratio we created two regions of interest (ROI): a
fronto-central ROI consisting of several frontal electrodes (FCz, FC1, FC2, Fz, F3, F4,
AF3 and AF4) and an occipito-parietal ROI, consisting of several occipital and
parietal electrodes (Iz, 11, 12, Oz, 01, 02, PO7, P5, P7, PO8, P6 and P8). ROIs were
selected on the basis previous literature (Bokura et al, 2001; Eimer, 1993;
Fahrenfort, Scholte, & Lamme, 2007; Falkenstein, Hoormann, & Hohnsbein, 1999;
Lavric et al., 2004; Nieuwenhuis et al., 2003) and the topography of the difference
waveform (Go minus unconscious No-Go) reported in Figure 4. We performed
random-effects analyses by employing sample-by-sample paired t-tests (two-tailed)
from 0 ms to 500 ms after Go signal presentation to test at which time points

difference waves differed significantly from zero. To solve the multiple comparison
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problem we applied False Discovery Rate (FDR) correction (see also Fahrenfort et al.,
2007). This method corrects for the number of tests being performed on the basis of
the expected proportion of false alarms or Type I errors (for a more detailed
explanation of this method see Genovese, Lazar, & Nichols, 2002). All EEG analyses
were done using Matlab (The Mathworks, Natick, USA).

Source analysis was performed using the BrainStorm software package (freely
available at: http://neuroimage.usc.edu/brainstorm/). The source imaging model
consisted of 10,000 distributed current dipoles whose locations and orientations
were constrained to the cortical mantle of a generic brain model, built from the
standard MNI brain (Montreal Neurological Institute). First, the cortex, skull and
scalp surface envelopes of this generic brain model were warped to the standard
geometry of the electrode locations in the cap that was used in the experiments.
Next, weighted minimum-norm cortical current estimates were computed from the
EEG time series using the boundary element method, in which we used the scalp,
skull and cerebral spinal fluid as compartments (see Baillet, Mosher, & Leahy, 2001

for an extensive review on these procedures).

Results

Although both tasks are considerably more difficult than a “standard” Go/No-Go
task, participants were able to perform the tasks well, demonstrated by typical
inhibition rates (percentage of inhibited No-Go trials) of around 60-75% on
conscious No-Go trials, while still being fast on Go trials (~270 ms) (see Table 3.1 for

detailed behavioral results for both experiments).

Behavioral effects of unconscious No-Go signals

If unconscious No-Go signals are capable of triggering response inhibition,
participants should sometimes inhibit their responses on unconscious No-Go trials.
More precisely, a significantly higher inhibition rate on unconscious No-Go trials
than on Go trials should be evident, even though the two are perceptually identical.
In the masked Go/No-Go task, participants stopped relatively more frequently on
unconscious No-Go trials than on Go trials across all sessions (F(1,14) = 4.97, p =
0.043). This was not the case for the unconscious grey circle trials in the control
experiment (F < 1, Figure 3.2, left panel). This indicates that No-Go signals can
actively trigger response inhibition unconsciously, resulting in complete response
termination on a small number of trials. In the masked Go/No-Go task the absolute

percentage of successful stops on unconscious No-Go trials and false alarms on Go
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trials decreased slightly across sessions (F(2,28) = 8.25, p = 0.002, see Table 3.1),
probably due to practice.

Table 3.1

General performance measures for the masked Go/No-Go experiment and the control experiment.

Session 1 Session 2 Session 3

Measure Experiment  Control Experiment  Control Experiment  Control
IR Go 1.9 (0.4) 0.9 (0.2) 0.7 (0.2) 1.2 (0.6) 0.7 (0.2) 1.4 (0.5)
IR con. No-Go 60.6 (2.8) 76.5 (1.7) 64.2 (2.0) 75.4 (1.6) 63.9 (2.8) 73.0 (1.4)
IR unc. Signal 2.25(0.6) 1.0 (0.4) 1.1 (0.3) 1.1 (0.6) 0.8 (0.3) 1.4 (0.7)
RT Go 326 (8.1) 278 (9.8) 278 (8.2) 254 (9.7) 273 (5.5) 247 (7.1)
RT con. No-Go 235(7.7) 191 (7.8) 197 (8.9) 173 (6.6) 196 (6,9) 169 (7.0)
RT unc. Signal 324 (7.5) 271 (9.9) 277 (8.5) 249 (10.0) 272 (5.7) 243 (7.1)

Note: Experiment is the masked Go/No-Go experiment; Control is the control experiment; IR is the inhibition
rate (percentage of inhibited trials); RT is the reaction time (ms); con. No-Go is a conscious No-Go trial; unc.
Signal is an unconscious No-Go trial in the masked Go/No-Go experiment and an unconscious grey circle trial

in the control experiment; S.E.M. reported within brackets.

When participants are not able to fully suppress the Go behavior, they might still
slow down their responses as a result of a ‘partial’ inhibition process. This should
reveal itself as an increase in RTs on unconscious No-Go trials compared to Go trials.
Note, however, that this predicted increase in RT may be counteracted by another
effect reported previously: responses to masks generally tend to speed up when
preceded by unseen primes (Fehrer & Raab, 1962). This effect is known as the
Fehrer-Raab effect. In our experiments, all trials contain masks (the Go signal), but
on unconscious No-Go trials, grey circles precede masks. Consequently, baseline RTs
on unconscious No-Go trials, disregarding any unconscious inhibition effect, should
be faster than RTs on Go trials. So initially, unconscious grey circles should speed up
responses, to be counteracted and reversed only by the tendency to implement
response inhibition as triggered by the unconscious grey circle (in the masked
Go/No-Go task only; not in the control task). Because of the Fehrer-Raab effect we
can only speculate whether RTs on unconscious No-Go trials will eventually become
longer than RTs on Go trials in the Go/No-Go task. However, we established a

baseline value of the Fehrer-Raab effect in the control experiment (no association
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between the grey circle and response inhibition), against which we can compare the
magnitude of the inhibition effect in the masked Go/No-Go task. We expected to see a
clear Fehrer-Raab effect (mean RT on unconscious grey circle trials minus mean RT
on Go trials), unconfounded with inhibitory processes in the control experiment,
which can be compared with the Fehrer-Raab effect in the masked Go/No-Go task
(mean RT on unconscious No-Go trials minus mean RT on Go trials). When the
Fehrer-Raab effect in the masked Go/No-Go task is less than in the control
experiment, we can conclude that unconscious grey circles, when associated with
response inhibition, can trigger inhibitory control and slow down responses that are
not inhibited.
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Figure 3.2 Behavioral measures of unconsciously triggered response inhibition

In the masked Go/No-Go task, participants inhibited their responses more often on unconscious No-Go trials
than on Go trials across all sessions (left panel, effect sizes are reported in this figure: percentage of inhibited
unconscious No-Go trials minus the percentage of inhibited Go trials). In the control experiment, participants
did not inhibit their responses more often on unconscious grey circle trials than on Go trials. Additionally, the
Fehrer-Raab effect (right panel) was significantly smaller in the masked Go/No-Go task (mean RT on
unconscious No-Go trials minus mean RT on Go trials) than in the control experiment (mean RT on
unconscious grey circle trials minus mean RT on Go trials). This finding supports the notion that unconscious
No-Go signals triggered inhibitory control processes in the masked Go/No-Go task, whereas in the control

experiment unconscious grey circles did not (or less so).

In the control experiment, a significant Fehrer-Raab effect was observed (F(1,14) =
40.19, p < 0.001) whereas, in the masked Go/No-Go task this was not the case
(F(1,14) = 2.12, p = 0.167). The Fehrer-Raab effect differed significantly between the
masked Go/No-Go task and the control experiment (F(1,28) = 8.98, p = 0.006, see
Figure 3.2, right panel; same effect for median RTs: p = 0.014). These findings mean
that the presence of an unconscious grey circle, in itself, speeds up responding.

However, the response speed slows down when the unconscious grey circle is
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strongly associated with response inhibition. We take this finding to support the
notion that unconscious grey circles triggered inhibitory control processes in the
masked Go/No-Go task, and not (or less so) in the control experiment. Note that this
comparison also controls for any general suppressive effect of the grey circle. It
could be that unconscious grey circles also trigger response inhibition (and hence
slowing) in the control experiment because of a generalized association of prime
stimuli with suppressing actions. This should cancel out when looking at the
difference in Fehrer-Raab effect between the masked Go/No-Go task and the control
experiment, thus rendering our estimation of inhibitory effects conservative, as well
as specific.

RTs on Go, conscious No-Go and unconscious grey circle trials decreased
across sessions in both experiments due to practice (largest p < 0.01). RTs in the
control experiment were slightly, but significantly shorter than RTs in the masked
Go/No-Go task (F(1,28) =12.29, p = 0.002).

Unconsciously triggered inhibitory control is associated with frontal brain potentials
Figure 3 shows the ERP typically reported in the literature in the standard version of
the Go/No-Go task, including the ERP on responded Go trials and the ERP on
successfully inhibited conscious No-Go trials. The figure shows a typical sequence of
components, including most prominently a clear N2 /P3 complex on conscious No-Go
trials. Voltage scalp maps (Figure 3.3, right panel) show the usual scalp distributions
for the N2 (peaking at fronto-central electrodes) and the P3 (peaking at centro-
parietal electrodes) on conscious No-Go trials, replicating characteristic Go/No-Go
findings (e.g. Bokura et al., 2001; Eimer, 1993; Falkenstein, Hoormann et al., 1999;
Kiefer et al., 1998; Lavric et al.,, 2004; Nieuwenhuis et al., 2003). Note, that the
conscious No-Go ERP shows a leftward shift in time compared to Go trials (see e.g.
the N2 latency). This is because ERPs are Go signal-locked and therefore the
conscious No-Go signal precedes the Go signal by 83 ms. For this reason, the
conscious No-Go ERP starts earlier than the Go ERP.

To determine whether No-Go signals can actively trigger inhibitory
mechanisms unconsciously, we compared ERPs on unconscious No-Go trials with
ERPs on Go trials. The left panel of Figure 3.4 shows voltage maps of the difference
between Go and unconscious No-Go trials for the interval between 0 and 496 ms
after Go signal onset (t = 0) for the masked Go/No-Go task. In this task, two neural
events can be distinguished: first, an early difference at occipital electrode sites
around 125-164 ms. Second, a difference around 332-414 ms at fronto-central

electrode sites. It seems that occipital areas pick up unconscious No-Go signals,
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before they are processed further down-stream, probably in frontal areas. The first
neural event is also present in the control experiment, whereas the latter neural
event is absent (right panel). We report a detailed analysis of these effects for the
fronto-central ROI, followed by the analysis of the effects observed for the occipito-
parietal ROI (see Methods).
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Figure 3.3 Typical ERP reported in the standard version of the Go/No-Go task

The average ERP at electrode FCz (for the masked Go/No-Go task) is depicted for responded Go trials as well
as for conscious No-Go trials that were successfully inhibited (time-locked to the onset of the Go signal). Scalp
voltage maps show a characteristic fronto-central distribution of the N2 component and a more centro-
parietal distribution of the P3 component for successfully inhibited (conscious) No-Go trials. The vertical grey

bars are an indication of the area that was selected for the computation of the voltage maps.

Figure 3.5a shows the averaged waveform for Go trials and unconscious No-Go trials
for the fronto-central ROI. Unconscious No-Go trials differed from Go trials between
309 and 418 ms (p < 0.05, FDR corrected (see Methods)). This observed differential
effect was found at fronto-central electrodes (see the voltage maps in Figure 3.5a)
close to the cortical sites of activation that have been found in previous fMRI studies
using standard versions of the Go/No-Go task (Casey et al, 1997; Fuster, 2000;
Garavan, Hester, Murphy, Fassbender, & Kelly, 2006; Kelly et al., 2004; Konishi et al.,
1999; Liddle et al., 2001). To show that this difference at fronto-central electrodes is
not a purely stimulus-driven effect (or reflects a neural correlate of the Fehrer-Raab
effect per se) we did the same analysis for the control experiment (see Figure 3.5b).
In the control experiment, no differences were found for the same fronto-central ROI

at any point in time between 0 and 500 ms.
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Figure 3.4 The neural processing of unconscious grey circles

Scalp voltage maps show activations evoked by the unconscious stimulus as a difference between Go trials
and unconscious No-Go trials (masked Go/No-Go task) and the difference between Go trials and unconscious
grey circle trials (control experiment). The topography of the difference waveform between 0 and 496 ms is
shown in 12 steps (t = 0 is the onset of the Go signal). In the masked Go/No-Go task, two neural events can be
distinguished: (1) an early occipital difference around 125-164 ms and (2) a fronto-central difference around
332-414 ms. The first, early occipital event probably represents the visual encoding of the unconscious
stimulus, and is also present in the control experiment where the masked grey circle has no behavioral
relevance. The second, frontal event is unique to the masked Go/No-Go experiment, and probably represents

the subsequent implementation of inhibitory control in the PFC.

By comparing the evoked frontal ERP activity between the masked Go/No-Go task
and the control experiment, we subtract out any perceptual processes related to the
grey circle and specifically test whether the observed frontal ERP difference in the
masked Go/No-Go task (in which the grey circle is associated with inhibition) is
larger than in the control experiment (in which the grey circle is task irrelevant). An
ANOVA yielded a significant task effect at the fronto-central ROI between 309 and
418 ms (F(1,29) = 9.41; p = 0.005). This indicates that our unconsciously triggered
inhibitory effect cannot be explained by any stimulus-driven perceptual activity or
by the Fehrer-Raab effect per se. More importantly, this finding shows that
unconscious grey circles elicit frontal ERP activity when they are associated with
response inhibition (masked Go/No-Go task), whereas the same grey circles do not

(or less so) when they are irrelevant for the task at hand (control experiment).

Frontal ERP activity determines the magnitude of inhibition

Next, we analyzed individual differences in the extent to which unconscious No-Go
signals are capable of triggering inhibitory control processes. In particular, we
examined whether individual differences in the behavioral and electrophysiological

expressions of inhibition on unconscious No-Go trials co-varied. We hypothesized
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that those participants displaying greater frontal ERP differences between Go trials
and unconscious No-Go trials slow down more on unconscious No-Go trials
compared to Go trials. Furthermore, the RTs of participants should not increase if
they do not show frontal ERP differences. To test this hypothesis, we calculated the
mean voltage difference at all 48 electrodes in the significant time window of 309-
418 ms. We calculated Spearman’s rank correlations between this EEG difference
measure and the observed RT slowing effects in the masked Go/No-Go task (RT
unconscious No-Go trial minus RT Go trial) across participants at all electrodes. This
correlation was highly significant at several specific fronto-central electrodes (Cz,
FCz, Fz, FC1, FC2, FC5, all ps < 0.05 (two-tailed), all rho-values > 0.53) as well as the
fronto-central ROI (rho = 0.53, p = 0.043). The middle panel of Figure 3.6 shows that
the scalp distribution of these correlations closely resembles the observed scalp
distribution shown in Figure 3.5a. The left panel of Figure 3.6a shows the scatter plot
of this correlation for electrode FCz, which is the electrode usually showing the
largest P3 differences in the standard version of the Go/No-Go task (e.g. Bokura et
al, 2001; Eimer, 1993; Falkenstein, Hoormann et al., 1999; Kiefer et al., 1998).
Correlations were completely absent in our control experiment (see Figure 3.6b),
demonstrating that they were specific to inhibitory RT slowing and not related to the
Fehrer-Raab effect per se. Hence, frontal EEG activity seems to be an indication for

the impact unconscious No-Go signals have on subsequent inhibitory control

behavior.
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Figure 3.5 Frontal event related potentials

(a) ERP waveforms for unconscious No-Go trials and Go trials for the fronto-central ROI (pooling of
electrodes FCz, FC1, FC2, Fz, F3, F4, AF3 and AF4, time-locked to the onset of the Go signal). In the masked
Go/No-Go task, unconscious No-Go trials differed significantly from Go trials between 309 and 418 ms. (b) In
the control experiment, unconscious grey circle trials did not differ from Go trials at any point in time
between 0 and 500 ms after Go signal onset. Scalp voltage maps (right panel, pooled electrodes are shown in
black) show the scalp distributions of the differential EEG activity between Go trials and unconscious No-Go

trials (masked Go/No-Go task) and Go trials and unconscious grey circle trials (control experiment) between

309 and 418 ms.
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To show that the observed correlation between EEG activity and behavior is not only
spatially specific, but also temporally specific, we computed a moving average of 109
ms (the size of the significant time window between 309-418 ms) of the differential
activity between unconscious No-Go trials and Go trials and correlated this measure
across time with the increase in RT. Figure 3.6a (right panel) displays this
correlation at electrode FCz. At the moment in time that fronto-central electrodes
differentiate between unconscious No-Go trials and Go trials (309-418 ms) a strong
correlation between increase in RT and EEG activity appears (p < 0.05 between 289-
445 ms), which is absent at other times, as well as in the control experiment (see
Figure 3.6b right panel). Thus, the spatial as well as the temporal profile of these
correlations suggests that unconscious No-Go signals are able to trigger inhibitory
control mechanisms, which are expressed at fronto-central scalp sites around 300-
400 ms post-stimulus and result in an attempt to withhold the response. Although

often not successful as such, this yields at least a slowing of the response.
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Figure 3.6 Frontal effects and correlations

(a) The left panel shows the correlation between the mean amplitude difference between unconscious No-Go
trials and Go trials in the significant time window (309-418 ms) and increase in RT (electrode FCz). The
scatter plot shows a strong positive correlation between the size of this fronto-central ERP effect and the
increase in RT to subsequent Go signals in the masked Go/No-Go task (each dot is one subject). The map in
the middle shows the scalp distribution of rho-values for all 48 electrode sites (red = positive correlation, blue
= negative correlation). The distribution of the frontal ERP effect (reported in Figure 3.5) strongly

corresponds to the distribution of correlations in the masked Go/No-Go task. The right panel shows the
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correlation between a moving average of EEG activity and the increase in RT across time at electrode FCz
(the shown rho-values are absolute). At the moment in time that fronto-central electrodes differentiate
between unconscious No-Go trials and Go trials (309-418 ms) a strong positive correlation appears (p < 0.05

between 289-445 ms), which is absent at other times, as well as in the control experiment (b).

Source localization of the frontal ERP activity

To shed some light on the cortical origins of the frontally observed event-related
activity in the masked Go/No-Go task, we computed cortical current density maps by
using a model consisting of 10,000 current dipoles (see Methods and Del Cul, Baillet,
& Dehaene, 2007; Sergent et al., 2005). Although the spatial resolution of this source
modeling method is limited, it was used to yield an approximate estimation of the
location and distribution of the neural activity observed on unconscious No-Go trials
(compared to Go trials). Figure 3.7 shows the cortical current maps at 352 ms, which
is the moment in time the ERP difference between unconscious No-Go trials and Go
trials at the fronto-central ROI is largest. The source imaging revealed that the lateral
prefrontal cortex was active at this moment in time. Additionally, the source
reconstruction suggests that the cortical origin of our reported inhibitory effects is
slightly right-lateralized. Although the inferred locations from the source imaging
analysis must be taken cautiously, this finding nicely corresponds to results of
previous fMRI studies, which consistently reported predominantly the right (dorsal
as well as ventral) lateral prefrontal cortex to be associated with No-Go inhibition
(Casey et al.,, 1997; Garavan et al., 2006; Kelly et al., 2004; Konishi et al., 1999; Liddle
et al, 2001). Thus, our source imaging results suggest that the frontal ERP
component observed in the masked Go/No-Go task reflects the unconscious
initiation of an inhibitory control process mediated by the (especially right) lateral

prefrontal cortex.

Visual encoding of unconscious grey circles is similar for both experiments

Before unconscious No-Go signals can influence behavior, they have to be visually
encoded (without leading to a conscious percept). To test whether unconscious grey
circles are encoded comparably in the masked Go/No-Go task and the control
experiment, we calculated the difference between Go trials and unconscious No-Go
trials for the occipito-parietal ROI. We found early significant differences between
145 and 156 ms in the masked Go/No-Go task (see Figure 3.8a). Unconscious grey
circle trials also differed significantly from Go trials in the control experiment in the
same time window (141-172 ms, see Figure 3.8b), but also slightly later in time
(191-207 ms). To test whether there was a task effect at the occipito-parietal ROI the
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evoked occipito-parietal ERP activity between the masked Go/No-Go task and the
control experiment were directly compared. An ANOVA yielded no significant task
effect at the occipito-parietal ROI between 145 and 156 ms (F(1,29) = 2.37, p =
0.135). Thus, early visual evoked effects were similar across both tasks; if anything,
this effect was even slightly larger in the control experiment than in the masked
Go/No-Go task. Early occipital activity (145-156 ms) did not correlate with the
increase in RT in the masked Go/No-Go task (rho = - 0.03, p = 0.93) or the control
experiment (rho = 0.23, p = 0.42). This pattern of activity shows that unconscious
grey circles were visually encoded alike in both experiments, but only triggered

inhibitory control when they were associated with response inhibition.

Figure 3.7 Cortical activity evoked by unconscious No-Go signals

The reconstructed cortical sources at the peak of the differential ERP activity between unconscious No-Go
trials and Go trials (352 ms) at the fronto-central ROI (in the masked Go/No-Go task). The source imaging
revealed that the (especially right) lateral prefrontal cortex was active at this moment in time. Cortical
current maps are represented on smoothed standardized cortex and shown in four different views (left view,
right view, anterior view and superior view). Activity of the reconstructed cortical sources is indicated by

color (in current density units, A.m), thresholded at 50% of the maximum value (yellow = 6.5 x 10-5 A.m).

Visibility of grey circles

We ran two behavioral detection tasks after the final session of the masked Go/No-
Go task to verify that unconscious No-Go trials could not be discriminated from Go
trials. The first task was designed to probe the subjective visibility of unconscious
No-Go signals, as well as conscious No-Go signals (yes-no detection task, 200 trials).
The second, more conservative task (forced-choice discrimination task, 200 trials)
tested whether participants could detect subtle differences between unconscious No-
Go trials and Go trials. In the yes-no detection task, the hit rate of 2.0% (SD = 1.2) on

unconscious No-Go trials did not exceed the false alarm rate of 0.8% (SD = 0.3)
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observed on Go trials (t(14) = 1.27, p = 0.23). Participants easily detected conscious
No-Go trials, as expressed in an average hit rate of 93.3% (SD = 4.9).
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Figure 3.8 Occipital event related potentials

(a) ERP waveforms for unconscious No-Go trials and Go trials for the occipito-parietal ROI (pooling of
electrodes Iz, 11, 12, Oz, 01, 02, PO7, P5, P7, PO8, P6 and P8, time-locked to the onset of the Go signal).
Unconscious No-Go trials differed significantly from Go trials between 145 and 156 ms in the masked Go/No-
Go task. (b) In the control experiment, unconscious grey circle trials differed significantly from Go trials
between 141-172 ms and between 191-207 ms. Scalp voltage maps (right panel) show scalp distributions of
the differential activity between 145 and 156 ms for both experiments (pooled electrodes are shown in black).
The pattern of activity shows that unconscious grey circles were visually encoded alike in both conditions, but
only triggered inhibitory control when they were associated with response inhibition (in the masked Go/No-

Go task only).

Before starting the forced-choice discrimination task, participants were informed
about the presence of No-Go signals appearing very shortly before the Go signal on
some trials during the Go/No-Go experiment. None of the participants reported to be
aware of these No-Go signals. In the forced-choice discrimination task, subjects were
unable to discriminate unconscious No-Go trials from Go trials, yielding a hit rate of
44.9% and a false alarm rate of 43.1% (mean percentage correct = 51.0%, SD = 3.2).
The resulting d” score of 0.05 (SD = 0.17) did not differ from the value expected by
chance (t(14) = 1.09; p = 0.29). We chose to analyze detection after the masked
Go/No-Go experiment, assuming that any effect of perceptual learning would have
revealed itself after the final session.

If incidental No-Go visibility would be responsible for the observed inhibition
effects one would expect a positive correlation between detection scores and
behavioral as well as electrophysiological measures of inhibition. To test this, several
correlational analyses were done between detection scores and behavioral and
electrophysiological effects of the third session. The correlation between each
participant’s yes-no detection score (hit rate minus false alarm rate) and

unconscious RT slowing was not significant (rho = -0.08, p = 0.78). The correlation
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between individual d’ scores and unconscious RT slowing (rho = -0.25, p = 0.37) was
also not significant. With respect to inhibition rates, there was no correlation
between unconscious inhibition rate and yes-no detection (rho = 0.02, p = 0.94) and
a negative correlation between unconscious inhibition rate and d’ scores (rho =-0.52,
p = 0.049). The overall pattern of these correlations suggests that it is rather unlikely
that the reported behavioral effects are due to accidental visibility of masked No-Go
signals. This conclusion is further supported by the additional finding that there was
no correlation between yes-no detection and frontal EEG activity (rho = 0.05, p =
0.86) and a trend towards a negative correlation between this EEG effect and d’
scores (rho =-0.50, p = 0.055). The pattern of these correlations further support the
notion that it is unlikely that No-Go visibility can account for the observed frontal
EEG effects; if anything, individuals who were better at detecting the masked No-Go
signal used it less often to inhibit their response and showed less frontal EEG activity.
Therefore, our behavioral and ERP results cannot be explained by assuming

accidental visibility of masked No-Go signals.

Discussion

We developed a new version of the Go/No-Go paradigm in which we masked No-Go
signals to study the effect of unconscious No-Go signals on behavior and brain
activity using ERPs. Previous brain imaging studies revealed that a predominantly
right-hemispheric network of regions, including the PFC, is involved in response
inhibition in the Go/No-Go paradigm (Casey et al., 1997; Fuster, 2000; Garavan et al.,
2006; Kelly et al., 2004; Konishi et al., 1999; Liddle et al., 2001; Ridderinkhof et al.,
2004). Behaviorally, we found that unconscious No-Go signals triggered full-blown
response inhibition on some occasions and slowed down those responses that were
not withheld. Our EEG results revealed a sequence of ERP deflections typically seen
in the Go/No-Go paradigm (Bokura et al., 2001; Eimer, 1993; Falkenstein, Hoormann
et al, 1999; Kiefer et al, 1998; Lavric et al, 2004; Nieuwenhuis et al., 2003).
Specifically, we found differential activity between Go and unconscious No-Go trials
at fronto-central electrode sites in the P3 latency range (309-418 ms). Although the
spatial resolution of EEG is rather limited, source modeling of this frontal component
suggests that it originates from (especially right) lateral prefrontal cortex. Therefore,
it seems plausible that this unconsciously triggered No-Go activity corresponds to
prefrontal activity seen in fMRI (Casey et al., 1997; Garavan et al., 2006; Kelly et al.,
2004; Konishi et al., 1999; Liddle et al., 2001). However, the frontal origins of our
effects should be explored more precisely with anatomically more accurate methods

in the future.
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Electrophysiological activity evoked by unconscious No-Go signals correlated
strongly with the increase in RT to subsequent Go signals. Maximum correlations
were specifically centered on fronto-central electrodes where previous No-Go
studies (using conscious trials only) found the largest electrophysiological effects.
The spatial profile and the on- and offset latency of these correlations suggests that
unconscious No-Go signals make their way to frontal cortices, triggering response
inhibition in the absence of awareness. This frontal ERP effect is unique to the
masked Go/No-Go experiment, because the same masked signals do not trigger
inhibitory control behavior and do elicit frontal ERP activity when they have no
behavioral relevance. Importantly, early occipital activity (145-156 ms),
representing the visual encoding of the unconscious stimulus, did not differentiate
between the masked Go/No-Go task and the control experiment. This suggests that
early (probably feedforward (Fahrenfort et al, 2007)) visual activity is not
influenced by the task relevance of grey circles.

In the present experiments, we show that unconscious signals are processed
more elaborately (probably activating brain areas further down-stream) when the
current task demands it, than when they are irrelevant for the task at hand. This is in
line with the idea that the depth and scope of neural processing of masked stimuli is
modulated by top-down settings of the cognitive system (Dehaene, Changeux,
Naccache, Sackur, & Sergent, 2006; Nakamura et al., 2007; Nakamura et al., 2006).
However, more importantly, our results go one step further by showing that
cognitive control processes itself can be triggered unconsciously. So, top-down task-
set does not only seem to influence the extent of neural processing of unseen events
(Dehaene et al.,, 2006; Nakamura et al., 2007; Nakamura et al., 2006), but also the
opposite seems to be case: unconscious stimuli seem able to exert a form of cognitive
control (influence whether a task will be performed or interrupted).

These results nicely converge with data from a recent and elegant fMRI study
of Lau and Passingham (2007), in which participants had to prepare to perform
either a phonological or a semantic judgment on a visually presented word. On a
single-trial basis, a visible metacontrast cue instructed participants which task to
perform. A prime resembling the instruction cue, presented just before the
metacontrast instruction cue, could trigger the alternative or the same task. Masked
primes triggered task-related neural activity and interfered with visibly instructed
task performance. So task-set (Lau & Passingham, 2007; Mattler, 2003), as well as
well as task interruption (the present study) can be triggered unconsciously, which

questions the assumption that all cognitive control functions require consciousness.
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Before further interpretation, it is important to discuss one theoretical issue about
our data. Typically, No-Go trials elicit larger N2 and P3 components than Go trials
(Bokura et al., 2001; Eimer, 1993; Falkenstein, Hoormann et al., 1999; Kiefer et al,,
1998; Lavric et al,, 2004; Nieuwenhuis et al., 2003). We replicated this effect when
we compared Go trials with conscious No-Go trials (Figure 3.3). In contradiction to
this result, we found a consistent P3 reduction on unconscious No-Go trials
compared to Go trials at the expected scalp sites and in the expected time-window
(Figure 3.5). Although such qualitative differences between unconscious and
conscious processes are usually difficult to find in the brain, a recent study did find
these kinds of effects in a task-switching paradigm (Lau & Passingham, 2007). An
advantage of the observed differences in ERP amplitude between conscious and
unconscious No-Go trials is that such qualitative differences rule out the possibility
that our results can be explained by assuming accidental perception of masked No-
Go signals, since this would lead to similar (perhaps slightly smaller, but not
opposite) results in the unconscious compared to the conscious No-Go condition.
What, then, is the difference between conscious and unconscious No-Go
processing? To answer this question, it is important to note that we manipulated
awareness of No-Go signals by means of masking. Monkey and human studies have
shown that initial neural responses (the feedforward sweep) are probably partly
preserved during masking, whereas feedback signals seem mostly interrupted (Del
Cul et al., 2007; Fahrenfort et al., 2007; Lamme, Zipser, & Spekreijse, 2002). These
results indicate that the feedforward sweep alone is not sufficient to produce a
conscious percept (no matter what area in the brain is activated (Lamme &
Roelfsema, 2000; Lau & Passingham, 2007; Thompson & Schall, 1999). On the
contrary, recurrent interactions between high- and low-level areas seem to be
crucial for (visual) awareness (Dehaene et al., 2006; Di Lollo, Enns, & Rensink, 2000;
Fahrenfort et al., 2007; Lamme, 2006; Pascual-Leone & Walsh, 2001; Ro, Breitmeyer,
Burton, Singhal, & Lane, 2003). Recurrent interactions initiate a long-lasting pattern
of widespread neural activity, whereas the strength of the feedforward sweep decays
rapidly with depth, because it is not boosted by recurrent processes (Dehaene et al.,
2006; Dehaene & Naccache, 2001; Lamme & Roelfsema, 2000). This could explain
why the effect of unconscious No-Go signals on subsequent behaviour is relatively
small compared to the effect of unconscious stimuli on lower-level perceptual or
response-related processes (usually in the order of 10-100 ms), associated with
more posterior brain areas (for a similar argument see Dehaene, 2008). Thus,
because the strength, duration and scope of neural activity differs substantially

between conscious and unconscious No-Go signal processing, it seems plausible that
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conscious No-Go signals can initiate full-blown inhibitory control on the majority of
trials, whereas unconscious No-Go signals are able to trigger (probably prefrontal)
inhibitory processes, however, generally this process does not run to completion.
Another important question is why a small number of unconscious No-Go
signals are capable of triggering complete response termination, whereas the
majority of unconscious No-Go trials do not (and trigger an increase in RT). As we
have shown, the impact of unconscious No-Go signals on RTs differs substantially
across subjects. It is likely that the strength of unconscious No-Go signal processing
also differs substantially across trials (e.g. because certain pre-stimulus conditions
fluctuate), which might cause the behavioral (and neural) effects to differ across
subsequent trials. In such a scheme, the strength of single-trial evoked neural activity
caused by the Go signal might have to compete with the strength of neural activity
caused by the unconscious No-Go signal. The outcome of this dynamic interaction
between both processes might determine the consequence of No-Go signals on
subsequent behavior. On the majority of conscious No-Go trials the evoked No-Go
activity is strong enough to override the Go activity, which causes complete response
termination. However, activity evoked by unconscious No-Go signals is weaker, often
too weak to win the race against the Go process. Therefore, in general, unconscious
No-Go signals cause an increase in RT, but not result in actual stopping. However, on
some unconscious No-Go trials, the evoked No-Go activity may have been sufficiently
strong, or the evoked Go activity sufficiently weak (or both), such that the relative
strength of the unconscious No-Go activation is sufficient to trigger inhibition.
Whether this is indeed the case is an important avenue for future research.
Traditionally, the neural processing of unconscious information has been
thought to be limited in scope and depth (for a review see Kouider & Dehaene,
2007). Amongst all cognitive functions, high-level cognitive control functions of the
PFC seem the ones most likely to require conscious experience (for reviews see
Dehaene & Naccache, 2001; Hommel, 2007). Our results show that inhibitory control
functions can be influenced by unconscious events. Although never demonstrated
before, these findings are in line with recent theoretical models concerning the
neural correlates of consciousness and the potential depth of processing of

unconscious information (Dehaene et al., 2006; Lamme, 2006).
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4. Dissociable brain mechanisms underlying the conscious and unconscious
control of behavior

Abstract

Cognitive control allows humans to overrule and inhibit habitual responses in order
to optimize performance in challenging situations. Contradicting traditional views,
recent studies suggest that cognitive control processes can be initiated
unconsciously. To further capture the relation between consciousness and cognitive
control, we studied the dynamics of inhibitory control processes when triggered
consciously versus unconsciously in a modified version of the stop task. Attempts to
inhibit an imminent response were often successful after unmasked (visible) stop-
signals. Masked (invisible) stop-signals rarely succeeded in instigating overt
inhibition, but did trigger slowing down of response times. Masked stop-signals
elicited a sequence of distinct event-related brain potential (ERP) components that
were also observed on unmasked stop-signals. The N2 component correlated with
the efficiency of inhibitory control when elicited by unmasked stop-signals, and with
the magnitude of slow-down when elicited by masked stop signals. Thus the N2
likely reflects the initiation of inhibitory control, irrespective of conscious
awareness. The P3 component was much reduced in amplitude and duration on
masked vs. unmasked stop trials. These patterns of differences and similarities
between conscious and unconscious cognitive control processes are discussed in a
framework that differentiates between feedforward and feedback connections in

yielding conscious experience.

Introduction

What are the limits of unconscious cognition? This question can be studied in
patients, e.g. with blindsight or neglect, or in healthy participants, e.g. by the use of
masking, attentional blink, binocular rivalry or inattentional blindness. In a
laboratory setting, masking is the most common tool of choice. In typical masking
experiments, participants have to respond to or identify a briefly presented stimulus
(the prime) that is followed and/or preceded closely in time by a second stimulus
(the mask). Under specific conditions, the prime can be difficult or sometimes even
impossible to see. However, even if masked stimuli are not perceived, they can still
influence perceptual and behavioral processes. An example of unconscious
influences on perception is repetition priming; the observation that processing of a
conscious stimulus (the target) is facilitated when a masked version of the same

stimulus is presented just before the target (Bar & Biederman, 1999; Dehaene et al.,
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2001). Other examples pertain to unconscious influences on motor responses.
Masked primes, briefly presented before a target, that resemble the target (e.g. with
respect to location or form), speed up responses and decrease error rates, whereas
responses are slowed down and error rates increase when they differ from the target
(Dehaene et al., 1998; Vorberg et al., 2003).

Although at first controversial (for review see Kouider & Dehaene, 2007), it is
now widely acknowledged that such relatively low-level (e.g. perceptual and motor)
processes are affected by unconscious stimuli (but see Hannula et al.,, 2005; Holender
& Duscherer, 2004). However, the extent to which higher-level cognitive functions
(e.g. task preparation, cognitive control) are also influenced by unconscious
information remains debated (Dehaene & Naccache, 2001; Hommel, 2007; Libet,
1999; Mayr, 2004; Umilta, 1988). Interestingly, some recent studies have shown that
even high-level cognitive processes, such as decision-making (Pessiglione et al,,
2008), reward prediction (Pessiglione et al, 2007) and task preparation (Lau &
Passingham, 2007; Mattler, 2003) can be influenced unconsciously. These recent
findings stress the contribution of unconscious processes in shaping everyday, but
rather complex behavior.

Recently, we have shown that inhibitory control processes, which were
thought to require conscious experience (Eimer & Schlaghecken, 2003) and volition
(Libet, 1999; Pisella et al., 2000) can also be initiated unconsciously (van Gaal et al.,
2008; van Gaal, Ridderinkhof, van den Wildenberg, & Lamme, 2009). To illustrate, in
a modified version of the Go/No-Go paradigm (van Gaal et al., 2008) participants had
to respond as fast as possible to a Go annulus, but were instructed to withhold their
response when they perceived a No-Go circle, preceding the Go annulus. By varying
the interval between the No-Go circle and the metacontrast Go-signal, No-Go signals
were either visible (unmasked) or invisible (masked). Under these circumstances,
unconscious No-Go signals triggered full-blown response inhibition on some
occasions and otherwise slowed down those responses that were not withheld. In
EEG, unconscious No-Go signals elicited two electrophysiological events: (1) an early
occipital component and (2) a frontal component somewhat later in time. The
amplitude of the frontal ERP component strongly predicted the amount of slow-
down across participants. We argued that the first neural event represented the
visual encoding of the unconscious No-Go stimulus; whereas the second event
corresponded to the subsequent initiation of inhibitory control in the prefrontal
cortex.

In a separate behavioral study, we tested whether stop-signal response

inhibition could also be triggered unconsciously (van Gaal et al., 2009). Compared to
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the Go/No-Go task, inhibition in the stop task is considered a more active form of
response inhibition, because it requires the active inhibition of an already ongoing
response at the very last moment (van Boxtel, van der Molen, Jennings, & Brunia,
2001). In that “masked selective stop-signal paradigm®, participants had to respond
as fast and accurately as possible to a choice-stimulus, but cancel their already
initiated action when a second stimulus (the stop-signal) was presented after the
choice-stimulus (Logan, 1994), but not when a “go-on” signal was presented after the
choice-stimulus. We included visible (unmasked) as well as invisible (masked) stop-
signals. Participants inhibited their response slightly more often on masked stop
trials than on masked go-on trials and they significantly slowed-down their
responses to masked stop trials that were not inhibited. Again, these results suggest
that masked stop-signals are also able to influence inhibitory control operations,
strongly associated with the prefrontal cortex (Aron & Poldrack, 2006; Chambers et
al., 2006). If unconscious stimuli are able to influence such high-level cognitive
operations, what might then be the additional value of consciousness in this context?
And how is this expressed in neural activity? Here, we measured EEG to study the
spatiotemporal dynamics of processing masked vs. unmasked stop-signals in the
above-outlined selective stop-signal task as a first step towards answering these
questions.

In EEG, successful stopping has typically been related to two ERP components:
a frontocentral N2 component; a negative peak around 200-300 ms after stop-signal
presentation (Dimoska, Johnstone, & Barry, 2003, 2006; Schmajuk, Liotti, Busse, &
Woldorff, 2006) and a centroparietal P3 component, a positive peak around 300-500
ms after stop-signal presentation (Bekker, Kenemans, Hoeksma, Talsma, & Verbaten,
2005; Dimoska & Johnstone, 2008; Ramautar, Kok, & Ridderinkhof, 2004). Although
the neural generators of the N2 and the P3 have not been localized precisely,
numerous neuroimaging experiments have investigated the neural basis of response
inhibition in the stop-signal task. These studies have revealed a large frontoparietal
network involved in response inhibition, including middle, inferior and superior
frontal cortices, pre-supplementary motor areas and the anterior cingulate cortex
(Aron & Poldrack, 2006; Chambers et al, 2006; Ramautar, Slagter, Kok, &
Ridderinkhof, 2006; Ray Li, Huang, Constable, & Sinha, 2006; Zheng, Oka, Bokura, &
Yamaguchi, 2008). In addition, several basal ganglia structures have also been
associated with stop-signal inhibition, most prominently the subthalamic nucleus
(Aron & Poldrack, 2006; van den Wildenberg et al., 2006).

In addition to these typical inhibition related ERP observations, recent
MEG/EEG (Bekker et al., 2005; Boehler et al., 2008; Dimoska & Johnstone, 2008;
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Schmajuk et al., 2006) as well as fMRI (Aron & Poldrack, 2006; Ramautar et al., 2006;
Ray Li et al,, 2006; Zheng et al., 2008) studies revealed a crucial role for sensory
processing in response inhibition. For example Boehler et al.,, (2008) performed
magnetoencephalographic recordings while subjects performed a stop task and
demonstrated that enhanced (visual) processing of the go-signal facilitated response
execution, whereas enhanced attentional allocation to the stop-signal was related to
stopping success. This latter effect peaked approximately 160 ms after stop-signal
presentation and was localized in the ventral occipitotemporal cortex. Additional
evidence for the crucial role of sensory (visual) processing of stop-signals is obtained
by Schmajuk et al., (2006). They compared stop trials in which stop-stimuli were
task-relevant with a control block in which stop-stimuli were task-irrelevant and
observed an enhanced early negative component over occipitoparietal cortex
(peaking at ~200-220 ms after stop-signal presentation), which they suggested to
reflect early sensory attention to the stop-signal when it is relevant compared to
when it is irrelevant. Similarly, using auditory stop-signals, Bekker et al., (2005)
observed an enhanced early auditory N1 component (peaking at ~100 ms after stop-
signal presentation) for successful compared to failed stop trials. These recent
results suggest that the quality of sensory processing or allocation of attentional
resources to the stop-stimulus is also an important determinant of the likelihood
that a response will be inhibited. In the present experiment, we mixed masked and
unmasked stop-signals in stop-signal task to address to what extent unconscious

initiated inhibition differs from it conscious counterpart.

Materials and Methods

Participants

19 undergraduate Psychology students participated in the experiment for course
credits or financial compensation (12 female). All participants had normal or
corrected-to-normal vision. All procedures were executed in compliance with
relevant laws and institutional guidelines and were approved by the local ethical

committee. Subjects gave written informed consent before experimentation.

Stimuli and task

We masked stop-signals with forward masks only or with forward and backward
masks, leading to unmasked (visible) and masked (invisible) stop-signals
respectively (see Figure 4.1a). We also included a so-called “go-on” condition, in
which a go-on signal instead of a stop-signal was presented after the choice-stimulus.

This stimulus instructed participants to go-on and press the button to the direction
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of the choice-stimulus (e.g. Bedard et al., 2002; Boehler et al., 2008; Dimoska et al.,
2006; van den Wildenberg & van der Molen, 2004). Inclusion of this additional go-on
condition slightly complicates the stop task, as it requires discrimination between
two visual stimuli: one requiring the implementation of response inhibition (stop-
signals), whereas the other does not (go-on signals). An advantage of this
experimental design is that we can directly compare behavioral and
electrophysiological responses to masked stop-signals and masked go-on signals,
which occur equally frequently. By this means, any differences between the stop- and
the go-on condition can be attributed to inhibition, instead of other cognitive
processes such as novelty detection, unexpectedness or attentional selection
(Dimoska & Johnstone, 2008).

Stimuli were presented using Presentation (Neurobehavioral Systems, Albany,
USA) against a black background (2.17 cd/m2) at the centre of a 17-inch VGA
monitor (frequency 70 Hz). Participants viewed the monitor from a distance of
approximately 90 cm, so that each cm subtended a visual angle of 0.64 degrees. On
masked stop trials, we first presented a white cross (300 ms) followed after 200 ms
by a choice-stimulus (29 ms, isoluminant, 9.0 cd/m?, width 0.64°, height 0.34°, which
was either a blue left-pointing arrow or a red right-pointing arrow). This stimulus
was followed after a variable SOA by two strings of randomly chosen uppercase
consonants (forward masks, presented sequentially, 43 ms per letter string), the
stop-signal or go-on signal (see below, 29 ms), and finally two consonant strings
(backward masks, both 43 ms). On unmasked stop and go-on trials, the same
sequence was used, but the consonant strings at the end (backward masks) were
replaced with blank screens (see Figure 4.1a).

Participants were instructed to respond as quickly and accurately as possible
to the direction of the choice-stimulus, but to inhibit their response when a stop-
signal was presented after the choice-stimulus. Participants were instructed to “keep
on going” and press the button as already planned when a go-on signal was
presented. The word “STOP” was used as a stop-signal and a control word was used
as a go-on signal. For every participant a different control word was used. The
control-word set consisted of the following words: BINK, BLUF, DREK, DUNK, FARM,
HALM, HARK, KLIM, KNEL, KURK, KWIK, LARF, NERF, NIMF, RANK, VINK, VLEK,
ZINK and ZWAK. The control words were matched to “stop” in terms of frequency of
appearance in daily Dutch language (70 vs. 73 per 1 million respectively, as stated in
the Celex database (Baayen, Piepenbrock, & Gulikers, 1995)). The stimulus set of
consonants used to form the masks consisted of 13 uppercase letters (X, B, K, R, M, H,
G, F, D, W, Z, N and C). For each subject, ten of these were used to form the masks,
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such that no consonants were used that were also part of the control (go-on) word
for that subject. Each mask contained seven randomly chosen letters, which were
slightly overlapping to increase the density of the mask. The spacing between the
centers of the letters was 12 pixels. Uppercase Courier font was used for all letters

and words (white color, font size 24).

Unmasked go-on/stop trial Masked go-on/stop trial “Point of no return”

N 0

300 ms

200 ms

stop-signal

1
~46% fast ! ~54% slow
responses | responses
(responded) | (inhibited)
|

SSD SSRT
|

choice stimulus RT (ms)

Figure 4.1 Stimulus timing in the masked selective stop-signal paradigm

(a) Participants had to respond to the direction of the arrow, but withhold their response when the stop-
signal (the word “stop”) was presented, but not when the go-on signal (a control word, e.g. the word “bluf”)
was presented. In the unmasked conditions the stop-signal (or go-on signal) could be perceived easily,
whereas in the masked conditions participants could not (due to the inclusion of backward masks in those
conditions). The stop-signal could be presented at various delays after the go-stimulus (SSD = stop-signal
delay), which served to vary the difficulty of response inhibition. SOA is the stimulus onset asynchrony
between the choice-stimulus (the arrow) and the first forward mask. (b) The stop-signal task yields an
estimate of the duration of the inhibitory process: the stop-signal reaction time (SSRT). The “point of no
return” reflects the point in time at which the inhibitory process is finished. In theory, in trials at the right
side of this point, the stop process wins from the go process and the response will be inhibited. Trials at the
left side of the SSRT probably escape inhibition, because the go process is finished before the stop process
(Logan, 1994).

When the stop-signal is presented shortly after the go-signal, participants are able to
inhibit their responses easily. However, when the interval between go-signal and
stop-signal is increased, participants are less likely to inhibit their response, because
the go process is closer to completion. Therefore, a staircase-tracking procedure
dynamically adjusted the time between the choice-stimulus and the stop-signal (or
go-on signal); the stop-signal delay (SSD). After an inhibited unmasked stop trial, the
SSD in the next trial increased by 14.3 ms, whereas it decreased by 14.3 ms when the
participant did not stop. The staircase adjustment of the SSD counteracted strategic
slowing of participants (i.e., waiting for the stop-signal to appear before executing
any choice response) and ascertained that participants would inhibit their response

on approximately 50% of the unmasked stop trials, ensuring that we could
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accurately calculate participants’ stop-signal reaction time (SSRT) (Logan, 1994).
The SSRT is an estimate of the duration of the inhibitory process, which can be used
to compare the efficiency of inhibitory control processes between conditions or
individuals. All blocks started with a SSD of 129 ms.

The experiment consisted of three sessions. In the first two sessions
participants performed the stop-signal task; EEG was recorded in the second session
only. The third session was dedicated to the assessment of stop-signal visibility (see
below). In the first two sessions participants performed eight experimental blocks of
the stop-signal task. In the first session one practice block was included. Each block
of the stop task consisted of 30 unmasked stop trials, 30 unmasked go-on trials, 30
masked stop trials and 30 masked go-on trials. The inter-trial interval was jittered
(2000-3000 ms in steps of 200 ms, drawn randomly from a uniform distribution) to
minimize anticipation on the presentation of the choice-stimulus. Participants
received performance feedback after every block (mean RT, SD, percentage stops on
unmasked stop trials) and were not informed about the presence of masked stop-

signals (or masked go-on signals).

Assessment of stop-signal visibility

In the third session, two tests were run to assess the subjective and objective
visibility of stop-signals. First, participants performed one block of a dual task
combining choice reaction with a yes-no detection task consisting of 120 trials; 30
for of each of the four conditions. This block was almost the same as a regular block
presented in the two previous sessions, except that each trial was followed after
1000 ms by a pair of choices presented left (“stop”) and right (“no stop”) of fixation.
To keep task demands as comparable with the stop task as possible, participants
were instructed to respond twice on each trial; they had to respond as quickly as
possible to the direction of the arrow, after which they had to determine whether
they thought the word “stop” was presented in the preceding trial or not. There was
no speed stress on the second (discrimination) response. Upon the second response
a new trial started.

After this task, participants performed three blocks of a two-alternative
forced-choice (2-AFC) task directly aimed at gauging the detectability of the masked
control signals. Each block consisted of 64 trials; 32 masked stop trials and 32
masked go-on trials. Before running the 2-AFC discrimination task, participants were
explained that words were also presented on masked trials in the original stop task
(this was not the case in the preceding yes-no detection task). Additionally, they

were informed about the fact that in the upcoming task exactly half of the trials
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contained the word “stop” and the other half the control (go-on) word. Again,
participants had to respond as fast as possible to the direction of the arrow.
Thereafter, participants determined which of the two words was presented in the
preceding trial. Each trial was followed after 1000 ms by a pair of choices presented
left (“stop”) and right (control word) of fixation. There was no speed stress on the
discrimination response. Upon the second response a new trial started. In both
detection tasks SSDs of 129, 157, 186 and 229 ms were used. Note that participants

were not instructed to inhibit their response on stop-signals in both detection tasks.

Calculating SSRT

Performance on the stop-signal paradigm can be described in terms of the horse-
race model (Logan, 1994). According to this model, two cognitive processes run
independently while performing this task: a choice process and a stop process. The
choice process starts upon presentation of the choice-stimulus; the stop process
starts slightly later, upon presentation of the stop-signal. When the stop process
wins the race from the choice process, the response will be inhibited. However, when
the choice process is too fast to be caught up by the stop process, the response will
be executed. The time it takes to complete the choice process is reflected in the
response times to go-on trials. Because response times cannot be calculated on
successfully inhibited stop trials, the time it takes to complete the stop process
cannot be directly observed. However, when the response-time distribution on go-on
trials and the percentage of inhibited stop trials are known, the stop-signal reaction
time (SSRT) can be estimated. The SSRT is an estimation of the duration of the stop
process; the time it takes to implement inhibitory control after presentation of the
stop-signal. It derives logically from the race model that those responses to the
choice-stimulus that are slower than the SSRT + the stop-signal delay (SSD, the delay
between the choice-stimulus and the stop-signal) will be inhibited, whereas
responses faster than this measure will escape inhibition (Logan, 1994, see Figure
4.1b). SSRT was calculated by rank-ordering RTs on all go-on trials. Then, the nth
percentile was selected, where n is the percentage of unmasked stop trials that is not
inhibited, which in this experiment was on average 46% (but is determined on a per
subject basis). The SSRT can be calculated by subtracting the average SSD from this
value (Logan, 1994). For example, given that button-press responses could be
withheld in approximately 54% of all unmasked stop trials (46% non-inhibited stop
trials), SSRT is calculated by subtracting the mean SSD from the 46th percentile of
the Go RT distribution (see Figure 4.1b).
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Behavioral data analysis
Although not always observed (Emeric et al.,, 2007) participants tend to slow down
after they failed to inhibit their response on a stop trial (Rieger & Gauggel, 1999;
Schachar et al,, 2004), an adaptive control mechanism referred to here as post-error
slowing. Post-error slowing was measured by RTs on correct go-on trials
immediately following failed stop trials compared to RTs on correct go-on trials
immediately following correct go-on trials. Inhibition rates were computed over all
trials without a response before the start of the next trial. For the RT analyses, RTs
between 100 ms and 1000 ms were incorporated.

Repeated-measures analyses of variance (ANOVA) were performed on mean
RT on correct masked go-on trials, mean RT on responded masked stop trials, SSRT
and square root percentage of responding on masked go-on trials and on masked
stop trials with within-subjects’ factors of Trial and Session. Detection performance
(percentage correct) was tested for significance for each individual participant using

a binominal test evaluated at a p-value of 0.05 (two-tailed).

EEG measurements

EEG was recorded and sampled at 256 Hz using a BioSemi ActiveTwo system
(BioSemi, Amsterdam, the Netherlands). Forty-eight scalp electrodes were
measured, as well as four electrodes for horizontal and vertical eye-movements
(each referenced to their counterpart) and two reference electrodes on the ear lobes.
After acquisition, the EEG data was referenced to the average of both ears and
filtered using a high-pass filter of 0.5 Hz, a low-pass filter of 20 Hz and a notch filter
of 50 Hz. Eye-movement correction was applied on the basis of the horizontal and
vertical EOG, using the algorithm of Gratton, Coles and Donchin (1983). Thereafter,
we applied artifact correction to all channels separately by removing segments
outside the range of +50 pV or with a voltage step exceeding 50 uV per sampling
point. Baseline correction was applied by aligning time series to the average
amplitude of the interval from -300 ms to the 0 ms preceding the onset of the stop-
or go-on signal onset. Note that by directly comparing the ERPs from onset of the
stop-signal with ERPs from onset of the go-on signal we can isolate activity related to
inhibition. On the contrary, go signal locked ERPs are confounded by variations in
SSD. All pre-processing steps were done with Brain Vision Analyzer (Brain Products
GmbH, Munich, Germany). Statistical analysis (see below) was conducted using
Matlab (The Mathworks, Natick, USA).
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EEG analyses

To isolate activity related to the implementation of response inhibition, stop-signal
locked and go-on signal locked trials were compared directly. First, stop/go-signal
locked ERPs were calculated from the EEG data for all four conditions. Then,
difference waveforms were computed by subtracting inhibited unmasked stop trials
from responded unmasked go-on trials to isolate activity related to consciously
triggered response inhibition. We will refer to this comparison as the conscious
inhibition contrast. Similarly, to isolate activity related to unconsciously triggered
response inhibition, difference waveforms were computed by subtracting responded
masked stop trials from responded masked go-on trials; referred to as the
unconscious inhibition contrast. All subsequent analyses were conducted on

difference waves.

A review of the ERP literature indicated three ERP components of interest
with different latencies and different topographical distributions (see Introduction).
To zoom in on these specific components, three regions of interest (ROI's) were
defined at which these component generally tend to peak: an occipitoparietal ROI for
the early negativity (Iz, Oz, 01, 02, POz, PO3, PO4, PO7, PO8), a frontocentral ROI for
the N2 (Fz, F1, F2, FCz, FC1, FC2, Cz, C1, C2) and a centroparietal ROI for the P3 (Cz,
C1, C2, CPz, CP1, CP2, Pz, P1, P2). All ROI's consisted of nine electrode channels,
which increases the signal-to-noise ratio. To calculate the precise time frame at
which a component differed significantly from zero we employed sample-by-sample
paired t-tests (two-tailed) on the difference wave obtained from the conscious or
unconscious inhibition contrast. A significant interval was defined by the sequence of
all bordering significant samples around the peak of interest. This was done for each

component separately.

To test whether any of the components of interest was related to the stop
performance, the correlation between ERP activity associated with conscious
inhibition and SSRT was calculated. To this end, we calculated the mean amplitude of
the difference wave of each of the three ERP components in its significant time
interval (see Figure 4.3b). Then, Spearman’s rank correlations (two-tailed) were
computed between these measures and the SSRT. Similarly, a correlation between
ERP activity associated with unconscious inhibition and RT slowing was calculated.
Both behavioral measures were averaged across both sessions to provide the most

reliable estimate.
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Overall, all expected ERP components were observed in the data and peaked at the
anticipated scalp locations. However, with respect to conscious inhibition, visual
inspection of the electrophysiological differences between unmasked inhibited stop
trials and unmasked go-on trials (see Figure 4.3a) revealed that the topographical
distribution of the N2 was slightly more posterior than expected; it peaked at
centroparietal, instead of frontocentral electrodes. The unconscious N2 peaked at the
expected recording sites; the frontocentral ROI. Therefore, the size of the conscious
as well as unconscious N2 is reported for both the centroparietal as well as
frontocentral ROI in the results section. Generally, no qualitative differences between
these outcomes obtained. We intended to calculate the mean amplitude in the
significant time-window of the N2 (as well as the other components) as accurately as
possible since these measures were used later to compute correlations between
behavioral performance measures. Therefore, SSRT was correlated with the
conscious N2 calculated for the centroparietal ROI and RT slowing was correlated

with the unconscious N2 calculated for the frontocentral ROI.

Results

Behavioral performance

Fifteen out of nineteen participants scored at chance-level in a two-alternative
forced-choice detection task that we used to gauge the (in)visibility of masked stop
signals. Since we cannot ascertain that the four participants who scored above
chance-level were truly unable to perceive masked stop-signals consciously during
the experiment, we excluded them form behavioral and electrophysiological
analyses (see below for further details).

General performance measures are presented in Table 4.1 Participants
performed proficiently on the task, as illustrated by typical inhibition rates of ~54%,
while still responding fast to the choice-stimulus (mean choice RT across both
sessions was ~520 ms). The average SSRT (reflecting the efficiency of response
inhibition) in the current paradigm was 315 ms in the first session and 302 ms in the
second session. SSRTs were slightly longer than generally reported in non-selective
stop-signal tasks (e.g. Aron & Poldrack, 2006; Schmajuk et al., 2006), but comparable
to previous studies using the selective stop-signal paradigm (Bedard et al., 2002; de
Jong et al., 1995; van den Wildenberg & van der Molen, 2004; van Gaal et al., 2009).
That SSRTs in the second session were shorter than in the first session, indicates that

participants become slightly more proficient in inhibiting their responses to
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unmasked stop-signals as a function of practice (F(1,14) = 3.25, p = 0.046, one-
tailed).

Table 4.1

General performance measures in the stop-signal paradigm
Behavioral measure Session 1 Session 2
Inhibition rate masked stop trial 2.83 (2.00) 0.14 (0.07)

Inhibition rate masked go-on trial 1.78 (1.35) 0.06 (0.04)
Inhibition rate unmasked stop trial ~ 54.22 (1.63)  54.47 (1.18)
Inhibition rate unmasked go-on trial 0.31 (0.14) 0.17 (0.10)

Conscious post-error slowing 27.44 (9.1) 15.46 (10.8)
Unconscious post-error slowing -6.79 (3.35) 0.49 (3.85)
Mean stop-signal delay 184.35 (5.27) 183.04 (5.05)
Stop-signal reaction time 314.92 (6.30) 302.36 (4.81)

Note: S.E.M. reported within brackets.

Although participants did not stop significantly more often on masked stop trials
than on masked go-on trials (F(1,14) = 2.23, p = 0.16), they were significantly slowed
down by masked stop-signals compared to masked go-on signals. This was the case
across sessions (F(1,14) = 19.39, p = 0.001), but progressively more in the second
session than in the first (F(1,14) = 9.83, p = 0.007, see Figure 4.2a]. Post-hoc paired t-
tests revealed that masked stop-signals slowed down responses in the first (¢(14) =
2.16; p = 0.049), and especially the second session (¢t(14)= 6.25; p < 0.001). Thus,
masked stop-signals did not trigger complete response termination, but did initiate a

general slowing of responses times.
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Figure 4.2 Masked stop-signals slow down responses
(a) Mean RT for masked stop trials and masked go-on trials. Participants responded significantly slower to
masked stop trials than to masked go-on trials across sessions and for each session separately. (b) The RT

distribution for masked stop trials and masked go-on trials for the second session. The RT difference between

74



masked stop trials and masked go-on trials increases from the moment the stop process wins from the go
process (from the vertical line representing the SSRT + SSD). The vertical line in this graph corresponds to the
vertical line in Figure 4.1b. (c) In the second session, the difference between both masked conditions is

significantly larger for the 50% slowest responses compared to the 50% fastest responses.

Because the stop-signal is always presented after the choice-stimulus, the stop
process has to catch up with the choice process. According to the horse-race model
(for further details see Methods), the SSRT plus the SSD represents the moment in
time that the stop process wins from the choice process (“the point of no return”, see
Figure 4.1b.). The horse-race model predicts that (conscious) stop-signals have their
largest impact on the slow end of the RT distribution (Logan, 1994). Thus in our case,
responses on unmasked stop trials slower than ~500 ms (SSRT + SSD, see Table 4.1)
will likely be inhibited, whereas faster responses will probably not. Is this also the
case for masked stop-signals? If the impact of masked stop-signals is also larger for
slow responses (> 500 ms) than for fast responses, this would further support the
notion that inhibitory control mechanisms are triggered by masked and unmasked
stop-signals alike. Figure 4.2b shows the RT observations for the second session
ranked from fast to slow responses for the masked stop as well as the masked go-on
condition. This figure illustrates that the difference between both conditions is
relatively small before the “point of no return”, but increases substantially after this
point in time. This observation was confirmed by post-hoc analyses showing that the
difference between both masked conditions was significantly larger for the 50%
slowest responses than for the 50% fastest responses (t(14) = 7.08, p < 0.001, see
Figure 4.2c). Whereas the 50% fastest responses differed only marginally between
both masked conditions (¢(14) = 2.11, p = 0.053), large differences were observed for
the 50% slowest responses (t(14) = 7.74, p < 0.001). These results indicate that
masked stop-signals become fully operational in the slow part of the RT distribution
(as is the case for unmasked ones), and when they do, they have a relatively large
effect on the speed of responses (~26 ms).

In accordance with our previous behavioral study (van Gaal et al., 2009)
conscious commission errors (failures to inhibit the response on an unmasked stop
trial) led to considerable post-error slowing (F(1,14) = 7.00, p = 0.019), whereas
unconscious commission errors (failures to inhibit the response on a masked stop
trial) did not (F(1,14) = 1.47, p = 0.25; see Table 4.1).

Taken together, unmasked as well as masked stop-signals affected control
processes, which led to complete response termination on many occasions when

inhibitory control was triggered consciously and led to a considerable increase in
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response times when it was triggered unconsciously. This indicates that masked
stop-signals are capable of triggering inhibitory control mechanisms; however not as
efficiently as conscious stop-signals. These observations raise questions about
commonalities and differences between consciously and unconsciously initiated
inhibitory control mechanisms and their underlying neural substrates, which are

dealt with in the next sections.

Electrophysiological effects related to conscious inhibition

In conducting ERP analyses, our first aim was to verify whether selective response
inhibition in our stop-signal task is associated with the same electrophysiological
markers as observed in previous studies. To this end, we compared stop-signal-
locked ERPs from successfully inhibited stop trials with go-on signal-locked ERPs
from successfully responded go-on trials. Figure 4.3a shows the differential activity
(go-on minus stop) between both conditions (t = 0 is the time of stop/go-on signal
presentation). As expected, three electrophysiological events can be observed; the
first at occipitoparietal electrodes (~200-300 ms), followed by a second (~300-340
ms) and third event (380-600 ms) peaking at central electrodes (see numbers 1-3 in
Figure 4.3a). Figure 4.3b shows the average ERP related to successful inhibition on
stop trials compared to responding on go-on trials for the occipitoparietal, the
frontocentral as well as the centroparietal ROI.

Conscious response inhibition was associated with an enhanced negative
component at occipitoparietal recording sites (Figure 4.3b, left panel; number 1). At
the occipitoparietal ROI, the peak difference between both conditions was observed
270 ms after stop-signal presentation [peak difference 5.73 pV], but sample-by-
sample paired t-tests revealed significant differences between 70 and 316 ms (see
difference waves in blue, significant interval is indicated in black). In line with recent
MEG (Boehler et al, 2008) and EEG (Bekker et al., 2005; Schmajuk et al., 2006)
studies, this suggests enhanced visual processing of the relevant stop-signal
compared to the irrelevant go-on signal.

Somewhat later in time, the ERP to inhibited stop trials showed a sharp
negative deflection, peaking at 309 ms after stop-signal presentation at the
centroparietal ROI (peak difference 4.19 pV, see Figure 4.3b, right panel, number 2).
Sample-by-sample t-tests performed on the difference wave revealed that the N2
component was significantly larger for stop trials than for go-on trials between 281
and 336 ms. Usually, if present, the N2 has a slightly more anterior topographic
distribution than observed here (e.g. Pliszka, Liotti, & Woldorff, 2000; Schmajuk et
al., 2006). Visual inspection of the difference maps of Figure 4.3a suggests that the
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early posterior negativity (70-316 ms) and the N2 (281-336 ms) are slightly
overlapping in time, which might have incurred a slightly more posterior scalp
maximum for the N2. To be sure, the N2 was also significant at the frontocentral ROI
between 313-328 ms, however it was slightly smaller (peak difference 2.72 uV, peak

latency 320 ms, middle panel, number 2).
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Figure 4.3 Time course of activity associated with consciously initiated response inhibition

a) Voltage scalp maps showing the spatiotemporal differences between the processing of unmasked inhibited
stop trials and unmasked responded go-on trials (ERPs in response to the unmasked stop trial have been
subtracted from ERPs on unmasked go-on trials). Conscious response inhibition was associated with three
neural events at different moments in time after stop-signal presentation at different scalp locations (see
numbers 1-3). b) ERPs for unmasked inhibited stop trials and unmasked responded go-on trials for the
occipitoparietal, the frontocentral and the centroparietal ROl Difference waves are reported in blue, the
significant time window of each expected component is indicated in black. c) Correlation between EEG
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activity and SSRT for each of the three components. d) Spatial distribution of the significant negative
correlation between the centroparietal N2 and SSRT.

The P3 component, arising after the N2, peaked at 445 ms after stop-signal
presentation and differed from go-on trials between 375 and 656 ms (peak
difference 8.86 uV, Figure 4.3b, right panel, number 3). The timing and scalp
distribution the P3 was very similar to stop P3 effects that were reported previously
(e.g. Ramautar et al,, 2004).

Correlations between EEG and SSRT

These components may reflect processes directly related to response inhibition, or
ancillary processes less directly related to response inhibition, such as visual
processing, attentional selection, response selection or response evaluation. To
further examine the functional significance of the observed ERP components we
examined whether one (or more) of these neural events predicted the individual
variability in stopping performance. More specifically, we correlated the average
SSRT with the mean amplitude of the difference wave (see Figure 4.3b) in the
significant time-window of each of the three components across subjects. The mean
amplitude of the N2 correlated negatively with SSRT (rho = -0.53, p = 0.041, Figure
4.3c). This indicates that participants with smaller SSRTs, who can be considered
“good inhibitors”, display larger N2 components than “poor inhibitors”. To check the
spatial specificity of this correlation, it was computed for all 48 measured electrode
sites and plotted on a head map (see Figure 4.3d.) The spatial profile of the observed
correlations revealed a central distribution, nicely corresponding to the observed

activation maps shown in Figure 4.3a (number 2).

Electrophysiological effects related to unconscious inhibition

Below we report the electrophysiological correlates of unconsciously initiated
inhibitory control. More specifically, we were interested in which of the three
components observed on unmasked stop trials are also present on masked stop
trials. Figure 4.4a shows the differential activity between responded masked stop
trials and responded masked go-on trials. Again, three electrophysiological events
can be observed, peaking at occipitoparietal, centroparietal and frontocentral
electrode sites. Figure 4.4b shows the actual ERPs elicited by responded masked stop
trials compared to electrophysiological activity on responded masked go-on trials for
all three ROI’s.
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Figure 4.4 Time course of activity associated with unconsciously initiated response inhibition

a) Voltage scalp maps showing the spatiotemporal differences between the processing of masked responded
stop trials and masked responded go-on trials (ERPs in response to the masked stop trial have been
subtracted from ERPs on masked go-on trials). As with conscious inhibition, unconscious response inhibition
was also associated with three neural events at different moments in time after stop-signal presentation at
different scalp locations (see numbers). b) ERPs for masked responded stop trials and masked responded go-
on trials for the occipitoparietal ROI, the frontocentral ROI and the centroparietal ROI, at which the expected
components were observed to peak (see Figure 4.4a). Difference waves are reported in blue, the significant

time window of each expected component is indicated in black. c) Correlation between EEG activity and RT
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slowing for each of the three components. d) Spatial distribution of the significant positive correlation

between the occipitoparietal negativity and RT slowing and the frontocentral N2 and RT slowing.

At the occipitoparietal ROI, the neural processing of responded masked stop trials
differed significantly from the processing of responded masked go-on trials between
195-297 ms (peak difference 0.90 uV, peak latency 223 ms, Figure 4.4b, left panel,
number 1). At the frontocentral ROI, the N2 was significantly larger on masked stop
trials than on masked go-on trials between 285 and 410 ms (peak difference 2.30 pV,
peak latency 336 ms, Figure 4.4b, middle panel, number 2). In the masked contrast
the N2 had a typical frontocentral topographical distribution. Because the N2 was
peaking at more centroparietal electrodes in the conscious contrast, we also tested
the N2 effect for the centroparietal ROI. At this ROI, the N2 was also significantly
larger on masked stop-trials than masked go-on trials, however it was slightly
smaller than at the frontocentral ROI (significant between 285-418 ms, peak
difference 1.74 pV, peak latency 348 ms, see Figure 4.4b, right panel). The
centroparietal P3 on masked stop-trials was significantly larger than on masked go-
on trials between 512 and 570 ms (peak difference 0.99 uV, peak latency 551 ms,
Figure 4.4b, right panel, number 3).

Correlations between EEG and unconscious RT slowing

Next, we analyzed whether the electrophysiological activity on masked stop trials is
related to individual differences in the implementation of inhibitory control. To this
end, the mean amplitude of the difference wave in each significant time interval (see
Figure 4.4b) was correlated with the amount of slowing observed in response times
(mean RT on masked stop trials minus mean RT on masked go-on trials). Based on
the conscious inhibition results, one might expect that if any of the observed
components would covary with unconscious RT slowing it would be the N2. Indeed,
this analysis revealed significant correlations for the N2 observed at the
frontocentral ROI (rho = 0.63, p = 0.012). The correlation was also significant for the
early activity observed at the occipitoparietal ROI (rho = 0.54, p = 0.037), but not for
the P3 (rho = -0.25, p = 0.369; Figure 4.4c). Again, the spatial profile of the
correlations (see Figure 4.4d) nicely corresponded to the observed activity patterns

(see Figure 4.4a, number 1 and 2).
Stop-signal visibility

In a separate session, we checked whether participants could discriminate masked

stop trials from masked go-on trials in a subjective (yes-no detection task), as well as
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an objective (2-AFC) measurement of stimulus visibility. In the yes-no detection task
participants detected 99.6% of the unmasked stop-signals, whereas masked stop-
signals were never detected. This suggests that participants did not consciously
perceive masked stop-signals while performing the stop task. Before running the
second, more conservative, 2-AFC discrimination task, participants were informed
about the precise structure of the trials and were informed about the presence of
stop-signals (and go-on signals) in all trials. In the 2-AFC, fifteen out of the nineteen
participants scored at chance-level (binominal test). Since we cannot ascertain that
the four participants who scored above chance-level were truly unable to perceive
masked stop-signals consciously during the experiment, we excluded them from
behavioral and electrophysiological analyses. For the included fifteen participants
the mean percentage correct was 52.4% (SD = 2.6).

We performed several additional analyses to check whether the unconscious
inhibition results could be explained by accidental visibility of masked stop-signals.
First, a correlational analysis demonstrated that there was no reliable correlation
between stop-signal visibility (percentage correct in the 2-AFC) and RT slowing (rho
= 0.20, p = 0.49). Additionally, none of the three ERP components elicited by masked
stop-signals correlated with stop-signal visibility (smallest p > 0.65). An additional
argument for the invisibility of masked stop-signals is that in this experiment, as well
as in a previous behavioral experiment (van Gaal et al., 2009), participants slowed
down their responses after conscious errors, but not after unconscious errors. Such
qualitative differences between the processing of unmasked vs. masked stop-signals
implies the invisibility of masked stop-signals (Jacoby, 1991; Merikle et al., 2001).
Taken together, although one should be cautious in claiming unconsciousness of
stimulus material, it seems that our behavioral as well as electrophysiological effects

were not due to accidental visibility of masked stop-signals.

Discussion
We mixed unmasked (visible) and masked (invisible) stop-signals in a stop task to
study the neural activity related to the conscious vs. unconscious initiation of
inhibitory control. Due to inclusion of stop-signals as well as go-on signals, four
conditions were created: (1) an unmasked stop condition, (2) an unmasked go-on
condition, (3) a masked stop condition and (4) a masked go-on condition. EEG was
measured to track and compare the spatiotemporal processing of masked and
unmasked stop-signals in the human brain.

Participants performed the stop task proficiently, as evidenced by typical

inhibition rates of ~50% on unmasked stop trials. Responses to masked stop trials
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were significantly slower than responses to masked go-on trials, as if participants
tried to inhibit their response when a masked stop-signal was presented but just
failed to withhold it completely. Though present in both sessions, this RT effect was
more pronounced in the second session than in the first. This demonstrates that the
impact of masked stop-signals, like unmasked stop-signals (as reflected in a decrease
in SSRT across both sessions), increases with task exposure. Apparently, masked
stop-signals trigger inhibitory control more efficiently when stimulus-action
associations are strong, compared to when these associations are recently formed,
and therefore relatively weak. This is perfectly in line with previously proposed
mechanisms of unconscious information processing, such as the direct parameter
specification theory (Neumann, 1990), the action trigger theory (Kunde, 2003) or
the evolving automaticity theory (Abrams & Greenwald, 2000). Yet, our results also
reveal that extensive learning is not obligatory for unconscious influences on
executive processes to unfold (van Gaal et al., 2009), as these were present from the
first set of trials. In accordance with the predictions of the horse-race-model (Logan,
1994) the impact of masked stop-signals was small on fast responses (~4 ms), but
relatively large (~26 ms) on slow responses.

EEG recording revealed that successful inhibition on unmasked stop trials was
associated with three ERP components previously associated with response
inhibition in the stop-signal paradigm (Bekker et al., 2005; Boehler et al., 2008; de
Jong, Coles, Logan, & Gratton, 1990; Dimoska & Johnstone, 2008; Pliszka et al., 2000;
Ramautar et al., 2004; Schmajuk et al., 2006; van Boxtel et al., 2001). Although all
EEG components observed on masked stop trials resembled the corresponding
components observed on successfully inhibited unmasked stop trials, several
differences were observed. Below, crucial differences as well as commonalities

between consciously and unconsciously inhibitory control are discussed.

Visual processing of the stop-signal

For one, unmasked inhibited stop-signals elicited an early-latency negative ERP
component at occipitoparietal electrodes (compared to responded unmasked go-on
trials). This finding nicely replicates recent EEG and MEG results that demonstrated
that the quality of sensory processing of the stop-signal, reflected in an early
negative occipitoparietal ERP effect, is an important factor in predicting subsequent
stopping success (Bekker et al., 2005; Boehler et al., 2008; Schmajuk et al., 2006).
This notion is further supported by recent fMRI experiments that showed that
successful stopping is associated with increased activity in early visual cortex
compared to failed attempts to inhibit the response (Aron & Poldrack, 2006;
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Ramautar et al,, 2006; Ray Li et al., 2006; Zheng et al., 2008). In such a scheme, our
data can be easily explained by assuming that stop-signals have to be processed
more elaborately than go-on signals, which in fact should be ignored and not further
processed. Interestingly, a comparable occipitoparietal ERP component was
observed on masked stop trials. Although this component was slightly smaller and
less prominent, the topographical distribution and timing was highly similar. These
results suggest that masked stop-signals are (also) processed further and more
elaborately than masked go-on trials, which seems to be a prerequisite for the
subsequent initiation of control operations in the prefrontal cortex; a process that
might be reflected in the following anterior N2 component.

It should be noted that the conscious inhibition contrast revealed significant
differences between 70 and 316 ms at the occipitoparietal ROI. At first sight, the first
moment of significant deflection seems to arise relatively early compared to
previous studies (Bekker et al., 2005; Boehler et al., 2008; Schmajuk et al., 2006).
However, two of these studies (Boehler et al.,, 2008; Schmajuk et al., 2006) did not
run sample-by-sample t-tests to calculate the first moment of significant deflection,
but instead tested (a window around) the peak. Therefore, results cannot be
compared directly. However, visual inspection of the early occipitoparietal
differences reported in these studies suggests that activity differences also started to
deviate from approximately 50-100 ms after stop-signal presentation in these
studies. A study that calculated the mean amplitude across time windows of 20 ms
observed that the first negative component (the N1) to auditory stop-signals was
significantly larger for successful compared to failed inhibitions from 80 ms
onwards. In light of these previous findings, the present results suggest that the
enhanced visual processing of stop-signals compared to go-on signals (whether
conscious or unconscious) may not only be due to more elaborate processing, but
also to the stronger processing of stop-signals right from the start. This might be
explained by subjects setting an attentionally guided sensory template for the stop-
signal, as if their sensory system is set in advance to selectively process the stop-
signal. This makes sense, as the detection of the stop-signal - and not the go-on

signal - has behavioral consequences.

The activation of inhibitory control

Response inhibition to unmasked stop trials was associated with two ERP
components typically associated with response inhibition; the N2 and P3 component.
Whether the N2 or the P3 reflects the “true” inhibition process remains controversial
(for reviews see Band & van Boxtel, 1999; Kok, 1986). In our study, the N2
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component correlated negatively with SSRT. Thus good inhibitors displayed larger
N2 components than poor inhibitors, suggesting that it reflects a process related to
inhibition. Although it has been shown previously that the N2 is related to inhibition
(Falkenstein, Hohnsbein, & Hoormann, 1999; van Boxtel et al, 2001), to our
knowledge, this is the first study that reports a negative correlation between the
(conscious) N2 and SSRT. The unconscious initiation of inhibitory control was
associated with a distinct and relatively large frontocentral N2 together with a
centroparietal P3 that was sharply reduced in amplitude and duration compared to
its’ conscious counterpart. The size of the unconscious N2 correlated positively with
the degree to which inhibitory control was triggered by masked stop-signals (RT
slowing). Thus, the N2 correlated with the efficiency of conscious inhibitory control
(SSRT) as well as the strength of the unconscious version of inhibition (RT slowing).
Remarkably, in this study, the size of the P3 was not related to conscious as well as

unconscious indices of inhibitory control.

Underlying neural mechanisms of conscious vs. unconscious control

How can these behavioural and electrophysiological effects of conscious and
unconscious stop-signals be explained? Here we argue that these results can be
clarified by theories that differentiate between the role of feedforward and recurrent
processing in eliciting unconscious vs. conscious vision (e.g. Dehaene et al.,, 2006;
Lamme, 2006). When a visual stimulus is presented, it travels quickly from the retina
through several stages of the cortical hierarchy, which is referred to as the fast
feedforward sweep (Lamme & Roelfsema, 2000). Each time information reaches a
successive stage in this hierarchy, this higher-level area also starts to sent
information back to lower-level areas through feedback connections. Single-cell
recordings in monkeys (Super, Spekreijse, & Lamme, 2001) and TMS (Pascual-Leone
& Walsh, 2001), fMRI (Haynes, Driver, & Rees, 2005) and EEG (Fahrenfort et al,,
2007) experiments in humans have revealed that the feedforward sweep probably
remains unconscious, whereas recurrent interactions trigger awareness of a
stimulus (for reviews see Dehaene et al.,, 2006; Lamme, 2006). Interestingly, masking
probably disrupts feedback activations, but leaves feedforward activations relatively
intact (Del Cul et al,, 2007; Fahrenfort et al., 2007; Lamme et al., 2002).

Unconscious stimuli are capable of triggering many forms of behavior
(Lamme, 2006), as evidenced by many masked priming experiments (e.g. Dehaene et
al, 1998; Vorberg et al., 2003) and patient studies (Stoerig & Cowey, 1997;
Weiskrantz, 1996). A crucial aspect of the unconscious feedforward sweep is that is

decays rapidly after travelling up the cortical hierarchy. In contrast, a key feature of
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recurrent interactions is that they promote widespread neural communication
between distant brain areas, which initiates a long-lasting, large-scale pattern of
neural activation; a phenomenon termed “global ignition” (Dehaene et al., 2006;
Dehaene & Naccache, 2001). In EEG, global ignition as well as conscious access has
been associated with a highly distributed fronto-parietal-temporal P3-like
component (Del Cul et al., 2007).

In light of these ideas, one would have expected that masked stimuli evoke
feedforward activation of the same cortical modules as are activated by unmasked
stimuli, however decaying rapidly and not triggering global ignition (Dehaene, 2008;
Dehaene & Naccache, 2001; van Gaal et al.,, 2008). This is supported by our finding
that all three ERP components that are found in response to conscious stop-signals
are also found when stop signals are masked, albeit smaller and with different
relative strength. It seems that both masked and unmasked stop signals trigger
(basic) inhibition mechanisms, yet unconscious ones fail to elicit a comparably large,
strong and distributed pattern of activation observed when inhibition is triggered
consciously. The spatial resolution of EEG is rather limited, but because it has been
repeatedly demonstrated that conscious stop-signals trigger a large frontoparietal
inhibition network (for a review see Aron, 2007), we suggest that masked stop-
signals can probably also propagate to frontal and parietal cortex. In EEG, this
process might be reflected in an enhanced frontocentral N2 component. However, as
already suggested by Dehaene (2008), triggering of an information processor, even
in frontal cortex, might not lead to global ignition, which could explain the largely
absent P3 component (Del Cul et al.,, 2007), on masked stop trials. Obviously, the
exact brain areas involved in unconsciously triggered inhibition should be verified
with anatomically more accurate methods, such as fMRI.

This neural account appears to match with the observed behaviour. Whereas
unmasked (visible) stop-signals were capable of triggering response inhibition to the
level of complete response termination on many occasions, inhibition rates on
masked (invisible) stop trials were low and they only caused a slowing of responses.
Thus, in line with current theories, we suggest that although task interruption can be
triggered unconsciously by fast feedforward activation, this inhibition process
almost never runs to completion due to the absence of global recurrent interactions
(see also Dehaene, 2008). The available neural data as well as current theorizing
suggests that full-blown, flexible and efficient control requires global recurrent
interactions, whereas more automatic cognitive control processes may rely on

feedforward activity. In that sense, unconscious cognitive control seems to differ
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substantially from traditional cognitive control processes in that it appears to be less
efficient, less flexible and less durable (Dehaene & Naccache, 2001).
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5. Unconscious activation of the prefrontal No-Go network

Abstract

Cognitive control processes involving prefrontal cortex allow humans to overrule
and inhibit habitual responses in order to optimize performance in new and
challenging situations, and traditional views hold that cognitive control is tightly
linked with consciousness. We used functional magnetic resonance imaging to
investigate to what extent unconscious “No-Go” stimuli are capable of reaching
cortical areas involved in inhibitory control, particularly the inferior frontal cortex
(IFC) and the pre-supplementary motor area (pre-SMA). Participants performed a
Go/No-Go task that included conscious (weakly masked) No-Go trials, unconscious
(strongly masked) No-Go trials as well as Go trials. Replicating typical neuroimaging
findings, response inhibition on conscious No-Go stimuli was associated with a
(mostly right-lateralized) frontoparietal “inhibition network”. Here we demonstrate,
however, that also an unconscious No-Go stimulus can activate prefrontal control
networks, most prominently the IFC and the pre-SMA. Moreover, if it does so, it
brings about a substantial slow-down in the speed of responding; as if participants
attempt to inhibit their response but just failed to withhold it completely.
Interestingly, overall activation in this “unconscious inhibition network” correlated
positively with the amount of slow-down triggered by unconscious No-Go stimuli. In
addition, neural differences between conscious and unconscious control are
revealed. These results expand our understanding of the limits and depths of
unconscious information processing in the human brain, and demonstrate that
prefrontal cognitive control functions are not exclusively influenced by conscious

information.

Introduction

Recent experiments revealed a plethora of often astounding effects of unconscious
stimuli on behavior, perception and cognition. To name a few, unconscious
information has been shown to influence motivation (Pessiglione et al, 2007),
reward value and decision-making (Pessiglione et al., 2008), emotional processing
(Whalen et al, 1998), object recognition (Stoerig & Cowey, 1997), semantic
processing (Dehaene et al, 2001) and action planning/execution (Binsted et al,
2007). These thought-provoking results have raised important questions about the
limits of unconscious cognition and the evolutionary function of consciousness
(Dehaene, 2008; Dehaene & Naccache, 2001).
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Though unconscious information seems to have a wide range of effects on many
psychological mechanisms, a debatable case is the existence of unconscious cognitive
control (Dehaene et al,, 2003; Eimer & Schlaghecken, 2003; Jack & Shallice, 2001; Lau
& Passingham, 2007; Mayr, 2004; Umilta, 1988; van Gaal et al., 2008). Cognitive
control processes are those processes that regulate and monitor ongoing actions to
optimize goal-directed behavior, which become necessary when environmental
demands change. The recruitment and implementation of cognitive control is
strongly associated with the prefrontal cortex (PFC) (Fuster, 2000; Miller, 2000;
Ridderinkhof et al., 2004). It is also the PFC that has been most strongly associated
with conscious perception, whereas unconscious perception is usually not (Crick &
Koch, 2003; Kouider & Dehaene, 2007; Rees et al.,, 2002). Therefore, it seems likely
that consciousness and cognitive control are intimately related and this belief is
sometimes so strong that authors naturally refer to the concept of “conscious
cognitive control” as if “unconscious cognitive control” is inconceivable (Hommel,
2007). However recently, we (van Gaal et al., 2008; van Gaal et al.,, 2009) and others
(Lau & Passingham, 2007) put this long-held assumption to a direct test and
provided evidence for the existence of unconsciously triggered cognitive control.

To illustrate, in a recent electroencephalographic (EEG) study we
demonstrated that an unconscious No-Go stimulus can trigger inhibitory control
(van Gaal et al., 2008), commonly assumed to conscious control mechanisms (Eimer
& Schlaghecken, 2003; Libet, 1999; Pisella et al., 2000). Source imaging suggested
that unconsciously triggered inhibitory control was associated with activity in the
lateral PFC. In the present work we tried to further illuminate the possible depth of
processing of unconscious information using methods that allow more spatial
precision in our neuroanatomical inferences, namely functional magnetic resonance
imaging (fMRI). We devised a new Go/No-Go task in which conscious (weakly
masked) and unconscious (strongly masked) No-Go signals were randomly mixed
with Go signals. In this task, unconscious No-Go signals triggered a substantial slow-
down in the speed of responding; as if participants attempted to inhibit their
response but just failed to withhold it completely. This allowed us to investigate to
what extent unconscious No-Go signals are capable of activating brain areas involved
in inhibitory control, such as the inferior frontal cortex (IFC) and the pre-
supplementary motor area (pre-SMA) (Aron, Behrens, Smith, Frank, & Poldrack,
2007; Chikazoe et al., 2009; Forstmann, van den Wildenberg, & Ridderinkhof, 2008;
Leung & Cai, 2007; Mostofsky & Simmonds, 2008; Wager et al., 2005).
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Methods and Materials

Participants

Twenty-nine undergraduate psychology students of the University of Amsterdam
were recruited for a behavioral experiment in which the task was explained and
practiced. Twenty-four of these participants were selected to participate in the fMRI
experiment (for selection methods see below). All participants gave their written
informed consent prior to participation, were right-handed as assessed by the
Edinburgh inventory (Oldfield, 1971), had normal or corrected-to-normal vision and
were naive to the purpose of the experiments. All procedures were executed in
compliance with relevant laws and institutional guidelines and were approved by the

local ethical committee.

The masked Go/No-Go task
The blood-oxygen level dependent (BOLD) signal was measured while participants
performed a newly devised Go/No-Go task in which we randomly mixed conscious
(weakly masked) and unconscious (strongly masked) No-Go trials as well as Go trials
in a Go/No-Go block. In this task, participants were instructed to respond as fast as
possible to a white annulus (the Go signal, visual angle of 0.80°), but withhold their
response when a white square (the No-Go stimulus, visual angle of 0.47° x 0.47°)
briefly preceded the annulus. However, when a diamond (i.e. the same square but
tilted by 45°) preceded the annulus, they were instructed to respond as quickly as
possible. In one condition, the annulus was ineffective in masking the preceding
stimulus (square/diamond), since the square/diamond was presented relatively
long (233 ms) and the annulus fairly brief (16.7 ms). Therefore the square/diamond
was clearly visible. We will refer to this condition as the weakly masked condition.
Crucially, in a second condition the square/diamond was presented very briefly
(16.7 ms) and was followed after only a brief delay (33 ms) by the Go annulus
(duration 200 ms). We will refer to these conditions as the strongly masked
condition, because the annulus functioned as a metacontrast mask, which is known
to strongly reduce stimulus visibility (Breitmeyer, 1984). The combination of these
factors effectively rendered the participants incapable of perceiving the
square/diamond, as evidenced by chance-level performance on a forced-choice
discrimination task administered after the experiment (see Results). In the strongly
masked condition, participants just perceived a white annulus and therefore treated
these trials as Go trials.

Because the square functioned as a No-Go signal in the weakly masked

conditions, this stimulus was consistently associated with response inhibition. On
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the contrary, the diamond was not associated with response inhibition because
participants were instructed to respond to trials containing a diamond. Because each
of the four conditions (weakly/strongly masked * square/diamond) was presented
in 25% of the occasions, overall, a conscious No-Go signal was presented in 25% of
the trials (30 trials of each conditions; 120 in total per block). Because all conditions
are presented equally frequently, we could investigate the processing of No-Go
signals without confounding response inhibition with the processing of infrequent
stimuli (see also Chikazoe et al., 2009) (see Figure 5.1 for stimulus and trial timing).
The stimulus used as No-Go signal (square or diamond) was counterbalanced across
subjects. Note that from fixation cross presentation, the duration until annulus offset

of all conditions was equal (duration 750 ms).

Procedure

Before the actual fMRI experiment participants were invited to the lab to practice the
task (1h). In a pilot study participants reported to see ‘flicker’ before the appearance
of the annulus in the strongly masked conditions, as if the annulus quickly expanded
when it appeared on the screen. Therefore, in the practice session before the actual
fMRI experiment, participants were told that the white annulus quickly expanded
(grew bigger) when it appeared on the screen. Most of the participants were able to
follow the instructions and perform the task proficiently in the practice session
already. However, in an informal interview during the practice session, five
participants indicated to have difficulty to differentiate between the conditions.
Therefore, based on this observation, these participants were not invited to
participate in the upcoming fMRI experiment.

During the scanning session, participants performed one block of the task
outside the scanner. Inside the scanner, participants performed four blocks of the
Go/No-Go task. Immediately after the imaging session participants were informed
about the fact that in the “annulus only” condition, actually, an annulus was always
preceded by a diamond or a square. Next, to test their visibility of these stimuli,
participants performed a two-alternative forced-choice discrimination task while
still lying in the scanner (48 trials; 24 trials of each strongly masked condition).
Stimulus and trial timing was exactly the same as in the masked Go/No-Go task. After
the presentation of a trial, a pair of choices was presented left and right of fixation.
Participants were asked to determine whether a square or a diamond was presented
in the preceding trial. The two alternatives remained on the screen until the subject
made a response, after which a new trial started. Before administrating this task,

participants were told that squares and diamonds were presented equally frequently
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and were instructed to consider this in giving their response. They were also told

that only accuracy was important in this task, not the speed of responding.

Fixation Blank Signal Go-Mask
300ms 200ms 233 ms 16.7 ms

Conscious
No-Go trial
(25%)

Weakly masked
Go trial

(25%)

Fixation Blank Signal Blank Go-Mask
300 ms 200 ms 16.7 ms 33 ms 200 ms

Unconscious
No-Go trial
(25%)

Strongly masked
Go trial

(25%)

Figure 5.1 Experimental design

The duration of the square/diamond, the duration of the metacontrast Go-annulus and the stimulus onset
asynchrony (SOA) between the square/diamond and the metacontrast Go-annulus was varied. To this end,
the mask was unsuccessful in masking the preceding square/diamond on some occasions (weakly masked
conditions), but rendered it invisible at others (strongly masked conditions, see Results). Thereby two factors
were manipulated; Trial (Go or No-Go) and Visibility (weakly masked or strongly masked), which constitutes
a 2 X 2 factorial design with the following four conditions: 1) a conscious No-Go condition, 2) a weakly

masked Go condition, 3) an unconscious No-Go condition, and 4) a strongly masked Go condition.

Behavioral data analyses

For the RT analyses, responses between 100 ms and 1000 ms were included. For the
RT analysis, a paired two-tailed t-test was performed on mean RT on responded
strongly masked Go trials and responded unconscious No-Go trials. For the RT
distributions, we calculated the number of responses in bins of 50 ms ranging from
100 to 700 ms. Inhibition rates were computed by taking all trials without a
response before the start of the next trial. For the analysis of the inhibition rates, a
paired two-tailed t-test was performed on the square root of the percentage of
responding on strongly masked Go trials and wunconscious No-Go trials.

Discrimination performance was tested for significance for each individual
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participant using a binominal test evaluated at a p-value of 0.05. Subsequently, on a

group level, a one-sample t-test was performed on the d-scores (tested against 0).

fMRI scanning and analysis

Data was collected on a Philips 3T Intera scanner. The scanning session always
started with a 3D T1 scan (T1 TFE, 250”2 mm FOV, 256”2 inplane resolution, 182
slices, 1.2 mm slice thickness, TR 9.6 sec, TE 4.6 ms, FA 8°, saggital orientation). Next,
four runs (lasting ~8 minutes each) of functional data were collected (TR 2.29 sec,
TE 30 ms, 220”2 mm FOV, 72”2 inplane resolution, 35 slices, 3.3 mm slice thickness,
FA 90°, transversal orientation) covering the whole brain. Each run contained 120
trials (30 of each condition). Trial sequences were optimized using OptSeq
(http://surfer.nmr.mgh.harvard.edu/optseq). We used a rapid presentation design
with an average trial-time of 4 seconds (ranging from 2-16 seconds). Stimuli were
presented on a back-projection screen, which was viewed via a mirror system
attached to the MRI headcoil.

FEAT (FMRI Expert Analysis Tool) Version 4.0, part of FSL (FMRIB's Software
Library, www.fmrib.ox.ac.uk/fsl) was used to analyze the fMRI data. fMRI images
were realigned to compensate for small head movements (Jenkinson, Bannister,
Brady, & Smith, 2002). Functional data were aligned to the structural image of the
subject and the data of each subject was transformed to the standard space of the
Montreal Neurological Institute (MNI) using FLIRT. Next, the functional data were
spatially smoothed using a 5 mm full-width-half-maximum Gaussian kernel and
high-pass filtered in the temporal domain (¢ = 40 s). Finally, the functional data were
prewhitened using FSL (Woolrich, Ripley, Brady, & Smith, 2001).

The following conditions were separately modeled by convolution with a
double-gamma response function in a General Linear Model (GLM): 1) inhibited
conscious No-Go trials, 2) responded conscious No-Go trials, 3) responded weakly
masked Go trials, 4) responded unconscious No-Go trials, and 5) responded strongly
masked Go trials. The theoretically possible other trial types (e.g. non-responded
weakly masked Go trials, or non-responded strongly masked Go trials or non-
responded unconscious No-Go trials) were not encountered often enough in all
subjects to warrant inclusion. Runs were pooled on a per subject basis using a fixed-
effects model. Subsequently, a mixed-effects group analysis was conducted using
FMRIB’s FLAME stages 1 and 2 in which relevant lower-level contrasts were
combined. Two participants did not have any trials to model the condition in which
conscious No-Go trials were responded to, in one out of the four runs. These two

runs were excluded from all analyses.
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First, we identified voxels involved in consciously triggered response inhibition by
contrasting inhibited conscious No-Go trials with responded weakly masked Go
trials. For this contrast we report cortical regions with a height threshold of Z > 3.1
(p < 0.001) and a cluster probability of p < 0.05, corrected for whole-brain multiple
comparisons (using Gaussian random field theory (GRFT)) (Worsley, 2001). For a
full list of conscious activations see Supplementary Table 5.1. To test which brain
areas can be activated unconsciously, we looked for significant activations by
contrasting responded unconscious No-Go trials with responded strongly masked Go
trials (whole-brain analysis). As expected, the extent and strength of the unconscious
No-Go activations was less strong and extensive than for conscious No-Go activations
(see also Dehaene et al., 2001; Nakamura et al., 2007), therefore we selected cortical
regions with voxels exceeding a Z of 3.1 and clusters consisting of more than 20
contiguous significant voxels (four clusters, reported in Table 5.1).

Although the whole-brain cluster-corrected analysis of the consciously
triggered No-Go activations did not reveal significant PCC activation (see
Supplementary Table), the uncorrected (Z > 3.1) conscious activations revealed a
rather specific cluster in the PCC (4, -22, 26; z = 4.21; see Figure 5.3) that was
strikingly similar to the PCC activation revealed by the unconscious No-Go contrast
(see Fig 5.4a) as well as in previous stop-signal and Go/No-Go studies (Aron et al,,
2007; Aron & Poldrack, 2006; Boehler et al., 2008; Durston, Thomas, Worden, Yang,
& Casey, 2002; Ray Li et al., 2006; Wager et al., 2005), However, this cluster was too
small (92 voxels), with respect to the other clusters, to survive standardized whole-
brain cluster correction. Since we show unconsciously activated clusters with more
than 20 contiguous voxels with a Z-value larger than 3.1 in Figure 5.4a, for accurate
comparison between the conscious and unconscious No-Go activations, the same was
done in Figure 5.3 (conscious No-Go activations). It should be noted that all
conscious No-Go activations displayed in Figure 5.3, except the PCC, survived whole-
brain cluster correction (see Supplementary Table).

To visualize the temporal profile of the BOLD response in the right IFC for
each of the four conditions we selected all overlapping right IFC voxels from the
conscious contrast and the unconscious contrast. To increase the number of
overlapping voxels and thereby the signal-to-noise ratio a slightly more liberal
threshold (Z > 2.3; p < 0.01) was used to select overlapping voxels. A deconvolution
analysis was performed on this right IFC cluster (195 voxels) to visualize the time-
course of the BOLD response with slightly smoothed delta functions to model the
individual components of the hemodynamic BOLD response (Dale & Buckner, 1997).

For the deconvolution analysis, we up-sampled the temporal resolution of the BOLD-
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signal to 1.14 seconds (TR/2) and modeled the BOLD response in the period of -3 to
16 seconds per run, per subject. These were subsequently averaged over runs and
subjects (see Figure 5.4d). Two-tailed paired t-tests (evaluated at a = 0.05) were
performed to test for significant differences between the conditions. For all
correlational analyses we performed nonparametric Spearman’s rank correlations
evaluated at a = 0.05 (two-tailed).

Results

Probing the effectiveness of the masking procedure

A prerequisite for studying the effects of unconscious No-Go signals on brain and
behavior is the effectiveness of our making procedure. To assess whether
participants were truly unaware of strongly masked squares and diamonds, a two-
alternative forced-choice discrimination task was administrated after the Go/No-Go
task, while participants were still lying in the scanner. The discrimination task was
administered after the main experiment to rule out any effect of perceptual learning
during the experiment. In this conservative measure of stimulus visibility, 20 out of
24 participants scored at chance-level (binominal test, p > 0.05), suggesting that
these individuals were unable to perceive strongly masked squares/diamonds.
Because we cannot ascertain that the other four participants were truly unaware of
strongly masked signals during the Go/No-Go experiment, these participants were
excluded from all further analyses. Also at the group-level, discrimination
performance (d’) did not deviate from chance-level for the included 20 participants
(d’=0.118, SD = 0.32, mean percentage correct = 52.3%, SD = 6.15, t(19) = 1.667; p =
0.112, Figure 5.2a). After the presentation of the behavioral and neuroimaging
results, several additional correlational analyses between behavioral /brain data and
discrimination scores are reported that further indicate that participants were

unable to perceive strongly masked squares/diamonds in the present experiment.

Unconscious No-Go signals slow down responses

Participants were able to perform this Go/No-Go task proficiently, as evidenced by
typical inhibition rates of 69.9% on conscious No-Go trials, while still responding
quickly to weakly masked Go trials (367 ms). Whereas conscious No-Go trials
triggered complete response inhibition on the majority of trials, participants did not
inhibit their responses more often on unconscious No-Go trials (0.58%) than on
strongly masked Go trials (0.46%). Crucially, however, RTs were significantly longer
to unconscious No-Go trials than to strongly masked Go trials (¢(19) = 6.24; p <

0.001, Figure 5.2b). Moreover, the entire response time distribution of unconscious
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No-Go trials was shifted in time compared to the response time distribution of
strongly masked Go trials (Figure 5.2c), which indicates that RT slowing induced by
unconscious No-Go signals was not due to only a few trials. The combination of these
results indicates that unconscious No-Go signals triggered inhibitory control
processes, but not sufficiently to withhold the overt response. Although not
successful as such, the attempt to inhibit may have resulted in a slower build-up of

response activation, thus leading to slowing of the imminent response.
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Figure 5.2 Unconscious No-Go signals slow down responses

a) Participants were unable to discriminate between trials with a strongly masked square or diamond, as
revealed by chance-level performance in a two-alternative forced-choice discrimination task administered
after the main experiment. b) Although strongly masked (unconscious) No-Go signals could not be perceived
consciously, they still triggered inhibitory control processes as revealed by a significant longer response times
on these trials than on strongly masked Go trials. c) Response time distributions of unconscious No-Go trials

and strongly masked Go trials. All plots indicate mean performance # intersubjects standard deviations.

Neural mechanisms of conscious and unconscious inhibitory control

To examine the neural mechanisms underlying consciously triggered inhibitory
control we contrasted inhibited conscious No-Go trials with responded weakly
masked Go trials (Z > 3.1, whole-brain cluster-corrected). Consciously initiated
response inhibition was associated with a typical (mostly right-lateralized)
frontoparietal network associated with No-Go inhibition (for a full list of activations
see Supplementary Table). This “conscious inhibition network” most prominently
included the right and left inferior frontal cortex (IFC) bordering and extending into
the anterior insula (Al), the pre-supplementary motor area (pre-SMA), the anterior
cingulate cortex (ACC), the right superior frontal gyrus (SFG), the right dorsolateral
prefrontal cortex (dIPFC), the right middle frontal gyrus (MFG), the posterior
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cingulate cortex (PCC) and bilateral inferior and superior parietal cortices (see

Figure 5.3). This network is consistent with previous results of (conscious) No-Go
inhibition (Blasi et al.,, 2006; Chikazoe, Konishi, Asari, Jimura, & Miyashita, 2007;
Garavan, Ross, Murphy, Roche, & Stein, 2002; Konishi et al., 1999; Rubia et al., 2003;
Simmonds et al., 2008; Wager et al., 2005).

Figure 5.3 Neural activation associated with consciously triggered No-Go inhibition

The contrast between inhibited conscious No-Go trials versus responded weakly masked Go trials revealed
activation in a (largely right-lateralized) frontoparietal inhibition network. For a full list of activated regions
(Z > 3.1, whole-brain cluster-corrected), see Supplementary Table. To accurately compare conscious and

unconscious activations, clusters with more than 20 voxels with a Z > 3.1 are displayed (see Methods).

To examine the activation related to the unconscious initiation of inhibitory control
we contrasted responded unconscious No-Go trials with responded strongly masked
Go trials (Z > 3.1, clusters containing more than 20 contiguous significant voxels).
Unconsciously initiated response inhibition was associated with activation in the
right and left IFC, the pre-SMA and the PCC (see Figure 5.4a and Table 5.1). All four
clusters are typically observed during consciously initiated response inhibition,
particularly the IFC and the pre-SMA are generally concerned as key brain regions
involved in actively inhibiting responses in stop-signal and Go/No-Go tasks. Within
this “unconscious inhibition network” the right IFC was most strongly activated by
unconscious No-Go signals, as evidenced by the relatively high Z-value and large size
of this cluster. If these areas co-operate during unconsciously triggered response

inhibition then their activation level might be correlated. Indeed, across subjects
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activation (unconscious No-Go > strongly masked Go) in the right IFC correlated with
activation in both the left IFC (rho = 0.685, p = 0.001, see Figure 5.4b) and the pre-
SMA (rho = 0.566, p = 0.009). No other significant correlations were observed
between activation across any of these four brain regions (all rho’s < 0.33, all ps >
0.15).

To test whether this unconsciously initiated activation pattern is truly related
to the initiation of inhibitory control, we further examined whether individual
differences in activation levels in the unconscious inhibition network could explain
why unconscious No-Go signals slow down responses for some participants more
than for others. More specifically, the mean activation of all four brain regions was
correlated with the amount of slow-down triggered by unconscious No-Go signals
(mean RT unconscious No-Go trials > mean RT strongly masked Go trials) across all
participants. Interestingly, overall activation in the unconscious inhibition network
correlated positively with the amount of slow-down (rho = 0.452, p = 0.046, see
Figure 5.4c). Thus the strength of activation in the unconscious inhibition network
predicted the extent to which individuals slow down their responses to unconscious
No-Go signals, which further supports that the observed activations are “functional”
in the sense that they predict the impact of unconscious No-Go signals on subsequent
behavior.

As a next step, we investigated whether this positive correlation between
brain activation and behavioral performance was driven by activation in certain
specific clusters within the unconscious inhibition network. Therefore, post-hoc
correlational analyses between brain activation and RT slowing were performed on
each of the four individual clusters. Significant positive correlations were observed
in the right IFC (rho = 0.482, p = 0.031) and the left IFC (rho = 0.479, p = 0.033), but
not in the pre-SMA (rho = 0.293, p = 0.209) or the PCC (rho = 0.270, p = 0.250). Thus,
activation in the right IFC and left IFC predicted the extent to which individuals
slowed down their responses after the presentation of an unconscious No-Go signal,
suggesting a crucial role of these areas in processing unconscious No-Go signals and
the subsequent implementation of response inhibition.

To assess the temporal extension of the frontal activations and to further
assess whether brain activation could be utilized to discriminate between both
strongly masked and weakly masked conditions, we performed a deconvolution
analysis to extract the BOLD time-courses from the right IFC cluster. Figure 5.4d
shows that the BOLD response to unconscious No-Go trials was significantly larger
than the BOLD response to strongly masked Go trials for all data points from 3.52 s

to 6.84 s (left panel). The difference between conscious No-Go trials and weakly
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masked Go trials (right panel) was larger, started earlier (from 2.28 ms) and lasted
longer (till 9.12 ms), but resembled the BOLD time courses observed on strongly
masked conditions. Thus, the processing of conscious and unconscious No-Go signals

differed in the temporal extension and strength of their activation.
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Figure 5.4 Neural activation associated with unconsciously triggered No-Go inhibition

a) The unconscious inhibition network revealed by the contrast between responded unconscious No-Go trials
versus responded strongly masked Go trials (Z > 3.1, clusters with more than 20 contiguous significant
voxels). Also activations at a more liberal threshold (Z > 2.3, in blue) are shown to observe the extension of
the activations in each of the four unconsciously activated brain regions. b) Inter-regional across subjects’
Spearman’s rank correlations. Activation in the right IFC correlated with activation in the left IFC and
activation in the pre-SMA. c) Across-subjects’ Spearman’s rank correlation between unconscious RT slowing
and activation in the unconscious inhibition network (the mean activation of all four clusters). d) BOLD time-

courses for all four conditions in the right IFC (see Methods). The left panel depicts the strongly masked
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conditions and the right panel depicts the weakly masked conditions. Bars are # intersubjects standard errors
of the mean (SEM). * p < 0.05 (two-tailed).

Table 5.1 Unconsciously triggered response inhibition

Responded unconscious No-Go trials > responded strongly masked Go trials.

No-Go > Go side BA X y zZ  Z-value atlocal Number of voxels
maximum

Inferior frontal cortex R 47 36 28 2 410 52

Inferior frontal cortex L 47/48 -42 12 -4 3.71 34

Pre-supplementary motor area L 6 -6 2 52 3.52 28

Posterior cingulate cortex L 23 -6 -34 22 350 28

Note: Clusters of more than 20 contiguous voxels exceeding a Z of 3.1 (p < 0.001). Activation peaks in MNI
coordinates.

Although all 20 included participants were unable to perceive strongly masked
squares/diamonds consciously, as illustrated by chance performance on a two-
alternative forced-choice discrimination task performed after the Go/No-Go
experiment, we sought to further rule out the possibility that the reported behavioral
or neuroimaging results can be explained by accidental visibility of masked stimuli. If
incidental No-Go visibility would be responsible for the observed effects one would
expect reliable positive correlations between discrimination scores and
behavioral/neuroimaging correlates of inhibition. Discrimination performance (d’)
in the two-alternative forced-choice discrimination task did not correlate reliably
with mean activation in the unconscious inhibition network (rho = -0.082; p =
0.730), or activation in any of the four clusters separately (largest rho = 0.26).
Discrimination performance did also not correlate significantly with unconscious RT
slowing (rho = 0.343; p = 0.139). Crucially, RT slowing effects were still significant
when discrimination performance was extrapolated to zero visibility. The linear
regression analysis revealed a significant intercept (21.9 ms; p < 0.001 for the
regression of RT slowing against d’), which further confirms the conclusion that RT
slowing was induced by No-Go signals that could not be perceived consciously (see
Greenwald, Schuh, & Klinger, 1995; Hannula et al., 2005 for further discussion and
justification of this method). The absence of consistent positive correlations between
detection and brain/behavioral measures suggest that the reported effects are not

related to (accidental) visibility of strongly masked stimuli.
Discussion

In a Go/No-Go paradigm, we masked No-Go signals to the point that they could no

longer be detected to investigate the depth of processing of unconscious No-Go
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signals in the human brain. Unconscious No-Go signals were observed to activate
brain regions central to networks that have been associated with conscious response
inhibition, namely the IFC, the pre-SMA and the PCC. Especially the right IFC and the
pre-SMA are considered to be key brain regions responsible for response inhibition
and subsequent action selection (Aron et al., 2007; Aron, Fletcher et al,, 2003; Aron &
Poldrack, 2006; Aron, Robbins, & Poldrack, 2004; Blasi et al.,, 2006; Chambers et al.,
2006; Chikazoe et al., 2007; Forstmann et al,, 2008; Konishi et al., 1999; Leung & Cai,
2007; Mostofsky & Simmonds, 2008; Simmonds et al., 2008; Wager et al., 2005) and
interestingly, both areas are probably connected directly via white-matter tracts
(Aron et al., 2007). Activation in the right IFC strongly correlated with activation in
the pre-SMA and the left IFC, suggesting that these areas co-operate during
unconsciously triggered response inhibition. These correlations cannot be explained
by overall fluctuations in brain activation or general task-related effects, since
activation in the PCC did not correlate with any of the other three brain regions.
However, it might still be possible that the observed correlations reflect the
influence of another, yet to be determined, brain region.

The observed activation in the unconscious inhibition network appears to be
functional, in that this unconscious activation correlated with the amount of slow-
down of manual responses elicited by unconscious No-Go signals; as if participants
attempted to inhibit their response but just failed to withhold it completely.
Interestingly, the correlation between brain activation and RT slowing triggered by
unconscious No-Go signals was driven mainly by activation in the bilateral IFC,
suggesting a crucial role of this area in actively implementing inhibitory control
unconsciously. Although most attention is devoted to the right IFC in response
inhibition, generally, both hemispheres are activated when participants inhibit their
response in the Go/No-Go task as well as the stop-signal task, however, as also
observed here, the right slightly more than the left (Aron et al, 2007; Aron &
Poldrack, 2006; Blasi et al.,, 2006; Chikazoe et al., 2009; Chikazoe et al., 2007; Konishi
et al, 1999; Leung & Cai, 2007; Wager et al., 2005; Xue, Aron, & Poldrack, 2008).
Unconscious (and conscious) response inhibition was also associated with rather
specific neural activation in the PCC. Whereas the functional significance of PCC
activation is less clear, numerous studies have observed PCC activation during
successful response inhibition (Aron et al.,, 2007; Aron & Poldrack, 2006; Boehler et
al., 2008; Durston et al., 2002; Ray Li et al.,, 2006; Wager et al., 2005), which might
not be directly related to motor inhibition, but could reflect subsidiary processes

such as attentional selection that influence stopping success (Boehler et al., 2008).
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These findings converge with and extend recent EEG results, obtained using a similar
masked Go/No-Go paradigm, in important ways (van Gaal et al., 2008). In that EEG
study, unconscious No-Go signals elicited a medium latency (~300 ms) frontal ERP
component that correlated with the extent to which participants slowed down
responses to those No-Go signals. Source imaging suggested this frontal ERP
component to be localized in the lateral PFC. The present fMRI results specify these
findings and pinpoint the IFC (and possibly the pre-SMA) as crucial components in
linking unconscious No-Go signals to appropriate action; in this case, attempting to
withhold the overt response.

Additionally, in the present fMRI experiment, participants slowed-down their
responses much more than in the previous EEG study, which might be due to the fact
that, in the present experiment, conditions were nicely balanced with respect to low-
level stimulus properties, whereas this was less the case for the EEG experiment.
This allowed us to estimate the time it takes for unconscious No-Go signals to
influence inhibitory control. Interestingly, RT distributions of unconscious No-Go
trials and strongly masked Go trials (Fig 5.2c) started to differentiate after ~300 ms,
which suggests that it takes ~300 ms for unconscious No-Go signals to take effect.
We verified that our sample did not consist of clearly separated fast and slow
subgroups, such that the present pattern could not be attributed to artifacts
resulting from averaging across such subgroups. These behavioral results converge
nicely with the EEG results in which the first moment of significant deflection at
frontal electrode sites was observed at 309 ms (van Gaal et al, 2008). In
combination, the present fMRI results suggest that it takes ~300 ms for unconscious
No-Go signals to trigger response inhibition, which is implemented by the IFC and
pre-SMA.

The fate of unconscious prefrontal cognitive control

An outstanding question remains why we were able to provide evidence for
prefrontal processing of unconscious information, whereas many other studies did
not. It has been observed that the strength of unconscious activation decays rapidly
during its way up in the cortical hierarchy (e.g. Dehaene et al., 2001; Grill-Spector,
Kushnir, Hendler, & Malach, 2000), therefore the effects of masked stimuli at higher-
level cortical areas have generally been observed to be small and not include the
prefrontal cortex (for a review see Dehaene & Naccache, 2001; Kouider & Dehaene,
2007; but see Lau & Passingham, 2007; Thompson & Schall, 1999; van Gaal et al,,
2008). We hypothesize that we were able to provide evidence for unconscious

prefrontal cognitive control because our approach differs fundamentally from
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previous masking studies, as it combines two factors that, to our knowledge, have
been rarely combined before in neuroimaging studies. First, in the present
experiment, the unconscious stimulus of interest is highly task-relevant and
attended. This is important, since it has been shown that attended and task-relevant
stimuli are processed faster and more deeply in the human brain than unattended
and task-irrelevant information (for reviews see Kanwisher & Wojciulik, 2000;
Lamme & Roelfsema, 2000; Ungerleider & Kastner, 2000). Interestingly, recent
studies demonstrated that attention can also be oriented towards unconscious
stimuli, which subsequently enhances the influence of these stimuli on behavior
(Naccache et al,, 2002; Sumner et al., 2006). Second, and perhaps more importantly,
in our study the unconscious stimulus of interest was strongly associated with
prefrontal cognitive control functions. Therefore, the instructed task-set of the
participant required a deep level of information processing (incorporating prefrontal
cortex) of the unconscious stimulus. Recently, we (van Gaal et al., 2008) and others
(Nakamura et al., 2007; Nakamura et al., 2006) have shown that the instructed top-
down task-set strongly determines the processing routes taken by masked stimuli.
The combination of both factors allowed us to more directly tap into the possible
scope and depth of unconscious information processing than previous studies using

the masking priming task (or related paradigms).

Conscious and unconscious inhibitory control: not identical

Although we demonstrate that PFC mediated cognitive control mechanisms can be
triggered unconsciously, our results also indicate differences between consciously
and unconsciously triggered response inhibition. Behaviorally, the impact of
unconscious No-Go signals appeared like a downscaled form of conscious No-Go
signals (RT slowing instead of overt response inhibition). Similar patterns were
observed in recent studies with the Go/No-Go tasks (van Gaal et al., 2008) and the
stop task (van Gaal et al, 2009), in that unconscious control signals yielded
considerable response slowing but less pronounced (albeit still significant) overt
response inhibition. These findings are in line with results from many experiments
that showed that visible stimuli exert stronger influences on behavior than do
invisible stimuli (for a review see Dehaene & Naccache, 2001; Kouider & Dehaene,
2007) and that conscious information processing is more flexible (e.g. Jacoby, 1991)
and durable (e.g. Greenwald et al., 1996; Kunde, 2003) than unconscious information
processing. This dissociation in behavioral performance is nicely reflected in the
neural signature associated with consciously vs. unconsciously triggered inhibitory

control. In the present experiment, conscious No-Go signals elicited a typical large-
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scale frontoparietal inhibition network, whereas unconscious No-Go signals
triggered a more specific subset of (local) No-Go processors in prefrontal cortices.
Additionally, the BOLD time-course analysis suggests that conscious No-Go signals
trigger a relatively strong and long-lasting pattern of neural activations, whereas
unconscious No-Go activations were more of a fleeting form.

These results are in accordance with the neural mechanisms proposed to
underlie conscious and unconscious information processing (Baars, 2002; Dehaene
et al., 2006; Lamme, 2006). In these influential models, it is supposed that when a
stimulus triggers a feedforward sweep of activation, it is not experienced
consciously. Only when recurrent interactions between higher and lower cortical
areas are initiated, awareness of a stimulus arises. Many studies have shown that
conscious stimuli evoke long-lasting, large-scale recurrent interactions between
many distant brain areas (for reviews see Dehaene & Naccache, 2001; Kouider &
Dehaene, 2007; Rees et al., 2002; Tononi & Koch, 2008); a neural state that has been
referred to as ‘global ignition’ (Dehaene et al, 2006). This form of activation
probably extends beyond the local and isolated information processors that were
initially triggered by the stimulus (feedforward activity) and generally incorporates
prefrontal, cingulate, parietal and temporal brain regions. On the contrary, masking a
stimulus to the point that it can no longer be detected probably disrupts reentrant
processes, but leaves feedforward activity relatively intact (Del Cul et al., 2007;
Fahrenfort et al., 2007; Lamme et al., 2002).

With respect to the present data, it seems likely that conscious No-Go signals
triggered a large-scale frontoparietal inhibition network, probably because these
signals could durably reverberate in the neural system. Therefore, information might
become available for a number of high-level brain areas (such as dorsolateral
prefrontal cortices), which could lead to less automatic, more flexible and full-blown
cognitive control operations (see also Dehaene, 2008; Dupoux et al., 2008), reflected
in full-blown inhibition in the Go/No-Go task. Interestingly, the present data suggest
that unconscious No-Go stimuli can travel along similar processing routes as
conscious No-Go stimuli, even up to prefrontal cortex. However, if they do so, they do
not activate a similarly strong, stable and extended activation pattern as conscious
ones, but only cause a “trickle of activation” in specialized, but relatively isolated No-
Go processors “that modulates decision time but does not determine the decision
outcome” (Dehaene, 2008). Although we have yet to understand the exact functional
and neural differences between conscious and unconscious cognitive control, these

results stretch the alleged limits and depth of unconscious information processing in
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the human brain and directly impact the current debate about the relationship

between consciousness and cognitive control.
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Supplementary Table. Consciously triggered response inhibition

Inhibited conscious No-Go trials > responded weakly masked Go trials

No-Go > Go Side BA x y y/ Z-value at Number of
local maximum voxels

Right Frontal network 3784

47 32 22 -12 532

47 44 22 -6 501

9 36 54 24 493

9 26 52 32 486

9 42 48 26 5.08

6 26 2 64 4091

Right parietal cortex 2166

40 52 -52 42 5.75

40 44 -58 52 545

40 40 -48 44 4.66

40 54 -46 40 549

40 56 -46 28 5.23

Supramarginal gyrus 40 62 -52 28 5.8

Left prefrontal cortex 262

Inferior frontal gyrus
Inferior frontal gyrus
Superior frontal gyrus
Superior frontal gyrus

Superior frontal gyrus

~ & X ™ X X

Middle frontal gyrus

Inferior parietal lobule
Inferior parietal lobule
Inferior parietal lobule
Supramarginal gyrus

Supramarginal gyrus

~ ™ ® ™ XX

Inferior frontal gyrus L 47 -30 26 -10 4.47
Inferior frontal gyrus L 47 -38 14 -20 4.06
Insula L 13 -40 14 -12 4.24

Left parietal cortex 163
40 -58 -50 28 4.10
40 -66 -50 26 394
40 -56 -48 38 3.84
40 -56 -50 34 3.59
Inferior parietal lobule 40 -58 -56 46 3.62
Inferior parietal lobule L 40 -56 -56 50 3.48

Supramarginal gyrus
Supramarginal gyrus
Supramarginal gyrus

Supramarginal gyrus

o e o o o

Note: Z > 3.1 (p < 0.001), whole-brain cluster-corrected (p < 0.05). Activation peaks in MNI coordinates.
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6. Pre-SMA grey-matter density predicts individual differences in action
selection in the face of conscious and unconscious response conflict

Abstract

The pre-supplementary motor area (pre-SMA) is considered key in contributing to
voluntary action selection during response conflict. Here we test whether individual
differences in the ability to select appropriate actions in the face of strong
(conscious) and weak (virtually unconscious) distracting alternatives are related to
individual variability in pre-SMA anatomy. To this end, we scanned 58 participants
with structural magnetic resonance imaging who performed a masked priming task
in which conflicting response tendencies were elicited either consciously (through
primes that were weakly masked) or virtually unconsciously (strongly masked
primes). Whole-brain voxel-based morphometry revealed that individual differences
in pre-SMA density predict subjects’ ability to voluntary select the correct action in
the face of conflict, irrespective of the awareness-level of conflict-inducing stimuli.
These results link structural anatomy to individual differences in cognitive control
ability, and provide support for the role of the pre-SMA in the flexible adjustment of
ongoing behavior by inhibiting irrelevant action plans. Furthermore, these results
suggest that flexible and voluntary behavior requires efficiently dealing with
competing motor plans, including those that are activated automatically and

unconsciously.

Introduction

To optimize our behavior, we must overcome conflicting information in the
environment and rapidly select contextually relevant information to achieve our
goals. In the lab, this phenomenon has been studied with various “conflict tasks”,
such as the Stroop, the Simon or the Eriksen flanker task. In these tasks, one
response is activated through rapid and direct capture from salient but task-
irrelevant stimulus features, and must be subsequently overcome by another, more
deliberate response. For example, in the flanker task, participants have to respond as
quickly as possible to the direction of a target arrow and ignore flanking distracting
arrows. When the target and flankers are incongruent (pointing in opposite
directions) responses are generally slowed down compared to congruent trials
(target and flankers point in the same direction). Several lines of consistent evidence
suggest that the human medial frontal cortex (MFC), and the pre-supplementary
motor area (pre-SMA) in particular, is of crucial importance for selecting the

appropriate action in such situations of response conflict (Botvinick et al.,, 2001;
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Forstmann et al., 2008; Mostofsky & Simmonds, 2008; Nachev, Kennard, & Husain,
2008; Rushworth, Buckley, Behrens, Walton, & Bannerman, 2007).

The aim of the present study was to investigate the link between brain
function and brain structure and to test whether individual differences in the ability
to select the appropriate action during response conflict are related to structural
differences in the pre-SMA. Furthermore, we were interested in the relation between
overcoming response conflict and the level of awareness of conflict. In daily life,
people are overwhelmed with visual information from which they have to select the
relevant information to guide their behavior. Although a large part of this
information probably remains unnoticed (i.e. unconscious), it might still influence
our behavior, as evidenced by many subliminal priming (e.g. Dehaene et al., 1998;
Vorberg et al.,, 2003) and attentional blindness studies (Mack, 2003; Most, Scholl,
Clifford, & Simons, 2005). Recent evidence is somewhat contradicting in whether the
human MFC is important for action selection in the face of unconscious conflict
(Dehaene et al.,, 2003; Mayr, 2004; Praamstra & Seiss, 2005; Sumner et al., 2007;
Ursu, Clark, Aizenstein, Stenger, & Carter, 2009). In fact, the prefrontal cortex has
been assumed to be strongly associated with consciousness (Dehaene & Naccache,
2001; Rees et al,, 2002) and even free will (e.g. Brass & Haggard, 2007; Haggard,
2008; Lau et al., 2004) and tends not to become involved in unconscious operations.
However recently, we and others have shown that even high-level prefrontal
cognitive control processes, such as response inhibition (van Gaal et al., 2008; van
Gaal et al,, 2009) and task-switching (Lau & Passingham, 2007) can be initiated by
unconscious (masked) stimuli.

Here we used voxel based morphometry (VBM) to characterize the brain
areas important for action selection in the face of strong (conscious) and weak
(virtually unconscious) response conflict. To this end, fifty-eight participants
performed a masked priming task in which awareness of conflict-inducing stimuli
was manipulated (Figure 6.1a). Participants were required to perform a speeded
two-choice response to a target arrow that was preceded by a smaller arrow, the so-
called prime. Because the prime fitted within the contour of the target, the target
functioned as a (metacontrast) mask. Under this specific circumstance, participants
are generally not aware of the prime when it is presented very briefly, whereas it is
clearly visible when presented slightly longer (Breitmeyer, 1984; Kunde, 2003).
However, a prime that cannot be perceived is still be processed, as evidenced by
faster response times and fewer errors when the prime and target are congruent
than when they are incongruent (Kunde, 2003; Vorberg et al., 2003), referred to here

as the correspondence effect. The magnitude of the correspondence effect is
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determined by the strength of response activation induced by the prime (stronger
activation of the incongruent action leads to greater interference) and the efficiency
of the inhibition of this activation (stronger inhibition reduces interference
(Ridderinkhof, 2002)) and reflects the efficiency of an individual to overcome
response conflict.

We hypothesized that, if the pre-SMA has a direct role in actively resolving
response conflict and deliberately selecting the appropriate action, regional grey-
matter density in the pre-SMA should correlate with individual differences in the
ability to resolve response conflict. More specifically, we expected to observe a
negative correlation between pre-SMA grey-matter density and the correspondence
effect across participants, since a better developed action selection system (greater
pre-SMA grey-matter density) should lead to more efficient conflict resolution (thus
a smaller correspondence effect). Furthermore, because we could calculate
correspondence effects for weakly and strongly masked conditions separately, we
were able to examine the relation between grey-matter anatomy and individual
differences in the ability to overcome strong (conscious) and weak (virtually

unconscious) conflict.

Method and Materials

Participants

Fifty-eight volunteers participated in the experiment for course credits or financial
compensation. All procedures were executed in compliance with relevant laws and
institutional guidelines and were approved by the local ethical committee. Subjects

gave written informed consent before experimentation.

Design

Participants came to the lab twice; for a scanning session and a behavioral session. In
the behavioral session, participants participated in a battery of tests including the
one described in the present paper. Participants performed a typical masked priming
task, previously used to study response selection in the face of consciously and
unconsciously presented distractors (Kunde, 2003). Stimuli were presented using
Presentation (Neurobehavioral Systems, Albany, USA) against a white background at
the centre of a 17-inch VGA monitor (frequency 70 Hz.). Participants viewed the
monitor from a distance of approximately 90 cm, so that each cm subtended a visual
angle of 0.64 degrees. A blue prime arrow (width 0.96°, height 0.64°) was presented
for a short duration (14 ms) or a long duration (128 ms), followed by a blank interval
(28 ms), and then by a target arrow (128 ms, width 2.20°, height 1.47°) that
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instructed participants to respond as quickly and accurately as possible to its
direction (see Figure 6.1a). Participants were instructed to ignore the primes that
preceded the target. The prime was a smaller version of the target and fitted within
the contour of the target. By manipulating prime duration the prime was either
visible (on half of the occasions), or its visibility was sharply reduced (in the other
half of the occasions). By this means, four conditions were created: 1) weakly
masked incongruent trials, 2) weakly masked congruent trials, 3) strongly masked
incongruent trials, and 4) strongly masked congruent trials. Participants performed
four blocks, each containing 160 trials (40 per condition, pseudo-randomized). Total
trial duration was 1400, 1500, 1600 or 1700 ms (equal frequency). Before the main
experiment participants practiced the task briefly (32 trials).

Immediately after the final experimental block, participants performed a two-
alternative forced-choice discrimination task on the primes (80 trials; 20 trials of
each condition). Stimulus and trial timing was exactly the same as in the masked
priming task, except that a pair of choices was presented left and right of fixation
after each trial. Participants were asked to determine as accurately as possible
whether a left-pointing or right-pointing prime was presented in the preceding trial.
Before administrating this task, participants were told that left and right pointing
primes were presented equally frequently and were instructed to consider this in
giving their response. Participants were also told that only accuracy was important

in this task, not the speed of responding. Upon responding a new trial started.

Behavioral data analyses

For the RT analyses (masked priming task), RTs > 100 ms and < 1000 ms were
included. Mean RTs from correct responses were entered into an ANOVA with
within-subjects variable of prime-target correspondence (congruent vs.
incongruent) and masking strength (weak vs. strong masking). Subsequently, paired
two-tailed t-tests were performed for strongly masked and weakly masked trials
separately. For the accuracy analyses, the same was done for the square root of
response accuracy. Detection performance (percentage correct in the two-
alternative forced-choice discrimination task) was tested for significance using a

one-sample t-test (compared against 50%) evaluated at an alpha level of 0.05.

VBM data acquisition procedure

In a separate session, magnetic resonance images were acquired using a 3-T scanner
(Philips, The Netherlands). We acquired two structural scans from each subject,
which were averaged (T1 turbo field echo; 182 saggital slices; FA 8° TE 4.6 ms; TR

112



9.6 sec; slice thickness 1.2 mm; FOV 256*256 mm; inplane voxel resolution 1*1 mm).
Data was analyzed with voxel-based morphometry (Good et al., 2001) carried out
with FSL software (Smith et al., 2004). First, structural images were brain-extracted
(Smith, 2002). Next, tissue-type segmentation was carried out using FAST4 (Zhang,
Brady, & Smith, 2001). The resulting grey-matter partial volume images were then
aligned to MNI152 standard space using the affine registration. The resulting images
were averaged to create a study-specific template, to which the native grey-matter
images were then non-linearly re-registered with a method that uses a b-spline
representation of the registration warp field (Rueckert et al., 1999). The registered
partial volume images were then modulated (to correct for local expansion or
contraction) by dividing by the Jacobian of the warp field (Ashburner & Friston,
2000). The modulated segmentated images were then smoothed with an isotropic
Gaussian kernel with a sigma of 4 mm.

Finally, in FSL, a voxel-wise GLM analysis was performed using permutation-
based non-parametric testing (10,000 iterations). The correspondence effect (mean
RT incongruent trials - mean RT congruent trials) for the weakly masked as well as
the strongly masked condition were both entered as covariates. We specified one
contrast for positive and one for negative correlations for each condition (four
contrasts in total). In a whole-brain omnibus ANOVA, statistical significance was
determined using a voxel height threshold of p < 0.001 and a cluster size of more
than 10 contiguous statistically significant voxels. To analyze the strength of the
correlations between grey-matter density and each covariate, rank-order

correlations (Spearman) were conducted.

Results

Behavioral results

As expected, participants were significantly faster on congruent conditions than on
incongruent conditions (F(1,57) = 513.91; p < 0.001). This difference was significant
in the weakly masked (¢t(57) = 21.63, p < 0.001) as well as strongly masked
conditions (¢(57) = 16.16, p < 0.001, see Figure 6.1b), but was significantly larger for
the weakly masked condition than for the strongly masked condition (F(1,57) =
297.04; p < 0.001). Additionally, participants made more response errors on
incongruent trials than congruent trials (F(1,57) = 194.47; p < 0.001). Again this
difference was reliable in the weakly masked (¢(57) = 14.18, p < 0.001) as well as
strongly masked (t(57) = 6.14, p < 0.001) conditions (see Figure 6.1c); but again, the
magnitude of the correspondence effect reflected in error rates was significantly
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larger for the weakly masked conditions than the strongly masked conditions
(F(1,57) =200.68,p < 0.001).

Pre-SMA and action selection during conflict

To extract the brain areas that are associated with response conflict per se,
correlations with brain anatomy and the correspondence effects on both weakly and
strongly masked conditions together were examined in the whole brain grey-matter
volume (omnibus ANOVA). This whole-brain F-test revealed a significant cluster in
the right pre-SMA (Figure 6.2a, 105 contiguous voxels with a p < 0.001). We used this
region as a mask to extract individual pre-SMA grey-matter values and correlated
these values with the correspondence effect for both conditions across subjects.
Consistent with our predictions, pre-SMA grey-matter density correlated negatively
with the correspondence effect derived from the weakly masked conditions across
individuals (rho = -0.48, p < 0.001, see Figure 6.2b, upper left panel). Interestingly,
grey-matter density in the pre-SMA correlated just as strongly with the
correspondence effect derived from the strongly masked conditions (rho =-0.46, p <

0.001, upper right panel).

A Prime (14 or 128 ms) B C
600 1 H Incongruent 30 1 M Incongruent
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masked masked masked masked

Figure 6.1 Experimental design and behavioral results

a) The sequence of events in the masked priming experiment. The prime could either be congruent (pointing
in the same direction) or incongruent to the target (pointing in the opposite direction). Prime visibility was
manipulated by presenting the prime either briefly (14 ms) or longer (128 ms). b) Response times for
congruent and incongruent trials for strongly and weakly masked conditions separately (+ SEM). c) Error

rates for congruent and incongruent trials for strongly and weakly masked conditions separately (+ SEM).

To validate this finding, pre-SMA density values were correlated with a second,
independent measure, namely the difference in the number of response errors on

incongruent and congruent trials. Note that this measure was not entered as a
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covariate in the initial whole-brain VBM analysis and therefore was not used to
select the pre-SMA region. Pre-SMA density correlated negatively with error rates
observed in the weakly (rho =-0.27, p = 0.042, see Figure 6.2b, lower left panel) as
well as the strongly masked condition (rho =-0.28, p = 0.032, lower right panel). Pre-
SMA structure was specifically related to individual differences in the ability to
resolve conflict, since it did not correlate with other behavioural measures such as
overall mean RT in the masked priming task or discrimination performance in the
forced-choice discrimination task (largest rho < 0.11, smallest p > 0.40, see also
below).
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Figure 6.2 Pre-SMA and action selection in the face of conflict

a) Pre-SMA grey-matter density correlated (p < 0.001, in red) with the ability to select the correct action in
the face of response conflict, irrespective of the awareness-level of conflict-inducing primes. Also voxels at a
more liberal threshold (p < 0.01, in blue) are shown to observe the extension of the significant pre-SMA
cluster. MNI coordinates reflect the centre of gravity. b) Scatter plots for the correlation between pre-SMA
grey-matter density values and the correspondence effect derived from the weakly masked (left panel) and
strongly masked (right panel) conditions. RT effects (top); error effects (bottom).

Additionally, the whole-brain F-test revealed a significant cluster in the anterior part
of the thalamus (25 voxels, MNI coordinates: 4, -1, 7), however, the pattern of results
in this structure was less consistent than observed in the pre-SMA. Structural grey-
matter density in the thalamus did not correlate significantly with the
correspondence effect derived from the weakly masked conditions (rho = 0.22, p =

0.093; if anything positively), but correlated negatively with the correspondence
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effect derived from the strongly masked conditions (rho = -0.30, p = 0.022). The
thalamus finding could not be validated since grey-matter density in this structure
did not correlate with error rates in the weakly (rho = - 0.02, p = 0.905) nor in the
strongly masked condition (rho = 0.03, p = 0.854).

Prime visibility

The two-alternative forced-choice discrimination task administrated after the
masked priming experiment revealed an overall percentage correct for weakly
masked primes of 92.4% (SD = 12.1) vs. 59.4% (SD = 9.1) for strongly masked
primes. Participants were significantly better at detecting weakly masked primes
than strongly masked primes (¢(57) = 17.6; p < 0.001). Although prime visibility was
low in the strongly masked condition, it was significantly above chance-level (t(57) =
7.88; p < 0.001).

To test whether the reported pre-SMA effects are related to the visibility of
strongly masked primes, we correlated the detection measure obtained in the two-
alternative forced-choice discrimination task (percentage correct) with pre-SMA
density values across participants. Both measures were not reliably correlated (rho =
0.11, p = 0.423). As an additional check, we only selected the one-third worst
detection performers (mean detection performance = 49.9%) and computed the
correlation between pre-SMA density and the correspondence effect derived from
the strongly masked conditions. Across these 20 participants, this correlation was
still robust and significant (rho = -0.57, p = 0.009); if anything the strength of the
correlation even increased. These additional analyses suggest that the reported

effects are not related to prime visibility.

Discussion

We investigated whether structural differences in cortical grey-matter density could
predict individual variation in the extent to which people are able to select the
appropriate action in the face of distracting alternatives. Participants performed a
masked priming task in which conflicting response tendencies were elicited either
consciously (weakly masked primes) or virtually unconsciously (strongly masked
primes). Consistent with our predictions, whole-brain VBM analysis revealed a
strong negative correlation between pre-SMA density and the size of the RT
correspondence effect (mean RT on incongruent trials - mean RT on congruent
trials). Pre-SMA density also correlated with the size of the correspondence effect
observed in the error rates. These negative correlations indicate that individuals
with greater pre-SMA grey-matter density are better at selecting the appropriate
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action in the face of response conflict than individuals with smaller pre-SMA grey-
matter density. Interestingly, pre-SMA anatomy correlated with individual variability
in the ability to select a deliberate response when conflict was triggered consciously
as well as (virtually) unconsciously.

These present findings confirm and extend previous functional imaging
studies (Forstmann et al.,, 2008; Nachev, Rees, Parton, Kennard, & Husain, 2005),
lesion effects studies (Nachev, Wydell, O'Neill, Husain, & Kennard, 2007; Picton et al.,
2007), TMS effects studies (Kennerley, Sakai, & Rushworth, 2004; Taylor, Nobre, &
Rushworth, 2007) and single-cell recording studies (Isoda & Hikosaka, 2007;
Stuphorn & Schall, 2006) that provided support for a crucial role of the pre-SMA in
resolving conflict by selecting task-relevant information while inhibiting task-
irrelevant information. However, our results further extend these findings in two
important ways. First, by linking structural, instead of functional, correlates to
conflict resolution mechanisms in the pre-SMA, and second by showing that this
mechanism is not related to the level of awareness of conflict-inducing stimuli.

The exact origin of structural differences in grey-matter is still a matter of
debate and might be related to either innate predispositions or environmental
factors, or both. Interestingly, recent VBM studies demonstrated rapid learning-
dependent structural changes of the brains anatomy over the course of only a few
weeks/months of juggling (Draganski et al., 2004; Driemeyer, Boyke, Gaser, Buchel,
& May, 2008), extensive studying (Draganski et al., 2006) or mirror reading (Ilg et al.,
2008). The precise nature of such grey-matter increase is still a matter of debate, but
several mechanisms have been proposed, including a change in cell size of neurons
or glial cells, changes in axonal structure and perhaps even neurogenesis (Gross,
2000; Ilg et al., 2008; May & Gaser, 2006; Trachtenberg et al., 2002). These results
suggest that the brain can alter its shape quickly and that structural neuroplasticity
plays a crucial role in adapting our behavior to environmental changes as well as
learning. Future studies are required to further elucidate whether individual
differences in pre-SMA structure are due to learning (some people might encounter

more conflict than others), innate predispositions, or both.

Medial frontal cortex and unconscious conflict resolution

These results extend the sparse and somewhat contradicting evidence obtained in
recent functional imaging studies that looked into how the brain overcomes the
interference of unconscious information in conflicting situations. Dehaene and
colleagues (2003) measured behavioral and brain imaging correlates of response

conflict induced by conscious and subliminal primes in a masked priming paradigm.
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Although they observed a typical masked priming effect in behavior (for conscious as
well as unconscious primes), fMRI revealed that the anterior cingulate cortex (ACC)
responded more strongly to incongruent primes than to congruent primes, but only
when primes were presented consciously. Therefore, the authors concluded that the
ACC was only responsive to consciously experienced conflict, but not to unconscious
conflict. However, recently, others have demonstrated that the ACC is responsive to
conflict induced by unnoticed (“unconscious”) sequence violations of an implicitly
learned rule (Ursu, Clark, Aizenstein, Stenger, & Carter, 2009) and “unnoticed”
response errors (Hester, Foxe, Molholm, Shpaner, & Garavan, 2005; Klein et al,
2007; Nieuwenhuis et al,, 2001).

Instead of studying the immediate effects of unconscious conflict-inducing
stimuli, Wolbers and colleagues (2006) studied the strategic control over interfering
unconscious information using fMRI. To this end, they varied the number of
congruent and incongruent trials in a masked priming block. Behaviorally, strategic
effects consisted of longer RTs and fewer errors across incongruent blocks
(containing more incongruent trials than congruent trials) compared to congruent
blocks (containing fewer incongruent trials than congruent trials), indicative of a
changed speed/accuracy balance according to the number of unconsciously
presented distractors. The pre-SMA was more active during incongruent than
congruent blocks and psychophysiological interaction analyses demonstrated a tight
coupling between the pre-SMA and both the putamen and the lateral occipital
complex (LOC) on incongruent blocks. The authors concluded that the pre-SMA
might have an overarching role in controlling the processing of unconscious primes
by modulating perceptual analysis (LOC) and response selection (putamen) during
conflict. Although such strategic effects differ slightly from the immediate control
operations studied here, the results nicely converge on the role of the pre-SMA in
selecting relevant information over irrelevant unconscious distractors. However,
here we show that individual differences in structural, instead of functional,
properties of the pre-SMA predict individual differences in the ability to overcome
(virtually) unconscious response conflict.

Behavioral studies have demonstrated that masked primes initially facilitate
responses (as observed here), but somewhat later, when the delay between prime
and target is increased (> 100 ms), are followed by inhibition of these responses
(Eimer & Schlaghecken, 1998). Although the exact cause of this effect is controversial
(Lleras & Enns, 2004; Verleger, Jaskowski, Aydemir, van der Lubbe, & Groen, 2004),
it seems that it is (at least partly) caused by an automatic and unconscious process of
self-inhibition (Klapp, 2005; Schlaghecken & Eimer, 2006). Recently Sumner and
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colleagues (2007) showed that a patient with a highly specific SMA lesion did not
show automatic inhibition of unconscious primes in a manual version of a masked
priming task. Interestingly, a patient with a large lesion including the pre-SMA still
showed normal automatic inhibition effects, which suggests that the pre-SMA is not
necessary for such automatic (unconscious) forms of motor inhibition. In
combination with the present results, this suggests that the supplementary motor
areas (SMA/pre-SMA) have a key role in voluntary action selection by suppressing
irrelevant or premature response tendencies that have been primed unconsciously.
However, both areas might contribute differently to this process, which is in line
with recent theoretical accounts that have proposed that the SMA is primarily
involved in automatic (unconscious) forms of motor control, whereas the pre-SMA
might be crucial for more complex higher-level control processes that are
experienced as difficult and voluntary (Botvinick, Cohen, & Carter, 2004; Lau et al.,
2004; Rushworth, Hadland, Paus, & Sipila, 2002).

Conclusion

We report that individual differences in the ability to select the correct action in the
face of distracting alternatives are accompanied by structural differences in pre-SMA
grey-matter anatomy. Thereby, these results link structural anatomy to cognitive
control ability, and extend recent functional imaging and electrophysiological
evidence for the role of the pre-SMA in the adjustment of ongoing behavior by
selecting appropriate actions in the face of conflicting response tendencies.
Furthermore, these results suggest that the pre-SMA is important for flexible and
voluntary behavior, which requires efficiently dealing with several competing action

plans, including those that are activated automatically and unconsciously.
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7. Unconsciously triggered conflict adaptation

Abstract

In conflict tasks such as the Stroop, the Eriksen flanker or the Simon task, it is
generally observed that the detection of conflict in the current trial reduces the
impact of conflicting information in the subsequent trial; a phenomenon termed
conflict adaptation. This higher-order cognitive control function has been assumed
to be restricted to cases where conflict is experienced consciously. In the present
experiment we manipulated the awareness of conflict-inducing stimuli in a
metacontrast masking paradigm to directly test this assumption. Conflicting
response tendencies were elicited either consciously (through primes that were
weakly masked) or unconsciously (strongly masked primes). We demonstrate trial-
by-trial conflict adaptation effects after conscious as well as unconscious conflict,
which could not be explained by direct stimulus/response repetitions. These
findings show that unconscious information can have a longer-lasting influence on
our behavior than previously thought and further stretch the functional boundaries

of unconscious cognition.

Introduction
Masked priming studies have revealed a plethora of effects of masked stimuli on
behavior and brain activity, highlighting an important role of unconscious
information in guiding day-to-day behavior. Masked priming studies also showed
that the effects of unconscious stimuli on behavior and brain activity are of a fleeting
form. Behavioral priming effects are generally absent when the interval between the
masked prime and the target is longer than ~500 ms (Dupoux et al, 2008;
Greenwald et al., 1996; Kunde, 2003; Mattler, 2003, 2005) and neuroimaging studies
showed a rapid decay of unconsciously triggered neural activations (e.g. Dehaene et
al., 2001), often being absent in prefrontal cortex (but see Lau & Passingham, 2007;
van Gaal et al.,, 2008). These results suggest that bridging information across time
cannot occur if subjects are not aware of the stimulus (Dehaene & Naccache, 2001).
On the other hand, conscious information can be held active for long periods of time
and stored in working memory. The combination of these results suggests that
conscious information can be used strategically to plan, guide and control future
behaviors, whereas unconscious information cannot.

This phenomenon was nicely illustrated by Kunde (2003). In his experiment,
participants were required to perform a speeded two-choice response to a target

arrow that was preceded by a smaller arrow, the so-called prime. Because the prime
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fitted within the contour of the target, the target functioned as a (metacontrast)
mask (Breitmeyer, 1984). Therefore, participants were not aware of the prime when
it was presented very briefly, whereas it was clearly visible when presented slightly
longer. Although a prime could not be perceived it was still processed beyond the
visual system, as evidenced by faster response times (RTs) and fewer errors when
the prime and target were congruent than when they were incongruent, referred to
here as the correspondence effect (Kunde, 2003; Vorberg et al., 2003). Interestingly,
the conscious experience of response conflict on trial n-1 (previous trial) influenced
cognitive control mechanisms on trial n (current trial), in such a way that the
correspondence effect on trial n was smaller when trials were preceded by an
incongruent trial compared to a congruent trial; here referred to as conflict
adaptation.

These results are generally interpreted by assuming that, following the
detection of conflict, PFC-driven cognitive control processes resolve conflict and
increase future performance by increasing top-down control over sensory processes
(Botvinick et al, 2001; Egner & Hirsch, 2005; Kerns et al., 2004). However, the
occurrence of specific stimulus/response repetitions might also explain some
(Hommel et al., 2004; Mayr et al., 2003; Nieuwenhuis et al., 2006), but not all of the
variance in conflict tasks (e.g. Egner, 2007; Egner & Hirsch, 2005; Ullsperger, Bylsma,
& Botvinick, 2005). Crucially, in Kunde’s experiment, whereas conflict adaptation
was clearly present after the conscious experience of conflict, it was absent when
conflict-inducing stimuli were experienced unconsciously, which suggests that
conscious information processing is necessary for trial-by-trial regulatory changes in
cognitive control.

Here we followed-up on this initial work to test whether it is truly impossible
to initiate conflict adaptation unconsciously. In Kunde’'s experiment a warning sign
(a click sound) was presented before the presentation of each prime-target pair,
which predicted the upcoming stimulus that was always presented 750 ms later. We
reasoned that it might have been possible that participants released their attention
after each trial and waited for the warning sign to reinstate their attentional focus.
Therefore, the weak neural traces elicited by masked primes might have “died out”
before the appearance of the next trial. Indeed, it has been shown that top-down
attention facilitates the processing of unconscious information on the current trial
(Naccache, Blandin, & Dehaene, 2002; Sumner, Tsai, Yu, & Nachev, 2006).
Furthermore, it has been proposed recently that top-down attentional processes

might improve the ability to maintain the otherwise fleeting form of information
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carried by the unconscious stimulus and that when attention is released the ability to
use this information disappears (Gaillard et al., 2009).

To test this prediction, we slightly modified the task design in such a way that
the presentation of a prime-target pair was not preceded by a warning sign.
Additionally, we decreased the inter-trial interval in the present experiment (now
ranging from ~1200 to ~1500 ms instead of ranging from 2050 to 2350 ms) and did
not include a neutral condition. The combination of these factors ensured that
participants had to continue focusing on the location of the imminent stimulus
during the (short) inter-trial interval for fast and accurate performance. Using this
version of the masked priming task, we demonstrate trial-by-trial conflict adaptation

effects after conscious as well as unconscious conflict.

Method and Materials

Participants

Fifty-eight volunteers participated in a battery of tests (2h) including the one
described in the current paper (%2h) for course credits or financial compensation. All
procedures were executed in compliance with relevant laws and institutional
guidelines and were approved by the local ethical committee. Subjects gave written

informed consent before experimentation.

Design

Stimuli were presented against a white background at the centre of a 17-inch VGA
monitor (frequency 70 Hz.), which was viewed from a distance of approximately 90
cm (each cm subtended a visual angle of 0.64°). A blue prime arrow (width 0.96°,
height 0.64°) was presented for 14 ms or 128 ms, followed by a blank interval (28
ms), and then by a target arrow (128 ms, width 2.20°, height 1.47°) that instructed
participants to respond as quickly and accurately as possible to its direction (Figure
7.1a). Participants were instructed to ignore the prime, which was a smaller version
of the target and fitted within the contour of the target. By manipulating prime
duration, the prime was either visible (weakly masked condition), or its visibility was
sharply reduced (strongly masked condition). Thus, four conditions were created: 1)
weakly masked incongruent trials, 2) weakly masked congruent trials, 3) strongly
masked incongruent trials, and 4) strongly masked congruent trials. Participants
performed four blocks, each containing 160 trials (40 per condition, pseudo-
randomized). Total trial duration was 1400, 1500, 1600 or 1700 ms (equal
frequency). Before the experiment participants practiced the task briefly (32 trials).
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After the main task, participants performed a two-alternative forced-choice
discrimination task on the primes (80 trials; 20 trials of each condition). Stimulus
and trial timing was exactly the same as in the main task, except that a pair of choices
was presented left and right of fixation after each trial. Participants were asked to
determine as accurately as possible whether a left-pointing or right-pointing prime
was presented in the preceding trial. Before administrating this task, participants
were told that left and right pointing primes were presented equally frequently and
were instructed to consider this in giving their response. Accuracy was important in

this task, not the speed of responding. Upon responding a new trial started.

Data analysis

RTs < 100 and > 1000 were excluded from the analysis. Mean RTs on correct trials
and square rooted accuracy rates on congruent/incongruent trials were entered in
to an ANOVA with within-subjects’ variable of prime-target correspondence in the
previous trial (congruent vs. incongruent) and masking strength (weakly vs. strongly
masked). Detection performance (percentage correct) was tested for significance for

each individual participant using a binominal test evaluated at an alpha level of 0.05.

Results
The two-alternative forced-choice discrimination task administrated after the main
task revealed that 42 out of 58 (72%) participants were unable to perceive the
strongly masked primes, as evidenced by chance-level performance (binominal test).
Because we cannot ascertain that the other 16 participants were truly unable to
perceive the strongly masked primes consciously, they were excluded from further
analyses. For the remaining 42 participants the percentage correct for weakly
masked primes was 91.8% (SD = 12.6) vs. 54.8% (SD = 5.7) for strongly masked
primes. Although discrimination performance for the strongly masked primes was
close to 50%, on a group level, it was slightly above chance-level (t(41) = 5.46, p <
0.001).

Overall, participants responded slower to incongruent than to congruent trials
(main effect of current trial, F(1,41) = 315,52; p < 0.001) and also slower after
experiencing conflict in the previous trial (main effect of previous trial, F(1,41)=
67.96; p < 0.001). Conflict adaptation was highly significant (interaction
current*previous, F(1,41) = 67.55; p < 0.001) and was stronger for weakly masked
than strongly masked primes (3-way interaction current*previous*masking
strength; F(1,41) = 13.74; p < 0.001). Participants made more errors on incongruent
than congruent trials (F(1,41) = 111.75; p < 0.001) and fewer errors after the
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experience of conflict in the previous trial (F(1,41) = 86.89; p < 0.001). Again, conflict
adaption was significant (F(1,41) = 68.18; p < 0.001) and more pronounced for
weakly than strongly masked primes (F(1,41) = 39.92; p < 0.001).

Follow-up analyses revealed significant RT conflict adaptation for weakly
masked primes (F(1,41) = 57.66, p < 0.001). Crucially, this was also the case for
strongly masked primes (F(1,41) = 8.02, p = 0.007). The error analysis confirmed
that conscious (F(1,41) = 67.69, p < 0.001) as well as unconscious conflict (F(1,41) =
5.72, p = 0.021) in the preceding trial led to conflict adaptation in the current trial
(see Figure 7.1b).
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Figure 7.1 Experimental design and conflict adaptation results

a) Stimuli and trial timing. b) Mean RT and error rates as a function of prime-target correspondence in trial
n (congruent vs. incongruent), prime-target correspondence in trial n-1 and masking strength (weak vs.
strong masking). Conflict adaptation was significant for weakly (left panel) and strongly masked primes
(right panel); RTs (upper panel), error rates (lower panel). Note that the conflict adaptation effects were
significantly larger for weakly masked primes than for strongly masked primes.

It is controversial whether these conflict adaptation effects are truly due to
regulatory changes in cognitive control or whether they reflect mere lower-level
priming effects (Hommel, 2004; Mayr et al., 2003). It has been argued that, especially
in the Eriksen Flanker task, conflict adaptation effects might be mediated by
particularly fast responses on trials preceded by trials with the same
stimulus/response contingencies, especially evident for congruent trials following

congruent trials and incongruent trials following incongruent trials with the same
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response. To test this issue, we re-analyzed the data in such a way that in one subset
of the data all trials with direct stimulus/response repetitions were excluded
(change trials), whereas in a second subset only trials with direct stimulus/response
repetitions were included (repetition trials). The correspondence effect for RTs and
errors as a function of prime-target correspondence in the preceding trial is depicted
in figure 7.2. Conflict adaptation was highly similar across change and repetition
trials, as evidenced by the absence of a 3-way interaction between
current*previous*dataset for RTs (F(1,41) = 0.74; p = 0.395) as well as errors
(F(1,41) = 0.25; p = 0.618), which suggests that conflict adaptation was not due to
low-level priming effects.
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Figure 7.2 Correspondence effects for consciously and unconsciously induced conflict

Correspondence effect in trial n for RTs (mean RT on incongruent trials - mean RT on congruent trials, left
panel) and error rates (mean percentage of errors on incongruent trials - mean percentage of errors on
congruent trials, right panel) as a function of correspondence in trial n-1 and masking strength (weak vs.
strong masking). Correspondence effects are reported for a dataset containing all trials (upper panel), trials
without stimulus/response repetitions (change trials, middle panel) and trials with stimulus/response

repetitions only (repetition trials, lower panel).
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Prime visibility and adaptive control

To rule out the possibility that the conflict adaptation effects observed on strongly
masked primes were due to incidental visibility of the primes, we performed several
additional analyses. First, we correlated the conflict adaptation effect on strongly
masked primes with detection performance (percentage correct) on these trials
across participants to check whether both measures are related. Conflict adaptation
effects (RTs or error rates) did not correlate significantly with detection
performance (both ps > 0.8). Additionally, we selected the 50% (21 participants)
worst detection performers (mean percentage correct = 50.1%) and tested conflict
adaptation across these “poor detectors”. Within this group, unconscious conflict
adaptation effects were still significant for RTs (F(1,20) = 4.717, p = 0.042) and
(marginally) significant for error rates (F(1,20) = 3.418, p = 0.079). These additional
analyses suggest that it is unlikely that the unconscious conflict adaptation effects

were due to accidental visibility of the primes.

Discussion

We report that unconsciously induced conflict can initiate trial-by-trial cognitive
control operations (conflict adaptation), commonly assumed to require
consciousness (Dehaene & Naccache, 2001; Kunde, 2003). In a masked priming
experiment, we focused on behavioral adaptations following conflict resulting from
incongruent trials compared to behavioral adaptations after trials on which no
conflict was experienced (congruent trials). Conflicting response tendencies were
elicited either consciously (weakly masked primes) or unconsciously (strongly
masked primes). We replicated the standard conflict adaptation effect for conscious
conflict; the correspondence effect was sharply reduced after incongruent compared
to congruent trials (for response times as well as error rates). Crucially, conflict
adaptation was also present after unconsciously induced conflict. These findings
suggest that participants engender a more cautious response strategy and increase
cognitive control after the experience of conscious, but also unconscious conflict-
inducing stimuli to prevent future errors.

Generally, conflict adaptation is interpreted by assuming that, following
conflict, cognitive control processes subserved by the prefrontal cortex resolve
conflict and increase future performance by increasing top-down control over
perceptual processes (Botvinick et al, 2001; Egner & Hirsch, 2005; Kerns et al,
2004). However, it has also been argued that correspondence effects can be
explained fully by low-level repetition priming effects (Hommel et al., 2004; Mayr et

al,, 2003). Although repetition priming has been shown to explain variance on some
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occasions (Mayr et al., 2003; Nieuwenhuis et al., 2006), the present as well as several
previous results could not be explained by simple stimulus/response repetitions
across trials (e.g. Egner & Hirsch, 2005; Ullsperger et al., 2005).

Interestingly, using a similar design, Kunde (2003) did not observe conflict
adaptation after unconscious conflict. The crucial difference between his design and
ours is the omission of a warning sign before stimulus presentation along with
shorter trial durations in the present experiment. We argue that these two
manipulations ensured that participants remained their attentional focus in between
trials, instead of releasing their attention up until the presentation of the warning
sign. Since it has been shown recently that (spatial and temporal) attention can be
oriented towards unconscious stimuli and increases the impact of these stimuli on
subsequent behavior (Naccache et al., 2002; Sumner et al.,, 2006), we hypothesize
that, in line with others (Gaillard et al., 2009), such relatively long-term effects of
unconscious information might be due to top-down attentional facilitation of the
weak neural traces elicited by the unconscious primes.

Although speculative since we did not obtain any neural measures here,
recent studies did observe relatively long-lasting neural activations elicited by
masked (unconscious) words in a masked priming paradigm, up to approximately
one second (Gaillard et al, 2009; Naccache et al., 2005). Even longer effects of
unconscious priming (up to several minutes) have been reported, for example in
“mere exposure” paradigms (Elliott & Dolan, 1998; Gaillard et al., 2007). In
combination, these results suggests that unconscious stimuli can influence cognitive
processes for longer periods of time than previously thought, which has direct
implications for theoretical models that propose a rapid decay of unconscious neural
traces (Dehaene et al, 2006; Kouider & Dehaene, 2007; Rossetti, 1998). Future
studies are necessary to further specify the temporal limitations of unconscious
information processing, for example by systematically varying the inter-trial interval
in a masked priming experiment.

In sum, we show that unconsciously experienced conflict-inducing stimuli can
trigger conflict adaptation. These results add to the growing body of literature
suggesting that unconscious information can be used for high-level (prefrontal)
cognitive control functions, such as inhibitory control (van Gaal et al.,, 2008), task
switching (Lau & Passingham, 2007) and adaptive regulatory cognitive control
(present study). These results further elucidate and expand the potential influence of

unconscious information on our direct, but also future decisions.
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8. Unconscious errors enhance prefrontal-occipital oscillatory synchrony

Abstract

The medial prefrontal cortex (MFC) is critical for our ability to learn from previous
mistakes. Here we provide evidence that neurophysiological oscillatory long-range
synchrony is a mechanism of post-error adaptation that occurs even without
conscious awareness of the error. During a visually signaled Go/No-Go task in which
half of the No-Go cues were masked and thus not consciously perceived, response
errors enhanced tonic (i.e., over 1-2 seconds) oscillatory synchrony between MFC
and occipital cortex leading up to and during the subsequent trial. Spectral Granger
causality analyses demonstrated that MFC - occipital cortex directional synchrony
was enhanced during trials following both conscious and unconscious errors,
whereas transient stimulus-induced occipital - MFC directional synchrony was
independent of errors in the previous trial. Further, the strength of pre-trial MFC-
occipital synchrony predicted individual differences in task performance. Together,
these findings suggest that synchronous neurophysiological oscillations are a
plausible mechanism of MFC-driven cognitive control that is independent of

conscious awareness.

Introduction

Throughout life, we try to improve our performance on goal-directed tasks, in part
by learning from our previous mistakes. Monitoring our actions for errors and fine-
tuning performance accordingly is a key function of the cognitive control system, a
neural network in which the medial prefrontal cortex (MFC) plays a prominent and
crucial role (Carter & van Veen, 2007; Ridderinkhof et al., 2004). Myriad studies
spanning several species have implicated the MFC in action monitoring, conflict
detection, error signaling, and reinforcement learning (Carter & van Veen, 2007;
Nieuwenhuis, Holroyd, Mol, & Coles, 2004). Generally, these studies show that MFC
activity increases following errors or negative feedback, and is correlated with
adjustments in performance or decision-making in the subsequent trial (Cohen &
Ranganath, 2007; Debener et al,, 2005; Gehring, Goss, Coles, Meyer, & Donchin, 1993;
Ridderinkhof, Nieuwenhuis, & Bashore, 2003).

And yet, little is known about the neurobiological mechanisms by which
processes in the MFC can lead to adjustments in performance. Researchers using
fMRI have revealed that activity in regions involved in task-relevant stimulus
processing is enhanced following errors or conflicts (Egner & Hirsch, 2005). We

hypothesize that this top-down control is realized through synchronized
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electrophysiological oscillations. Oscillations reflect rhythmic fluctuations in
population-level dendritic activity and action potentials, and accompany memory,
decision-making, and other cognitive processes (Buzsaki & Draguhn, 2004; Cohen,
Elger, & Ranganath, 2007; Engel, Fries, & Singer, 2001; Klimesch, 1999). Further,
synchronized oscillations across brain regions have been linked to conditioning and
choice behavior (Pesaran, Nelson, & Andersen, 2008; Popescu, Popa, & Pare, 2009;
Sauseng & Klimesch, 2008). Here we examined whether long-range
neurophysiological oscillatory synchrony is a plausible mechanism by which the MFC
engages top-down control over sensory processing following errors.

The adaptive change in cognitive control that occurs after errors has
traditionally been conceptualized as an effortful process, requiring conscious
awareness that an error was made or negative performance feedback was given.
However, conscious awareness may not be necessary for all aspects of cognitive
control. Indeed, non-consciously perceived conflict or error signals modulate activity
in the motor system (Dehaene et al., 1998) and prefrontal cortex (Hester et al., 2005;
Klein et al., 2007; Nieuwenhuis et al, 2001; Ursu et al, 2009). Moreover, some
aspects of high-level cognitive control, such as response inhibition and task-
switching, may also occur in absence of conscious awareness (Lau & Passingham,
2007; van Gaal et al., 2008). However, such unconscious processes are thought to be
ephemeral, lasting only a few hundred milliseconds (Dehaene & Naccache, 2001;
Greenwald et al., 1996; Rossetti, 1998). The extent to which unconsciously made
errors can engage top-down control remains unknown.

We recorded EEG from human subjects while they performed a visually
signaled Go/No-Go task, in which one half of the No-Go cues were presented in a way
that evaded conscious awareness. We examined oscillatory phase synchrony—a
measure of frequency-band specific functional connectivity—between the MFC and
occipital cortex (OCC) on correctly responded Go trials that followed conscious
errors, unconscious errors, or other correct Go trials. Enhanced MFC-OCC synchrony
occurred on trials following unconscious and conscious errors, and predicted
subjects’ behavioral performance. Pre-trial synchrony was dominated by an MFC -
OCC directional flow; OCC - MFC directed synchrony was maximal following
stimulus onset and was unrelated to errors in the previous trial. These findings
suggest that the MFC uses synchronized oscillations to entrain sensory regions
following errors to improve sensory processing. Further, these findings demonstrate
that top-down control over sensory cortex occurs even when errors are made

unconsciously.
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Materials and Methods

Participants

Subjects were 15 right-handed undergraduate psychology students (14 female) at
the University of Amsterdam, with normal or corrected-to-normal vision. Subjects
gave written informed consent prior to participation, and the experiment was

approved by the local ethical committee.

Task overview

Participants performed a masked Go/No-Go task, in which No-Go signals were
presented consciously or unconsciously. They were instructed to press the response
button as quickly as possible to the appearance of a black annulus (the Go-signal,
duration 100 ms, 2.17 cd/m?, visual angle of 1.30°). On 15% of trials, a No-Go signal
(grey circle, duration 16.7 ms followed by a 67 ms delay, 41.85 cd/m?, visual angle of
0.60°) preceded the Go-signal, indicating that subjects must withhold their response.
On another 15% of trials, an undetectable No-Go cue (the same grey circle, duration
16.7 ms with no delay) was presented (see Figure 8.1a). This cue was undetected
because the subsequent Go signal functioned as a metacontrast mask that
successfully prevented the No-Go cue from reaching conscious awareness (van Gaal
et al., 2008). Trial duration was jittered between 1400 and 2200 ms (in steps of 200
ms), randomly drawn from a uniform distribution, rendering the presentation of the
stimuli temporally unpredictable.

The experiment consisted of three sessions on separate days; two behavioral
testing sessions (1, 2) and an EEG recording session (3). Participants performed
seven experimental blocks per session, each containing 200 trials (140 Go trials, 30
conscious No-Go trials and 30 unconscious No-Go trials). After each block,
participants received performance feedback (mean RT, percentage correct stops on
conscious No-Go trials). They were not informed about the presence of unconscious
No-Go trials. Stimuli were presented on a grey box (59.1 cd/m?, visual angle of 3.78°)
against a black background (2.17 cd/m?) at the center of a 15-inch BenQ TFT
monitor with a refresh rate of 60 Hz. The monitor was placed at a distance of
approximately 90 cm in front of the participant, so that each centimeter subtended a
visual angle of ~0.64 degrees. The experiment was programmed with Presentation

(Neurobehavioral Systems, Albany, USA).
Experiment conditions

We distinguished three types of trials: Go trials following correct Go trials (“Go”); Go

trials following trials that contained a visible No-Go cue, but in which subjects
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committed a response (“conscious errors”); and Go trials following trials that
contained a masked No-Go cue, but in which subjects committed a response
(“unconscious errors”) (see Figure 8.1a). Note that all trials included in the present
analyses are Go trials, and that there was a response on the previous trial;
differences among conditions lie solely in whether the previous trial contained a
conscious, nonconscious, or no No-Go cue. Further, because the unconscious No-Go
cue on previous trial did not reach subjective awareness, Go trials following other Go
trials are also identical to Go trials following unconscious errors in terms of the

subjective experience.

Visibility of No-Go signals

To test whether subjects were truly unaware of the unconscious No-Go signals, they
performed two discrimination tasks after the main task. In both tasks, the stimulus
display and trial timing were identical to the main task. In the first yes/no detection
task, the number of trials per condition was the same as one block in the Go/No-Go
task (140 Go trials, 30 unconscious No-Go trials, 30 conscious No-Go trials).
However, subjects were instructed to press a button only when they perceived a No-
Go signal. In the second, more conservative, forced-choice discrimination task (2
blocks of 100 trials), subjects were informed about the presence of a very brief No-
Go signal shortly before the Go signal on some trials. No participants reported
awareness of these No-Go signals during the Go/No-Go experiment. In this task, each
block consisted of 50 unconscious No-Go trials and 50 Go trials (pseudo-random
order). Participants were instructed to press the left button when they thought a
brief No-Go signal preceded the Go signal and to press the right button when they
thought this was not the case. Participants were told that in 50% of all trials, a Go
signal was preceded by a No-Go signal and were instructed to consider this in their

response.

EEG recording and processing

EEG data were recorded at 256 Hz using a BioSemi ActiveTwo amplifier from 48
scalp electrodes and 4 peri-occular electrodes. All analyses were conducted in
Matlab, using in-house written code supplemented by EEGLAB (Delorme & Makeig,
2004) (independent components analysis and topographical plotting) and BSMART
(Cui, Xu, Bressler, Ding, & Liang, 2008) (spectral Granger causality estimates). Data
were re-referenced off-line to the average of the activity recorded at the two ear
lobes. All data were visually inspected, and trials containing artifacts were identified

and removed. Blink artifacts were removed from the data using independent

134



components analyses in EEGLAB. EEG data were first current-source-density
transformed (Kayser & Tenke, 2006) to increase spatial selectivity and minimize
volume conduction (contribution of deep sources that project to many electrodes).
For analyses with pooled data, unfiltered time-domain EEG data were averaged
together from FC1, FCz, and FC2, and from 01, Oz, and O2. For convenience, we refer
to these pooled electrodes as MFC and OCC, respectively. Pooling data across several
electrodes has the advantage of increasing signal-to-noise ratio and minimizing any
possible noise fluctuations in a single electrode. We also conducted all analyses using
a single electrode (FCz and 0z); the pattern of results was the same as those reported

here.

Phase synchrony analyses

Phase synchrony was computed first by extracting the phase angle time series from
the data via complex Morlet wavelet convolution (Cavanagh, Cohen, & Allen, 2009;
Cohen et al, 2009), and computing the magnitude of the average phase angle
difference between two electrodes over trials at each time/frequency point. Data
were first convolved with a family of complex Morlet wavelets, defined as
e e /) where t is time, fis frequency, which increased from 2 to 60 Hz in 50
logarithmically spaced steps. ¢ defines the width of each frequency band, and was
set according to 4/(2mf). Power is defined as the modulus of the resulting complex
signal Z: (real[z]? + imag[z]?), and phase angle is defined as
arctan(imag[z:]/real[z]). Inter-site phase synchrony (Lachaux, Rodriguez,
Martinerie, & Varela, 1999) measures the extent to which oscillation phase angle
differences between electrode pairs are consistent over trials at each time/frequency

point, and vary from 0 (completely random phase angle differences across trials) to 1

. . : . 1 ¢, :
(identical phase angle differences across trials): |—*Ze[¢f’ %1|, where n is the

t=1

number of points, and ¢, and ¢, are the phase angles of electrodes j and k.

Statistics were conducted in two ways. First, we computed paired-sample t-
tests on the differences between conditions in the 2-12 Hz band at each time point
across subjects (Figure 8.2b). This frequency band was selected based on the
condition-averaged synchrony plot (Figure 8.2a), and on the spectral Granger
causality plots (Figure 8.4a). Temporal regions were highlighted if each time point
achieved a significance of p < 0.05, with at least 40 contiguous significant samples
(156 ms). These analyses are mainly for illustration purposes. Results were

confirmed through repeated-measures ANOVAs, in which average synchrony was
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taken from 3 temporal windows (first averaging from 2-12 Hz): -1200 to -300 ms
preceding stimulus onset, 100 to 300 post-stimulus onset (MFC-OCC synchrony
peaked at 200 ms; we refer to this time window as “peak synchrony”), and 500 to
1400 ms post-stimulus onset. These windows were selected to examine activity pre-
trial, peak synchrony, and post-trial. Repeating the analyses using different time
windows did not appreciably alter the results. Averaged data were entered into a 3
(condition) X 3 (time window) repeated-measures ANOVA. Greenhouse-Geisser
correction for nonsphericity was used; for ease of interpretation, uncorrected

degrees of freedom are reported.

Topographical (whole-head) synchrony analyses

In these analyses, phase synchrony was computed over trials between each possible
electrode pair within a frequency band of 2-12 Hz, as described above. Here, we
extracted phase angles by applying the Hilbert transform to band-pass filtered data
(Le Van Quyen et al.,, 2001). To pool these data, we averaged the phase synchrony
values for each condition among FC1, FCz, and FC2, and among 01, Oz, and OZ2.
Statistics were performed by computing a paired-sample t-test across subjects at
each electrode for differences between conditions. Any electrode that was not
significant at p < 2.22x10-> (corresponding to 0.001 with Bonferroni correction for

45 electrodes) was assigned a value of 0 (grey in Figure 8.3a-b).

Spectral Granger causality

Spectral Granger causality estimates the amount of variance in signal X that can be
explained by activity in signal Y previously in time, at a particular frequency band. It
was implemented here using Matlab code available in the BSMART toolbox (Cui et al.,
2008), which has previously been validated for neurophysiological data (Gaillard et
al., 2009; Zhang, Chen, Bressler, & Ding, 2008). Time-domain, unfiltered data from
prefrontal and occipital sites were pooled prior to the analyses, as described above.
Statistics were performed using a repeated-measures ANOVA, as described for the

phase synchrony analyses.

Brain-brain and brain-behavior correlations

For correlations between pre-trial and synchrony peak activity, we used robust
regression (Holland & Welsch, 1977) as implemented in the statistics toolbox in
Matlab. Robust regression uses an iterative weighting least-squares approach to
minimize the contribution of potential outliers, and minimizes the possibility of

finding statistically significant relationships that are driven by a small number of

136



data points. For correlations between synchrony and task performance, we
computed an “efficiency” index (Townsend & Ashbey, 1983) by dividing the average
response time on Go trials by one minus the proportion of errors on conscious No-Go
trials (i.e., the inhibition rate). Response times from error trials were not included
because they are faster than correct responses and thus may introduce bias. This
provides a composite performance measure that takes into account both correct
responses and successful inhibition rates. Correlations were computed using

Spearman’s rho.

Results

Visibility of No-Go signals

To probe visibility of the No-Go cues, subjects performed two discrimination tasks
following the main experiment (see Methods for details). In the first yes-no detection
task, which had the same stimulus presentation parameters as the main task, the hit
rate of 2% on unconscious No-Go trials did not exceed the false alarm rate of 0.8% on
Go trials (the hit rate on conscious No-Go trials was 93.3%). In the second, more
conservative forced-choice discrimination task, subjects were explicitly informed
about the presence of a brief No-Go signal during some trials, and that these would
occur on 50% of trials. Also in this task, participants were unable to discriminate
between Go trials and unconscious No-Go trials (d’= 0.05, mean percentage correct =
51%), as evidenced by chance-level performance (p > 0.2 for both discrimination

tasks, see (van Gaal et al., 2008) for more details).

Unconscious No-Go cues slow response times on subsequent trials

Although the unconscious No-Go cue was not perceived, subjects were slower on Go
trials following unconscious errors, compared to Go trials following Go trials (Figure
8.1b). Although small in magnitude (on average 3.1 ms), this effect was reliable
across participants and testing sessions (F(1,14) = 5.98; p = 0.028). Subjects also
were slower on Go trials following conscious errors (on average 19.6 ms; F(1,14) =

13.45; p = 0.003), which replicates many previous post-error slowing studies.

MFC-0OCC synchrony following response errors

We examined oscillatory phase synchrony between a pool of prefrontal electrodes
(FC1, FCz, and FC2; hereafter referred to as MFC) and a pool of occipital electrodes
(01, Oz, 02; hereafter referred to as OCC); pooling ensures high signal-to-noise and
minimal chance of finding effects due to noise fluctuations in any single electrode.

Data were first current-source-density transformed to maximize spatial resolution
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and minimize volume conduction. When averaging across conditions, we found a
strong ‘burst’ of MFC-OCC synchrony around 100-400 ms following the onset of the
Go stimulus, in a relatively broad low-frequency range of about 2-12 Hz (Figure
8.2a). Based on the experimental design and time-course of inter-site phase
synchrony, we defined three time windows of interest for subsequent investigations:
“pre-trial” (-1200 to -300 ms before stimulus onset), “peak synchrony” (100 to 300
ms following stimulus onset; peak synchrony was observed at ~200 ms), and “post-
trial” (500 to 1400 ms following stimulus onset).
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Figure 8.1 Overview of task design and behavioral results

(a) Visual representation of trial events for the three conditions. Note that all data reported here are from
correctly responded Go trials (“trial n”) in which the previous trial also contained a response, separated
according to whether the previous trial contained a consciously visible No-Go cue (“conscious error”, top), an
unconsciously presented No-Go cue (“unconscious error”, middle), or a Go cue (“correct go”, bottom). (b)
Subjects were significantly slower on Go trials following unconscious and conscious errors than on Go trials

following correct Go trials, over two behavioral testing sessions (1, 2), and the EEG recording session (3).

Upon closer inspection of patterns of MFC-OCC synchrony in different conditions, we
found that when subjects committed either conscious or unconscious errors in the
previous trial, MFC-OCC synchrony significantly increased, both before the trial
started and throughout the trial (with the exception of the time of the peak
synchrony, around 200 ms post-stimulus; see Figure 8.2b). A 3 (condition) X 3 (time
window: pre-trial, peak synchrony, post-trial) repeated-measures ANOVA confirmed
the significant main effects of condition (F(2,28) = 78.5, p < 0.001) and time window
(F(2,28) = 46.78, p < 0.001), and a significant condition*time window interaction
(F(4,56) = 4.33, p = 0.021), which was driven by differences among conditions being

smaller immediately following stimulus onset (100 to 300 ms). During the pre-
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stimulus period, MFC-OCC synchrony was significantly stronger for trials following
unconscious errors compared to trials following Go trials (¢(14) = 8.1, p < 0.001), and
for trials following conscious errors compared to trials following Go trials (t(14) =
8.5, p < 0.001). Trials following conscious errors also had significantly stronger
synchrony compared to trials following unconscious errors (t(14) = 6.1, p < 0.001).
The pattern of results was not affected by our choice of frequency band, because
similar effects were observed when using narrower frequency ranges (see
Supplemental Figure S1). These results could also not be due to an alternative
explanation of differences in oscillation power (which may affect estimates of phase
synchrony), because oscillation power effects at either MFC or OCC did not mirror
synchrony effects, nor were synchrony and power significantly correlated across

subjects (see Supplemental Figure S2).
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Figure 8.2 Oscillatory phase synchrony between prefrontal and occipital electrode sites

Oscillatory phase synchrony between prefrontal and occipital cortices was significantly enhanced following
unconscious and conscious errors. (a) Time-frequency plot of oscillatory phase synchrony averaged across all
conditions demonstrates a ‘burst’ of synchrony between a pool of medial frontal electrodes (MFC) and a pool
of occipital electrodes (OCC) from around 2-12 Hz following the onset of the Go stimulus (data are converted
to percent change from a -300 to -100 ms baseline at each frequency). (b) Oscillatory phase synchrony from
2-12 Hz plotted separately for each condition (values are the magnitude of the average projection vector
over phase angle differences; see Methods). Phase synchrony was significantly stronger following unconscious
and conscious errors compared to Go trials, and was significantly stronger following conscious compared to
unconscious errors. Grey regions reflect time windows in which at least 156 contiguous ms (40 samples)

survived a paired-samples t-test at p < 0.05 (see text for complementary results from ANOVAs).

This set of analyses demonstrated that oscillatory synchrony between MFC and OCC
increases following conscious and unconscious errors, extending several seconds
after the error into the following trial. These analyses were anatomically constrained
according to our a priori hypotheses regarding the roles of medial prefrontal and

occipital cortices in the visually cued Go/No-Go task; in the next set of analyses, we
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examine the topographical distribution of post-error oscillatory functional

connectivity.

Topographical analyses of phase synchrony.

To examine the more global spatial distribution of these effects, we computed inter-
site synchrony between MFC and all other electrodes, and between OCC and all other
electrodes, for each condition and for the three time windows of interest (pre-trial,
peak synchrony, and post-trial). To remove global patterns of inter-regional
synchrony, we subtracted seeded synchrony maps during Go trials following Go
trials, from Go trials following unconscious and conscious errors. As seen in Figure
8.3a-b, synchrony between the OCC seed and prefrontal regions was significantly
greater during trials following both unconscious and conscious errors compared to
trials following Go trials; similarly, synchrony between the MFC seed and occipital
regions was significantly greater following errors compared to following Go trials. To
threshold these maps statistically, a paired-samples t-test was conducted at each
electrode across subjects; electrodes with synchrony differences that were not
significant at p < 2.22x10-5 (0.001 with Bonferroni correction for 45 electrode pairs)
had their values set to zero (grey color). MFC-OCC synchrony differences were
prominent pre-trial and post-trial; in contrast, strong topographical differences were
not observed during the time of stimulus-related activity (100-300 ms).

These findings confirm the specificity of long-range, prefrontal-occipital
synchrony following unconscious and conscious errors. As seen in Figure 8.3c,
current-source-density transform was successful at minimizing the effects of volume
conduction; when averaging across conditions, phase synchrony was strong only
with the electrodes used for pooling, and was minimal even with neighboring

electrodes.

Directional influences estimated from spectral Granger causality

In our next set of analyses, we used spectral Granger causality to estimate the
directional influence of the MFC-OCC interactions. Go trials following errors had
significantly enhanced pre-trial MFC = OCC directional synchrony compared to
trials following Go trials (Figure 8.4a). A 3 (condition) X 3 (time window) repeated-
measures ANOVA revealed a significant main effect of condition (F(2,28) = 9.58, p =
0.003), and no effect of or interaction with time window (p’s > 0.4). Follow-up t-tests
confirmed that during the pre-trial time window, unconscious (t(14) = 2.64, p =
0.019) and conscious (t(14) = 3.6, p = 0.003) errors elicited greater MFC - OCC

directional synchrony compared to Go trials. In contrast, OCC > MFC directional
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synchrony was not statistically significantly modulated by events in the previous
trial (F(2,28) = 2.62, p = 0.12). There was a main effect of time, with OCC - MFC
directional synchrony being maximal in the 100-300 ms time window (F(2,28) =
5.27, p = 0.03; see Figure 8.4b).
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Figure 8.3 Topographical analyses of oscillatory phase synchrony

Topographical analyses of oscillatory phase synchrony reveal spatial distribution of frontal-occipital
connectivity following unconscious and conscious errors. In these analyses, phase synchrony between the MFC
seed and every other electrode (top row of A and B), and between the OCC seed and every other electrode
(bottom row of A and B) was calculated; differences between trials following unconscious errors and Go
trials (a) and between trials following conscious errors and Go trials (b) are plotted. Electrodes with
differences not statistically significant at p < 2.22*10° had their values set to 0 (grey color). It can be seen
that the MFC seed was significantly more strongly synchronized with occipital regions, and that the OCC seed

was significantly more strongly synchronized with frontal regions, following unconscious and conscious
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errors. (c) Synchrony with MFC and OCC seeds when averaging across all time windows and conditions. These

plots show that there is minimal contribution of volume conduction due to current-source-density transform.
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Figure 8.4 Directional influences estimated from spectral Granger causality

Spectral Granger causality reveals both top-down (MFC-20CC) directed influence, which was significantly
increased following unconscious and conscious errors, and bottom-up (OCC-2>MFC) influence, which was
strongest during stimulus presentation and was not modulated by the previous trial. (a) Time-frequency plots
for each condition for MFC20CC directed synchrony (top row) and OCC>MFC directed synchrony (bottom
row). Deeper red colors indicate that more variance in OCC (top) or MFC (bottom) can be explained by
variance in MFC (top) or OCC (bottom) in each band. Pre-stimulus MFC-2>0CC directed synchrony was
significantly enhanced following unconscious and conscious errors. In contrast, OCC 2MFC was strongest
during stimulus presentation, but was not significantly modulated by events in the previous trial. (b) Line
plots (average from 2-12 Hz) demonstrates time course of directed synchrony effects. (c) Difference maps
between trials following unconscious errors and Go trials (left side) and between trials following conscious
errors and Go trials (right side) demonstrates time-frequency regions in which condition differences were

maximal.
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Further ANOVAs confirmed that during the pre-trial period, there was a significant
directionality X condition interaction (F(2,28) = 7.17, p = 0.01), such that MFC - OCC
synchrony was characterized by a significant increase in synchrony strength from
trials following correct Go trials, to those following unconscious errors, to those
following conscious errors (F(1,14) = 6.97, p = 0.019) (Figure 8.4c). In contrast, pre-
trial OCC - MFC directional synchrony was not significantly different among the
three conditions (F(1,14) = 2.79, p = 0.11).

These spectral Granger causality analyses revealed both “bottom-up” (OCC -
MFC) and “top-down” (MFC - OCC) directional coupling; pre-trial synchrony was
dominated by an MFC - OCC flow and was significantly enhanced by conscious and
unconscious errors on the previous trial. In contrast, 0CC - MFC flow was strongest
shortly after stimulus onset, and was not significantly modulated by errors in the
previous trial. These findings are consistent with the idea that the prefrontal cortex
uses oscillatory synchrony to “instruct” visual cortex to improve sensory processing.
We therefore hypothesized that pre-trial top-down directed synchrony should
predict the strength of subsequent bottom-up directed synchrony.

To test this, we regressed pre-trial MFC - OCC directed synchrony (from the
spectral Granger causality analyses) on peak synchrony OCC -> MFC directed
synchrony. We found significant positive relations in all conditions, indicating that
individuals with stronger pre-trial MFC - OCC directed synchrony had stronger OCC
- MFC directed synchrony during subsequent stimulus presentation (Figure 8.5a).
This was confirmed using robust regression (¢(13): 2.91, 2.1, and 2.22; p-values:
0.01, 0.05, and 0.04 for trials following Go, conscious errors, and unconscious
errors). These effects were not due to an alternative explanation of general stable
levels of synchrony across subjects, because the strength of pre-trial OCC - MFC
synchrony did not predict the strength of peak synchrony MFC = OCC synchrony (all
p’s > 0.17) (Figure 8.5a).

Top-down synchrony strength predicts inhibition performance

In our final set of analyses, we examined the link between MFC-OCC oscillatory phase
synchrony and behavioral performance. We computed a unitary performance
measure that takes into account both speed (response times on correctly responded
Go trials) and accuracy (errors on No-Go trials). For each subject, we divided the
average response time to Go trials by the conscious No-Go inhibition rate (see
Methods); thus, subjects with lower numbers are better performers. We then
correlated this efficiency measure with oscillatory phase synchrony, and found that
subjects with stronger MFC-OCC phase synchrony during Go trials following
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conscious errors performed significantly better on the task (Figure 8.5b)
(Spearman’s rho: -0.56, -0.63, and -0.74, p-values: 0.03, 0.01, and 0.002, for pre-trial,
peak synchrony, and post-trial). These correlations remained significant when
excluding the possible outlier from the correlations (p-values: 0.02, 0.01, and 0.01).
As seen in Figure 8.5b inset, synchrony-performance correlations became
increasingly negative from Go trials following Go, to those following unconscious
errors, to those following conscious errors. We also computed correlations between
MFC-0OCC synchrony and post-error reaction time slowing, but no correlations were
significant (all p’s > 0.2). No correlations between MFC-OCC synchrony and average
reaction time on Go trials (not scaled by inhibition rate) were significant (all p’s >
0.23). In other words, the strength of MFC-OCC phase synchrony predicted task

performance, but was not correlated with overall motor speed.
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Figure 8.5 Brain-brain and brain-behavior correlations

Correlations between pre-stimulus (-1200 to -300 ms) MFC-OCC synchrony and peak synchrony (100 to 300
ms) OCC activity provide evidence of a prefrontal-mediated top-down control process. (a) Subjects with
stronger pre-stimulus MFC >0CC directed synchrony also had stronger peak synchrony OCC>MFC directed
synchrony. This was statistically significant in all conditions. (b) In contrast, pre-stimulus OCC ?MFC directed
synchrony was not significantly correlated with MFC 20CC directed synchrony, demonstrating the specificity
of pre-trial top-down control. (c) Subjects with stronger MFC-OCC phase synchrony performed significantly
better on the task (using a unitary performance measure that takes into account both response times on Go
trials, and inhibition rate; smaller numbers indicate better performance). These synchrony-performance
correlations were significant following conscious error trials, and increased in magnitude from Go trials
following Go trials, to Go trials following unconscious errors, to Go trials following conscious errors (see inset;

asterisks indicate statistical significance at p < 0.05).

Discussion
Learning to adapt behavior following mistakes is critical to our biological and social
survival in a fast-paced, ever-changing world. Although considerable evidence points

to a role of the MFC in detecting errors or negative feedback and adapting
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subsequent performance (Carter & van Veen, 2007; Cohen, 2008; Ridderinkhof et al.,
2004; Yeung, Botvinick, & Cohen, 2004), less is known about the mechanisms by
which the prefrontal cortex is able to adapt performance. Our results suggest that
one mechanism by which MFC adapts performance following errors is by engaging
top-down control mechanisms to increase the tuning or efficiency of stimulus
processing. This top-down control might be expressed through synchronized
electrophysiological oscillations. This is consistent with, and offers a
neurobiologically plausible mechanism for, previous neuroimaging work suggesting
that prefrontal cognitive control mechanisms amplify cortical responses to task
relevant information in sensory cortex (Crottaz-Herbette & Menon, 2006; Egner &
Hirsch, 2005; Scerif, Worden, Davidson, Seiger, & Casey, 2006).

Long-range synchronized oscillations are thought to reflect a mechanism by
which spatially disparate neural networks become functionally connected, and
neural activities across regions are coordinated (Engel et al., 2001; Fries, Nikolic, &
Singer, 2007; Kasanetz, Riquelme, O'Donnell, & Murer, 2006). Oscillatory synchrony
between widespread brain regions has been linked to learning (Popescu et al., 2009),
decision-making (Gaillard et al., 2009; Pesaran et al., 2008), visual priming (Ghuman,
Bar, Dobbins, & Schnyeri, 2008), and memory retrieval (Summerfield & Mangels,
2005). The present findings provide novel evidence that such long-range
communication may underlie a cognitive control process by which top-down
regulation over sensory regions is triggered by response errors.

Spectral Granger causality revealed separable top-down and bottom-up
directional synchrony. Bottom-up (OCC = MFC) directional coupling was strongest
immediately following the onset of the visual stimulus, whereas top-down (MFC -
OCC) directional coupling was strong before the trial began, and again from 500 to
1400 ms following stimulus onset. Interestingly, top-down directional coupling was
observed in a relatively lower frequency range whereas bottom-up directional
coupling was additionally observed in higher frequencies (alpha, around 8-13 Hz).
This finding is consistent with electrophysiological recordings in monkeys
(Buschman & Miller, 2007), which show that bottom-up (in that report, parietal >
prefrontal) synchronization occurs in a higher frequency band compared to top-
down synchronization. Together, these findings suggest that different kinds of
information in the brain may be transferred using different frequency bands.

Interestingly, this top-down control mechanism is activated even in absence
of conscious awareness that an erroneous response was made to an unconscious No-
Go cue. Previous studies have demonstrated that unconscious errors or conflict can

increase activity in the MFC (Hester et al., 2005; Klein et al., 2007; Nieuwenhuis et al.,
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2001; Ursu et al.,, 2009). However, the implications of such unconsciously triggered
activity increases have thus far remained unknown. Some researchers have
suggested that such unconscious errors do not induce post-error or post-conflict
performance adjustments (Klein et al., 2007; Kunde, 2003; Nieuwenhuis et al., 2001),
although it is possible that the magnitude of the effect is relatively subtle.
Importantly, our EEG synchrony results demonstrate that unconscious errors are
able to activate the same top-down control mechanism that is activated by conscious
errors. This provides an important new window into the extent to which
unconscious processes can affect high-level cognitive control processes.

It may seem surprising that MFC-OCC synchrony was sustained over an
unusually long time-window (1-2 seconds); results from masked priming studies
suggest that the effects of unconscious stimuli on behavior and brain activity are
ephemeral, and typically decay within ~500 ms (Dehaene & Naccache, 2001;
Greenwald et al.,, 1996; Rossetti, 1998). Our results demonstrate that not only do
unconscious errors enhance activity over MFC, they also activate top-down tonic
control processes that extend over several seconds, even following the Go cue in the
current trial. The duration of this effect is consistent with recent studies showing
that masked (unconscious) words modulate neural activity up to approximately one
second after stimulus presentation (Naccache et al., 2005; Gaillard et al., 2009). Even
longer effects of unconscious priming (several minutes) have been reported, for
example in the “mere exposure” effect (Elliott & Dolan, 1998; Gaillard et al., 2007).
The combination of these results suggests that unconscious information can
influence cognitive processes for longer periods of time than previously thought.
This has implications for an ongoing debate about the neural correlates of conscious
and unconscious information processing (Dehaene & Naccache, 2001; Lamme, 2003,
2006).

Although MFC plays a prominent role in adaptive behavior, error processing,
and cognitive control (Carter & van Veen, 2007; Ridderinkhof et al., 2004), other
prefrontal regions also contribute to executive functioning, including lateral
prefrontal cortex. Patterns of synchrony between OCC and a pooled right lateral
prefrontal group (electrodes AF4, F4, and FC6) were somewhat similar to OCC
synchrony with MFC, but overall less robust (Supplemental Figure S3). Further work
will be required to dissociate the contributions of medial versus lateral prefrontal
regions during No-Go error adjustments.

Our findings cannot be due to differences in overall oscillation power, because
the effects in the power domain did not mirror the MFC-OCC synchrony effects, nor

were power changes correlated with inter-site synchrony (see Supplemental
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Material). More generally, this dissociation between inter-site synchrony and power
demonstrates that important insights into neurocognitive function can be gained
from an examination of the interactions among brain regions; in some cases, limiting
analyses to average activity in localized brain regions may miss important
information. This set of analyses also revealed an important advantage of
electrophysiological measures such as EEG and MEG over functional MRI; functional
MRI cannot resolve interactions on such short time scales, nor can it be used to
determine oscillatory characteristics of brain activity (Axmacher, Elger, & Fell,
2009).

In conclusion, we have provided novel evidence that the prefrontal cortex
utilizes oscillatory synchrony as a means of enacting top-down control over sensory
regions to enhance stimulus processing. This mechanism is engaged even in absence

of conscious awareness that an error was made.

Supplementary material

One potential alternative explanation of changes in phase synchrony is that with
increased oscillation power, phase values are better estimated, and this may
spuriously increase phase synchrony. However, such an account does not explain our
findings: There was no significant main effect of or interaction with condition with
occipital oscillation power (p’s > 0.5), nor was there a main effect of condition with
MFC power (F(2,28) = 2.57, p = 0.115). There was a time window®*condition
interaction for MFC power (F(4,56) = 15.28, p < 0.001), which was driven by
increased power following conscious error trials (¢(14) = 4.2, p = 0 .001). This was
due to enhanced MFC activity during conscious response errors on the preceding
trial (the error-related negativity); indeed, the response on the previous trial
occurred on average around 1500 ms before stimulus onset of the current trial.

The alternative explanation of power driving phase synchrony differences
also predicts that individual differences in power would be correlated with
individual differences in synchrony. However, we found no evidence for such an
effect: The difference in inter-site phase synchrony between unconscious errors and
Go trials was not significantly correlated with the difference in power between these
conditions at MFC (rho = 0.089, p = 0.75) or OCC (rho =-0.07, p = 0.79); correlations
between power and synchrony were also not significantly correlated when
comparing trials following conscious errors and Go trials at MFC (rho = -0.09, p =
0.73) or OCC (rho = 0.14, p = 0.60). Further, inter-site synchrony did not correlate
with OCC or MFC power in any condition independently (not computing condition

differences) (all p’s > 0.35). The lack of complementary effects in power or
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significant power-synchrony correlations demonstrate that there is information

available in the synchrony across sites beyond what is available at either site alone.

MFC-0OCC synchrony (2 -5 Hz)
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Figure S1. MFC-OCC oscillatory phase synchrony (2-5 Hz)

MFC-0CC oscillatory phase synchrony using a more narrow frequency range (2-5 Hz, compared to 2-12 Hz in
Figure 8.2 in the main text). Light grey areas indicate statistical significance at p < 0.05, minimum 156 ms
contiguously significant points (40 samples), between Conscious Error and Unconscious error trials. Dark
grey area indicates significance between Unconscious Error and Go trials.
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Figure S2. Oscillation power in MFC (left) and OCC (right).
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LFC-OCC synchrony (2-12 Hz)
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Figure S3. Oscillatory synchrony between OCC and LPFC
Oscillatory synchrony between OCC and a pool of lateral prefrontal sites (AF4, F4, and FC6). Conventions are

as in Figure 8.2a in the main text.
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9. Summary and discussion

Traditionally, consciousness and cognitive control are supposed to be intimately
related, in such a way that people often refer to “conscious cognitive control”, as if
there would be no alternative (Hommel, 2007). In this thesis I put this long-held
assumption to a direct test. To this end, I combined several traditional inhibition
paradigms (the Go/No-Go task, the stop task and conflict tasks) with the masking
paradigm to investigate the existence and potential neural mechanisms of
unconscious cognitive control. In the following sections I will summarize and
interpret the obtained results and argue that unconscious cognitive control is “real”
and associated with prefrontal computations in the human brain; as is also the case
for conscious cognitive control. Yet, the present research also revealed substantial
differences between consciously and unconsciously triggered cognitive control.
Commonalities and differences between both versions of cognitive control will be
discussed in the light of influential models concerning the neural correlates and

function of consciousness.

Summary of the results: the existence of unconscious cognitive control

The research described in this thesis can be divided roughly in two parts. In the first
part of this thesis, I focused mainly (however not exclusively) on control operations
that I called online cognitive control processes. This was done to highlight that
behavioral adaptations based on unconscious control signals are implemented
directly; in the current trial. These processes are sometimes also referred to as
reactive control processes (Braver et al., 2007). In the second part of this thesis, I
shifted my focus towards regulatory control processes (sometimes also referred to as
proactive control). The implementation of such control processes are reflected in
behavioral adaptations after the experience of conflict/errors; thus in the next trial.

Below I will first summarize the obtained results.

Unconsciously triggered online cognitive control (Chapter 2-6)

The results presented in Chapter 2 demonstrate that unconscious (masked) stop-
signals are able to trigger response inhibition in a stop-signal task. In two different
experiments, unconscious stop-signals were observed to result occasionally in full-
blown response inhibition and to slow down in the speed of responses that were not
inhibited; as if participants attempted to inhibit their response but just failed to
withhold it completely. Interestingly, this effect increased with practice and

correlated with an efficiency measure of response inhibition (stop-signal reaction
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time; SSRT). Thus we showed that response inhibition can be triggered
unconsciously, the more so in individuals and under conditions that are associated
with efficient response inhibition. Interestingly, trial-by-trial changes in cognitive
control (post-error slowing) were clearly triggered by response-errors on conscious
stop trials, but not by response-errors on unconscious stop-trials. These results
showed that cognitive control functions are differentially affected by awareness.
Whereas online control operations could be triggered unconsciously, regulatory
control operations could not; at least not in the two versions of the masked stop-
signal paradigm used in this chapter.

In two follow-up experiments, we recorded event-related potentials (ERPs)
while participants performed a masked Go/No-Go task (chapter 3) and a stop-signal
task (chapter 4) to track the fate and time course of unconscious control signals in
the human brain. Both experiments revealed that unconscious control stimuli elicit a
sequence of distinct ERP components that are also observed on conscious control
signals, albeit smaller and with different relative strength. Importantly, in both
studies, unconscious control stimuli triggered a prefrontal ERP component, arising
around 300 ms post-stimulus, that correlated with the extent to which participants
slowed down their responses to these stimuli (online response inhibition effects).
Source imaging suggested that unconsciously triggered inhibitory control was
associated with activity in the lateral PFC, close to the cortical areas thought to be
key in (conscious) response inhibition, such as the inferior frontal cortex (IFC) and
the pre-SMA (Blasi et al., 2006; Chikazoe et al., 2007; Garavan et al., 2002; Konishi et
al,, 1999; Rubia et al., 2003; Simmonds et al., 2008; Wager et al., 2005). These results
suggest that unconscious control signals are able to trigger prefrontal control
networks, traditionally assumed to be exclusively associated with conscious
information processing.

Furthermore, the results presented in chapter 3 provided evidence for the
notion that the processing of unconscious stimuli is boosted by top-down
interactions; in this case task-set. We showed that the same unconscious stimuli
were processed more elaborately (probably activating brain areas further down-
stream) when they were task-relevant (associated with No-Go inhibition), than when
they are irrelevant for the task at hand. This is in line with the idea that the depth
and scope of neural processing of masked stimuli is modulated by top-down settings
of the cognitive system (Dehaene et al., 2006; Nakamura et al., 2006; Nakamura et al.,
2007).

In a subsequent study (chapter 5), we tried to further illuminate the possible

depth of processing of unconscious information using methods that allow more
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spatial (rather than temporal) precision in the neuroanatomical inferences.
Therefore we used functional MRI to investigate to what extent unconscious No-Go
stimuli are capable of activating brain areas involved in inhibitory control. In a new
version of the masked Go/No-Go task, consciously initiated response inhibition was
associated with a typical (mostly right-lateralized) frontoparietal network
associated with response inhibition. Importantly, unconscious No-Go signals also
triggered a prefrontal network of brain regions, most prominently the IFC and the
pre-SMA. Again, unconsciously triggered neural activation correlated with the extent
to which participants slowed down their responses to unconscious No-Go signals,
which further supports the notion that the observed activations are “functional” in
the sense that they predict behavior. However, neural differences between conscious
and unconscious control were also revealed. Whereas conscious response inhibition
was associated with a widespread frontoparietal inhibition network, unconscious
response inhibition was more localized and specific to crucial No-Go processors such
as the IFC and pre-SMA.

In chapter 6, we aimed to investigate the link between brain function and
brain structure and to test whether individual differences in the ability to select the
appropriate action (and inhibit the inappropriate action) during response conflict
are related to individual differences in brain structure, especially in the pre-SMA.
Furthermore, we were interested in the relation between overcoming response
conflict and the awareness-level of such conflict. To this end, we used a masked
priming paradigm in which conflicting response tendencies were elicited either
consciously (through primes that were weakly masked) or unconsciously (strongly
masked primes). Consistent with our predictions, whole-brain voxel-based
morphometry revealed that individual differences in pre-SMA grey-matter density
predicted subjects’ ability to select the correct action in the face of response conflict,
irrespective of the awareness-level of conflict-eliciting stimuli. These results link
structural anatomy to cognitive control ability, and provide support for the role of
the pre-SMA in the flexible adjustment of ongoing behavior by inhibiting irrelevant
action plans (see also chapter 5). Furthermore, these results suggest that flexible and
voluntary behavior requires efficiently dealing with competing motor plans,

including those that are activated automatically and unconsciously.

Unconsciously triggered regulatory changes in cognitive control (chapter 7-8)
In the last two chapters of this thesis, I shifted my focus away from the immediate
online effects of unconscious control stimuli on behavior to the potential, more long-

term, regulatory effects that these stimuli might have for subsequent occasions. To
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this end, in chapter 7, I looked into conflict adaptation effects in the masked priming
task: the phenomenon that the presence of conflict in the previous trial reduces the
impact of conflicting information in the current trial. We have shown that conflict
adaptation can be triggered by unconscious conflict-inducing stimuli. This suggests
that participants engender a more cautious response-strategy and increase cognitive
control to reduce the impact of conflict-inducing stimuli after the experience of
conscious as well as unconscious conflict.

In the final experimental chapter (chapter 8), we further zoomed in on the
long-term effects of unconscious information using a masked Go/No-Go task (see
also chapter 3). In EEG, response-errors (responses to trials containing a No-Go
signal) were observed to elicit increased oscillatory synchrony (2-12 Hz) between
the prefrontal and occipital cortex, which began before the next trial started (during
the inter-trial-interval) and occurred even in absence of conscious awareness of the
No-Go signal. Consistent with our predictions, Granger causality analysis revealed
that the dominant direction of these long-distance frontal-occipital interactions was
from frontal to occipital electrodes, suggesting that after a response error, prefrontal
cortex engages control by increasing the tuning or efficiency of stimulus processing.
The strength of these long-range interactions correlated with an overall measure of
performance efficiency. In combination, the results obtained in these last two
chapters suggest that an unconscious stimulus can have relatively long-lasting effects
on behavior and brain activity and highlight that unconscious stimuli can trigger
regulatory cognitive control processes.

The fact that we observed trial-by-trial changes in cognitive control in these
latter two chapters somewhat contradicts the absence of similar effects in the
masked stop-signal paradigm (chapter 2, 4). Below, I will first highlight
commonalities and differences between conscious and cognitive control; thereafter, I

will return to this point.

Conscious vs. unconscious cognitive control

Although we have demonstrated that prefrontal cognitive control functions can be
initiated in the absence of awareness (which was the main goal of this thesis), the
presented data also revealed substantial differences between conscious and
unconscious versions of cognitive control. Let's first focus on the behavioral
differences between both types of control. First of all, the effect of unconscious
control signals strongly depends on task practice, inhibitory performance (SSRT) or
familiarity with the (unconscious) stimulus material (chapter 2 and 4). Second,

unconsciously triggered inhibitory control seems not as efficient as consciously
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triggered inhibitory control since conscious control signals lead to complete
response inhibition on the majority of trials, whereas this is the exception rather
than the rule on trials containing a masked control signal (chapter 2-5). Third,
regulatory trial-by-trial control regulations (post-error slowing) were clearly
present after conscious errors in all experiments, whereas post-error slowing was
less consistently observed after unconscious conflict/errors. So behaviorally,
unconsciously triggered cognitive control seems to differ from consciously triggered
cognitive control in that it appears to be less efficient, less flexible, less durable and
probably takes more training to develop.

Also from a neural perspective, the experiments presented in this thesis
revealed substantial differences between conscious and unconscious versions of
cognitive control. In several experiments, unconscious control stimuli were observed
to trigger ERP components or activate brain regions that were also present during
consciously triggered cognitive control. However, in all experiments, the neural
signature of unconsciously triggered control differed from its conscious counterpart
in that conscious control-initiating stimuli initiated stronger, more wide-spread and
longer-lasting neural activity than unconscious-initiating control stimuli.

In part, these differential results could be explained by the fact that the
stimulus-onset asynchrony between the control signal and the mask (chapter 2-5, 8)
or the stimulus duration (chapter 6-7) was always shorter for the unconscious, than
for the conscious conditions (see also Cleeremans, 2005; Overgaard, Rote,
Mouridsen, & Ramsoy, 2006). It has been shown previously that when the time
between the stimulus and the mask is increased (while the prime remains
unconscious) the impact of this stimulus on behavior also increases (Mattler, 2003;
Vorberg et al., 2003). So generally, unconscious effects might be weaker than
conscious effects, because the stimulus of interest has usually less bottom-up
stimulus strength (Dehaene et al, 2006) and less time to exert its influence (e.g.
Mattler, 2003; Schmidt, Niehaus, & Nagel, 2006; Vorberg et al., 2003). Although this
holds for many masked priming studies, some authors cleverly used a masking
design in which the unconscious stimulus could be presented longer than the
conscious stimulus (U-shaped masking design). In that case, unconscious stimuli can
have larger effects on behavior and brain activity than conscious stimuli, highlighting
the importance bottom-up stimulus strength (Lau & Passingham, 2007).

Although acknowledging this issue, which deserves more attention in future
work, I have tried to explain the differential results between consciously and
unconsciously triggered cognitive control from influential theoretical frameworks.

Especially, online cognitive control processes might be well explained by theories
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that differentiate between the role of feedforward and recurrent processing in

conscious/unconscious vision (e.g. Dehaene et al., 2006; Lamme, 2003, 2006).

Feedforward vs. recurrent processing of visual information

It has been shown that when a visual stimulus is presented, it travels quickly from
the retina through several stages of the cortical hierarchy, referred to as the fast
feedforward sweep (Lamme & Roelfsema, 2000). Each time information reaches a
successive stage in this hierarchy, a higher-level area starts to send information back
to lower-level areas through feedback connections. Single-cell recordings in
monkeys (Super et al., 2001) and TMS (Pascual-Leone & Walsh, 2001), fMRI (Haynes
et al., 2005) and EEG (Fahrenfort et al., 2007) experiments in humans have revealed
that the feedforward sweep probably remains unconscious, whereas recurrent
interactions (multiple feedback loops) trigger the conscious awareness of a stimulus
(for reviews see Dehaene et al.,, 2006; Lamme, 2006; Lamme & Roelfsema, 2000;
Tononi & Koch, 2008).

Interestingly, masking probably disrupts feedback activations, but leaves
feedforward activations relatively intact (Del Cul et al., 2007; Fahrenfort et al., 2007;
Lamme et al., 2002). Therefore, unconscious stimuli are capable of triggering many
forms of behavior (Lamme, 2006), as evidenced by many masked priming
experiments (e.g. Binsted et al., 2007; Leuthold & Kopp, 1998; Vorberg et al., 2003).
A crucial aspect of the (unconscious) feedforward sweep is that it probably decays
rapidly after travelling up the cortical hierarchy (Dehaene et al., 2001). In contrast, a
key feature of recurrent interactions is that they promote widespread neural
communication between distant cortical areas, which initiates a long-lasting, large-
scale pattern of neural activation; a phenomenon termed “global ignition” (Dehaene
et al., 2006; Dehaene & Naccache, 2001). In EEG, global ignition as well as conscious
access have been associated with a highly distributed frontoparietal P3-like
component (Del Cul et al, 2007) as well as increased long-range oscillatory
synchrony (Gaillard et al., 2009). In fMR], it is thought to be reflected in stronger,
more widespread neural activations and increased functional connectivity between
brain areas (Dehaene et al., 2001; Haynes et al., 2005).

Two different versions of cognitive control?

With this in mind, let’s now take a closer look at the data presented in this thesis.
Although fMRI and EEG cannot easily distinguish between feedforward and feedback
influences, our EEG findings demonstrated that ERP components as found in

response to conscious control signals are also found when control signals are
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masked, albeit smaller and with different relative strength (chapters 3, 4). In chapter
4, we have seen that especially the late ERP components (e.g. the P3) are radically
reduced in strength (see also Dehaene et al, 2001). (f)MRI measurements
demonstrated that unconscious control signals can propagate to (medio)frontal
cortex (chapter 5, 6). However, whereas conscious No-Go signals triggered a large-
scale frontoparietal inhibition network, unconscious control signals only activated a
specific subset of local neural processors therein. Activity in the unconscious
inhibition network was reduced and clusters were sufficiently smaller than
conscious activations. Also, BOLD time-course analysis revealed that conscious
activations last longer than unconscious activations.

In sum, it seems reasonable to assume that unconscious control stimuli evoke
feedforward activation of the same cortical modules as conscious stimuli, even in far
distant areas (such as the IFC and pre-SMA). However, this activation might die out
rather quickly because it is not supported by recurrent interactions. Therefore, it
seems that both conscious and unconscious control signals trigger basic/online
inhibition mechanisms, yet unconscious ones fail to elicit a comparably large, strong
and distributed pattern of activation as observed when inhibition is triggered
consciously. Although speculative, this sustained form of recurrent activity might
cause information to become integrated across a number of (high-level) brain areas
which might be necessary to initiate more flexible and durable cognitive control
operations (Dehaene, 2008; Dupoux et al., 2008). In our case, this might be reflected
in rapidly deployed full-blown response inhibition, available without extensive
training.

As mentioned by Dehaene (2008), in light of recent experimental evidence
published in this thesis (van Gaal et al., 2008; van Gaal et al., 2009) as well as
elsewhere (Lau & Passingham, 2007; Pessiglione et al., 2007) it seems reasonable to
conclude that cognitive control processes can (also) be triggered unconsciously.
However, he also points out that these findings are mainly observed when task
performance is automatized, because participants usually perform hundreds of trials
before unconscious stimuli start to affect behavior. In contrast, conscious stimuli can
rapidly trigger a novel response-strategy that seems impossible for unconscious
stimuli. Recently, we performed a new experiment (not included in this thesis) to
test this assumption (Wokke, van Gaal et al, in preparation). To this end, we
designed a new version of the experiment presented in chapter 5 (the fMRI
experiment) in which we introduced a cue (square/diamond), which preceded each
trial. This cue instructed the participants which stimulus (square/diamond) was the

No-Go signal in the upcoming trial. By this means the nature of the square/diamond
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varied on a trial-by-trial basis; a square could be a No-Go signal in one trial, but not
in another trial. Interestingly, in behavior, we still observed RT slowing to
unconscious No-Go signals (summarized across squares and diamonds), which
suggests that S-R mappings can be established on a trial-by-trial basis and that
unconscious stimuli can also relatively flexibly influence our behavior. Although
intriguing, future studies are required to test this issue more extensively in order to
draw firm conclusions about the potential flexibility of unconscious information

processing.

What about unconsciously triggered trial-by-trial changes in cognitive control?
Until chapter 6 the presented results can be explained fairly well by recent
theoretical models concerning the underlying neural correlates of conscious and
unconscious vision (with some extensions). In short, it seems that the feedforward
sweep is able to penetrate all the way up to the prefrontal cortex to trigger online
cognitive control processes. However since the bottom-up stimulus strength of
unconscious stimuli is usually weaker compared to conscious stimuli (in
experimental tasks), unconscious stimuli trigger online control processes to a lesser
extent than conscious stimuli. In addition, regulatory control processes require that
information is carried across a temporal gap of several seconds (the ITI in
experimental tasks), which requires information to reverberate in the system;
therefore it is absent after unconscious conflict/error signals. The absence of post-
error slowing in chapter 2 and 4 nicely fits within this scheme. However, the data
presented in chapter 7 and 8 challenge this latter assumption since, in those
chapters, we observed that unconscious stimuli can trigger trial-by-trial control
regulations and (plausibly) also evoke reentrant activation from prefrontal to
occipital cortex. At the moment, an outstanding and intriguing question is why we
observed such effects on some occasions, but not on others. Although I do not have a
definite answer yet (after considerable thought), it seems that the differential results
might be explained by task-specific differences between the tasks that we used.

First, as argued by others (Verbruggen & Logan, 2008b; Verbruggen, Logan,
Liefooghe, & Vandierendonck, 2008), in the Go/No-Go task (as well as the masked
priming task) there is a more consistent S-R mapping than in the stop-task. In the
Go/No-Go task the same stimulus is always associated with going and another with
stopping (Logan, 1988), whereas in the stop-signal task, the go-signal is sometimes
associated with going (when it is not followed by a stop-signal) and on others with
stopping (trials containing a stop-signal). These differences in S-R mappings suggest

that the demands on cognitive control processes vary between both tasks, which
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might (partially) explain the differential results that we observed. Several authors
have argued that No-Go inhibition might be a more automatic (bottom-up) form of
cognitive control than stop-signal inhibition, which has been argued to be a more
controlled (top-down) form of cognitive control (Logan, 1988; Verbruggen & Logan,
2008a). It might be that unconscious stimuli are able to trigger the more automatic
version of control (Go/No-Go task), but not the “true” top-down version of control
(stop task). However, an explanation that only takes into account the strength of S-R
mapping cannot explain all the available evidence since we observed recently that
the nature of an unconscious signal can vary on a trial-by-trial basis and still
influence behaviour (Wokke et al., in preparation). Notwithstanding, there might still
be (additional) differences in the complexity of both tasks and the demands on
cognitive control that can explain the absence/presence of unconscious post-error
adaptation.

A second potential explanation is related to the number and functional
significance of response-errors in the stop-signal task vs. the Go/No-Go task. In the
stop task participants are told explicitly that they will (almost by definition) fail to
inhibit their response on ~50% of the trials. In many versions of the task a dynamic
algorithm even adjusts the stop-signal delay in such a way that participants indeed
inhibit their response in ~50% of the occasions. In contrast, in the Go/No-Go task,
participants are instructed to respond as quickly as possible to Go trials and to
inhibit their response when a No-Go trial is presented. Therefore, it is less evident
that making errors is “part of the experiment”. Generally, in the Go/No-Go task
participants fail to inhibit their response in approximately 30% of the occasions. Due
to these differences (error rate and instruction), the functional significance of an
error probably differs significantly between the stop-signal task and the Go/No-Go
tasks, which could subsequently affect the impact of “unconscious errors” on
subsequent post-error control adjustments (Overbeek, Nieuwenhuis, &
Ridderinkhof, 2005). Indeed, it has been shown that the extent of (conscious) post-
error slowing is modulated by the frequency of an error (Notebaert et al., 2009) and
it seems that post-error slowing effects are generally less reliably found in the stop-
signal task than in the Go/No-Go task (Emeric et al., 2007; Verbruggen et al., 2008).

Besides these two (and probably more) task-specific differences, it is
interesting to note that not only the studies presented in this thesis have obtained
somewhat contradicting results with respect to the workings of unconsciously
triggered regulatory control, but that the same holds for studies performed by
others. Whereas some authors have argued/observed that an unnoticed

(“unconscious”) error/conflict signal triggers regulatory changes in cognitive control
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(Cohen, van Gaal, Ridderinkhof, & Lamme, submitted; Hester et al., 2005; Praamstra
& Seiss, 2005; Rabbitt, 2002; van Gaal, Lamme, & Ridderinkhof, submitted), others
have not (Endrass, Reuter, & Kathmann, 2007; Klein et al, 2007; Kunde, 2003;
Nieuwenhuis et al.,, 2001; O'Connell et al,, 2007; van Gaal et al., 2009). Notably, the
majority of these studies did not objectively evaluate the awareness-level of the
committed errors or the stimulus of interest (through objective forced-choice
discrimination measures), but instead used subjective measures to evaluate “error
awareness”. These inter-experimental differences might be explained by the fact that
many different paradigms have been used to study unconsciously triggered
regulatory control, including the anti-saccade task (Endrass et al., 2007; Klein et al,,
2007; Nieuwenhuis et al., 2001), the Go/No-Go task (Cohen et al., submitted; Hester
et al., 2005; O'Connell et al., 2007), the stop task (van Gaal et al., 2009), simple
choice RT tasks (Rabbitt, 2002) and different versions of the masked priming task
(Kunde, 2003; Praamstra & Seiss, 2005; van Gaal et al., submitted). Together, this
suggests that post-error control adjustments can be triggered unconsciously on
some occasions, but not on others. At the moment, the exact nature of post-error
adaptation is still ill-understood and some even argue that they are not related to
cognitive control operations at all (Notebaert et al., 2009). Therefore, it seems too
early to draw firm conclusions about the boundary conditions for unconscious
regulatory control processes to occur.

Apart from the substantial inter-experimental differences, how can we explain
the unconscious regulatory control effects that we observed in chapter 7 and 8? First
of all, these results are rather difficult to explain in the framework of feedforward vs.
feedback versions of control. In chapter 8 we have shown that unconsciously
initiated regulatory control processes were associated with increased phase
synchronization between prefrontal and visual cortex, a measure thought to reflect
increased functional connectivity between brain areas. Especially these latter results
suggest that the story is slightly more complicated than previously assumed.
Apparently, under some circumstances unconscious stimuli are able to influence
cognitive processes for relatively long periods of time (i.e. 1-2 seconds) and might
even initiate long-range functional interactions between distant brain areas.
Interestingly, recently, others have also observed relatively long-lasting neural
activations elicited by unconscious words, up to approximately one second (Gaillard
et al., 2009; Naccache et al., 2005) and even longer effects of unconscious priming
(up to several minutes) have been reported, for example in “mere exposure”
paradigms (Elliott & Dolan, 1998; Gaillard et al.,, 2007).

160



In combination, these results suggests that unconscious information is able to
influence cognitive processes for longer periods of time than previously thought,
which has important implications for the theoretical models that propose a rapid
decay of the strength of unconscious activations in the human brain (Dehaene et al,,
2006; Kouider & Dehaene, 2007; Rossetti, 1998). To further clarify the lifetime and
long-term influence of unconscious information on our behavior, future studies are
necessary to examine the specific characteristics of the tasks used that determine the
existence/absence and magnitude of trial-by-trial adaptive control processes. To get
a further grip on this controversial issue in the future it is important to design
experimental tasks in which (exactly) the same stimulus parameters are used for
conscious and unconscious conditions to overcome differences in bottom-up
stimulus strength. A potential candidate for these studies might be the use of the
attentional blink (AB) paradigm. In a typical AB task participants perceive a rapid
stream of stimuli, including targets as well as distractors. When a target follows
another target after ~200-300 ms, the second target is missed on many occasions.
Thus, although all parameters are exactly the same on all trials, sometimes a
stimulus is perceived consciously, whereas on other trials it is not. By combining the
AB paradigm with traditional cognitive control tasks (e.g. the stop task) it might be
possible to nicely equate the bottom-up stimulus strength between conditions,

whereas the awareness-level of the stimulus is carefully manipulated.

General conclusion

Based on the experiments reported in this thesis the following conclusions can be
drawn: 1) Contrary to common theorizing, high-level cognitive control processes can
be initiated unconsciously. 2) Although the prefrontal cortex has traditionally been
associated with conscious information processing only, the present results indicate
that unconscious stimuli are also able to activate prefrontal control networks. 3) The
extent and depth of processing of an unconscious (control-initiating) stimulus in the
human brain depends on task instructions and the behavioral relevance of the
stimulus. 4) On some occasions, regulatory control processes can be initiated
unconsciously; however the underlying mechanisms and specific boundary
conditions should be studied more extensively to clarify inter-experimental
differences. More generally, the results presented in this thesis expand our
understanding of the scope, depth and potential long-term effects of unconscious
information processing in the human brain and directly impact the current debate
about the neural correlates of consciousness and the intimate relationship between

consciousness and cognitive control.
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Samenvatting in het Nederlands

Stel je voor: Het is vrijdagavond en je rijdt in je auto naar huis na een lange dag
werken. Je bent moe. Je hebt hard gewekt en helaas is het je niet gelukt om al je werk
af te krijgen vandaag. Tijdens de rit denk je aan alles wat je nog moet doen dit
weekend om je werk in te halen. Plotseling merk je dat je je eigen straat inrijdt. Hoe
kan het nou dat je niks herinnert van de weg naar huis? Je ogen zijn de hele tijd open
geweest en je hebt grote hoeveelheden informatie verwerkt om veilig thuis te
komen. Echter, je hebt het gevoel dat je niet echte “bewuste keuzes” hebt gemaakt.
Toch heb je vrij complexe handelingen verricht, waaronder het stoppen voor
stoplichten, schakelen, rechts/links afslaan, muziek luisteren etc. etc. Je hebt het
allemaal gedaan, en blijkbaar volledig op de automatische piloot.

Met dit voorbeeld wil ik illustreren dat een deel van ons dagelijks handelen
volledig automatisch en onbewust gebeurt, zonder dat we hierover enige “bewuste
controle” (hoeven te) hebben. Dit suggereert dat er een verschil is tussen het
absorberen van visuele informatie en hierop reageren (tijdens het “onbewust” auto
rijden) en daadwerkelijk bewust kijken. De vragen waar ik geinteresseerd in ben,
zijn: Is het zo dat al onze gedragingen onbewust kunnen ontstaan of is dit alleen het
geval voor automatische en zeer getrainde handelingen (zoals auto rijden)? Of kan al
ons gedrag onbewust gestuurd worden? In dit proefschrift heb ik geprobeerd
antwoord te krijgen op dit soort vragen.

In het dagelijks leven lijkt het erop dat we onze keuzes bewust maken. Als ik
een ijsje neem, kies ik daar bewust voor en als ik dat niet wil, dan ook. Cruciaal in het
maken van keuzes is de mogelijkheid om automatisch geactiveerde handelingen af te
breken. Vooral in situaties wanneer je iets anders moet doen dan je normaal
gesproken doet, maken we bewuste keuzes, toch? Hoe vaak is het je niet overkomen
dat je in gedachten verzonken automatisch rechtsaf bent geslagen (richting je werk),
terwijl je eigenlijk links af had moeten slaan (op weg naar de supermarkt in het
weekend). Intuitief lijkt het er dus op dat we automatisch (onbewust) de dingen
doen die zijn ingesleten door ervaring en dat we bewust moeten interveniéren als we
een dergelijke automatische handeling willen onderbreken. Denk aan een tripje naar
Engeland. Als je daar de straat oversteekt moet je de neiging onderdrukken om eerst
naar links te kijken. In dit geval is het namelijk verstandiger om eerst naar rechts te
kijken (auto’s rijden in Engeland aan de linkerkant). Vergeet je even dat je in
Engeland bent (laat je de controle vieren), dan kijk je toch automatisch weer eerst
naar links bij het oversteken. Hopelijk zonder ernstige gevolgen.

Het onderbreken van onze automatismen (ook wel “respons inhibitie”

genoemd) is sterk geassocieerd met activiteit in de prefrontale cortex (Aron, 2007).
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De prefrontale cortex is het gebied in het brein direct achter je voorhoofd (zie Figuur
la). Dit gebied is vooral geassocieerd met allerlei “typisch menselijke”
eigenschappen als het plannen van gedrag en complex redeneren, maar ook respons
inhibitie. Wat blijkt, als mensen schade hebben aan bepaalde delen van de
prefrontale cortex zijn ze niet goed meer in staat om automatisch gedrag te
onderdrukken. Er zijn voorbeelden bekend van patiénten die elk voorwerp in hun
buurt meteen oppakken en gebruiken, ook in situaties waarin dat absoluut ongepast
is (Lhermitte, 1986). Stel je voor dat je zo'n patiént bij je thuis uitnodigt en bij een
rondleiding door je huis gaat hij meteen in je bed liggen als je de slaapkamer laat
zien. Later, als je de badkamer laat zien, pakt hij jouw tandenborstel en gaat hij
daarmee zijn tanden poetsen (Lamme, 2006). In deze gevallen activeert een stimulus
zo sterk de handeling die hiermee geassocieerd is dat patiénten dit soort
“onaangepast” gedrag kunnen vertonen. Het lijkt er dus op dat zonder de prefrontale
cortex alleen de automatismen, onze gewoonten, nog over blijven. Dit, en veel ander
onderzoek, heeft er voor gezorgd dat veel wetenschappers van mening zijn dat de

prefrontale cortex verantwoordelijk is voor de “bewuste controle” over ons gedrag.

A) Prefrontale cortex B) Prime C)

Stop-signaal
D

Visuele

cortex Blank

Go-signaal
Target
achter D o
tijd tijd

Figuur 1.

a) De hersenen met daarin aangeven de prefrontale cortex (voorhoofd) en de visuele cortex (achterhoofd).
Zie figuur 5.3 voor een variant in kleur, waarin de rode/gele vlekken aangeven welke gebieden actief zijn als
je een handeling afbreekt. b) Een standaard maskeer taak. c) Een aangepaste versie van een maskeer taak

die ik heb gebruikt om te onderzoeken of onbewuste stop-signalen de prefrontale cortex activeren.

Hoe onderzoeken we de invloed van onbewuste informatie op gedrag?

Wetenschappers onderzoeken al sinds lange tijd de invloed van onbewuste
informatie op ons gedrag. Een interessant voorbeeld hiervan is de situatie van
blindzien (“blindsight”). Patiénten met schade aan de primaire visuele cortex kunnen
niets meer zien in het visuele veld aan de andere kant van de schade. Echter, als ze

worden getest in een laboratorium en er wordt hen gevraagd om gewoon maar wat
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te gokken, kunnen ze bijvoorbeeld vrij goed aangeven welke kant een stip op
beweegt op een computerscherm of wat de oriéntatie is van aangeboden plaatjes in
hun “blinde” visuele veld (Stoerig & Cowey, 1997). Cruciaal hierbij is dat de
patiénten zelf steeds expliciet aangeven dat ze echt niets zien en gewoon maar wat
doen. Blijkbaar kan visuele informatie een bepaald reactie uitlokken zonder dat we
bewust hoeven te zijn van de stimulus die deze reactie uitlokt

Onderzoek naar de invloed van onbewuste informatie op gedrag beperkt zich
niet tot onderzoek bij patiénten met hersenschade. Recent zijn verschillende
technieken ontwikkeld om dit onderzoek ook te doen bij gezonde proefpersonen.
Een techniek die hier veel voor wordt gebruikt heet maskeren. Maskeren is het
onzichtbaar maken van een stimulus (plaatje) door deze heel kort aan te bieden en
snel te laten opvolgen door een andere stimulus. Een voorbeeld hiervan is te zien in
onderstaande figuur (zie Figuur 1b). In dit experiment krijgen proefpersonen heel
kort een kleine pijl (de prime) te zien die naar links of naar rechts wijst. Snel daarna
wordt er een grotere pijl aangeboden (de target). Proefpersonen worden
geinstrueerd zo snel mogelijk op een knop te drukken (links of rechts) afhankelijk
van de kant waar de target naartoe wijst. Als de prime heel kort wordt aangeboden
(~20 ms) en de target wat langer (~200 ms) dan kunnen proefpersonen de prime
niet meer zien. Echter, als de prime zonder de target wordt aangeboden, of als de
target wat later wordt aangeboden, dan kunnen mensen deze prima zien. Het ligt dus
niet aan het feit dat de prime maar heel kort wordt aangeboden, maar aan het feit dat
deze wordt “gemaskeerd” door de target.

Nu blijkt dat proefpersonen sneller reageren op de target wanneer de prime
en de target dezelfde kant op wijzen dan wanneer ze een andere kant op wijzen
(Vorberg, Mattler, Heinecke, Schmidt, & Schwarzbach, 2003). Blijkbaar beinvloedt de
richting van de onbewuste prime de snelheid waarmee men op de target reageert.
Regelmatig maken mensen zelfs fouten, dan activeert de onbewuste prime zo sterk
een bepaalde reactie dat de verkeerde knop wordt ingedrukt. Als we terug gaan naar
het voorbeeld dat ik gaf aan het begin, dan klinkt het nu waarschijnlijk iets minder
vreemd dat je inderdaad rechts af kan slaan bij een verkeersbord dat je niet bewust
hebt gezien (maar wel onbewust hebt verwerkt).

Als de hersenactiviteit wordt gemeten (met behulp van hersenscans) terwijl
proefpersonen dit soort experimenten doen, zien we dat een onbewuste stimulus
allerlei hersengebieden kan activeren. Blijkbaar kan een onbewuste stimulus een
cascade aan processen in gang zetten. Nu blijkt ook uit onderzoek dat juist de
prefrontale cortex niet onbewust geactiveerd lijkt te worden (Kouider & Dehaene,

2007). Zou het zo zijn dat de prefrontale cortex alleen bewust geactiveerd kan

181



worden en dat daarom allerlei complexe menselijke functies (zoals respons inhibitie)
sterk worden geassocieerd met het bewustzijn? In dit proefschrift heb ik

verschillende experimenten gedaan om te onderzoeken of dit inderdaad zo is.

Wat heb ik nu eigenlijk gedaan in de afgelopen vier jaar?

Ik zal een experiment in detail uitleggen om te illustreren hoe ik heb onderzocht of
een onbewuste de prefrontale cortex kan activeren. Laat ik eerst vermelden dat we
over het algemeen proberen situaties “uit het echte leven” na te bootsen in het
psychologische laboratorium. Op deze manier kunnen we onder gecontroleerde
omstandigheden menselijk gedrag te onderzoeken zonder dat we last hebben van
allerlei omgevingsfactoren waar we niet geinteresseerd in zijn. In een van mijn
experimenten, kregen proefpersonen (studenten) de instructie om zo snel mogelijk
op een knop te drukken als ze een zwarte ring (go-signaal) zagen die kort op een
computerscherm werd aangeboden (~100 ms). In vaktermen noemen we dit “Go
trials”. Echter, als er heel kort (~17 ms) een grijs rondje (het “stop signaal”) voor de
zwarte ring werd aangeboden dan mochten ze juist niet drukken (“No-Go” trials).
Deze stop-signalen worden maar af en toe aangeboden, waardoor de proefpersoon in
de meeste gevallen gewoon moet drukken en maar sporadisch de respons moet
afbreken (zie figuur 1c). Na wat oefening kunnen proefpersonen dit soort taakjes
prima uitvoeren. Wat ik nu heb gedaan is de tijd die zit tussen het rondje en de ring
variéren: soms is die tijd heel kort (~17 ms) en soms wat langer (~70 ms). Als dat
rondje heel kort wordt aangeboden en snel wordt opgevolgd door de ring, dan
kunnen proefpersonen het rondje niet meer zien (goede maskering). Echter, als de
ring iets later wordt aangeboden dan kunnen mensen dat rondje prima zien (slechte
maskering) en dan kunnen mensen ook razendsnel hun reactie afbreken (“bewuste
controle”). Deze techniek zorgt er dus voor dat (bijna) dezelfde stimulatie in het ene
geval leidt tot bewuste perceptie van het stop-signaal en in andere gevallen niet. In
deze taak hebben we dus Go trials gemixt met onbewuste No-Go trials en bewuste
No-Go trials om te onderzoeken wat er gebeurt met een stop-signaal dat je niet
bewust ziet. Zou zo’n stop-signaal ertoe kunnen leiden dat we besluiten iets niet te
doen? Zou zo'n onbewust signaal de prefrontale cortex kunnen activeren?

Wat blijkt, proefpersonen breken soms hun actie af als er een onbewust stop-
signaal wordt aangeboden. Dit gebeurt echter maar zelden. Over het algemeen
vertragen proefpersonen hun reacties alleen. Het lijkt er dus op dat een onbewust
stop-signaal ervoor kan zorgen dat we “besluiten” iets niet te doen (in dit geval op
een knop drukken). Dit leidt echter niet altijd tot het compleet afbreken van een

actie, maar vaker tot een vertraging hiervan, alsof respons inhibitie was geactiveerd
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maar minder sterk dan in de bewuste variant. Dit is ook niet zo gek als je bedenkt dat
de stimulus die je “instrueerde” om te drukken (de zwarte ring) veel langer werd
aangeboden en dus veel “sterker” was dan de onbewuste stimulus (het grijze
rondje). Helaas is dat (bijna) onvermijdelijk omdat de maskeer techniek anders niet
werkt. Verder blijkt dat mensen die goed zijn in het inhiberen van hun reactie op
bewuste stop-signalen (bewuste controle) ook meer vertragen op onbewuste stop-
signalen (onbewuste controle). Eigenlijk lijken de twee vormen van controle (bewust
vs. onbewust) dus wel op elkaar (Hst 2).

Als we de hersenactiviteit van proefpersonen bestuderen tijdens het doen van
dit soort taakjes, dan zien we dat een onbewust stop-signaal specifieke prefrontale
gebieden activeert waar we van weten dat ze ook betrokken zijn bij het bewust
afbreken van ons gedrag (bewuste controle). De gebieden in de hersenen waarvan
we dus altijd hebben gedacht dat ze alleen bewust geactiveerd zouden kunnen
worden. Het is zelfs zo dat mensen bij wie de prefrontale gebieden sterker worden
geactiveerd ook meer vertragen wanneer en een onbewust stop-signaal wordt
aangeboden, dan mensen bij wie deze gebieden minder sterk worden geactiveerd
(Hst 3-5). Het lijkt er dus op dat sommige mensen “gevoeliger” zijn voor onbewuste
informatie dan anderen. Daarnaast hebben we ontdekt dat die onbewuste controle
processen heel snel geactiveerd worden. Al na 300 milliseconden (3/10 van een
seconde) na aanbieding van een onbewust stop-signaal zien we prefrontale
hersenactiviteit.

Met soortgelijke experimenten heb ik ook laten zien dat mensen kunnen leren
van fouten waar ze zich niet bewust van zijn (Hst 8, zie ook Hst 7). Dit lukt echter
niet onder alle omstandigheden (Hst 2-3). Bijvoorbeeld in het bovenstaande
experiment zie je dat mensen na het maken van een onbewuste fout (er was een
onbewust stop-signaal, maar er is toch gedrukt) hun reactie hierna vertragen om een
volgende fout te voorkomen. Mensen worden dus voorzichtiger. In de hersenen zien
we dan dat na het maken van een bewuste fout, maar ook een onbewuste fout, de
prefrontale cortex “gaat samenwerken” met de visuele cortex. We denken dat de
prefrontale cortex de visuele cortex “instrueert” om beter op te letten om nieuwe
fouten te voorkomen.

Naast onderzoek naar response inhibitie heb ik ook onderzocht hoe mensen
irrelevante informatie uit hun omgeving onderdrukken om zo hun aandacht te
richten op de relevante informatie. Om dit te onderzoeken heb ik proefpersonen het
taakje laten doen met de pijlen (figuur 1b). Mensen moesten reageren op de grote
pijl (de target) en de kleine pijl negeren (de prime). Mensen die hier goed in zijn

maken weinig fouten en hebben een klein verschil in reactie tijd tussen congruente
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(prime en target wijzen dezelfde kant uit) en incongruente trials (prime en target
wijzen een andere kant uit). Nadat mensen dit taakje hadden gedaan hebben we ze in
de fMRI scanner gelegd en een structurele hersenscan van ze gemaakt. Een
structurele scan is eigenlijk een soort foto van het brein. Wat blijkt nu, mensen bij
wie een bepaald gebied in de prefrontale cortex goed is ontwikkeld (“groter” is) zijn
beter in het negeren van zowel bewuste als onbewuste irrelevante informatie (de
prime), dan mensen met een “klein” gebied (Hst 6). Dit is hetzelfde gebied dat vaak
beschadigd is bij patiénten die hun gedrag niet kunnen inhiberen. Het is de vraag of
deze structurele verschillen worden veroorzaakt door eerdere ervaringen die
mensen hebben gehad in hun leven (nurture) of zijn vastgelegd in de genen (nature).
Dit is een interessante vraag voor vervolgonderzoek.

Laten we weer even terug gaan naar het voorbeeld van de patiént met
prefrontale hersenschade. Wat we zien bij deze patiénten, is dat ze automatisch
geactiveerde reacties niet goed kunnen onderdrukken (denk even terug aan het
tanden poetsen met jouw borstel). Aangezien wij dat soort sociaal onaangepast
gedrag niet (vaak) vertonen, is het waarschijnlijk dat wij alle informatie die ons brein
binnenkomt eerst filteren op relevantie. Sommige informatie is relevant voor het
doel dat we op dat moment voor ogen hebben (bijvoorbeeld eten), en andere
informatie is dat niet. Als er een appel voor onze neus ligt dan zullen we deze alleen
opeten als we trek hebben. Echter als dat niet het geval is, zullen we deze appel
waarschijnlijk laten liggen voor een andere keer. Informatie die dus irrelevant is
voor het halen van ons doel negeren we. We kunnen dit waarschijnlijk bewust doen,
maar wellicht ook onbewust. Als we informatie niet zouden filteren, zouden we een
“slaaf van onze omgeving” worden, net zoals de patiént met prefrontale
hersenschade (die de appel altijd zal oppakken, ook als hij/zij geen trek heeft of juist
wilt afvallen).

Concluderend heb ik dus laten zien dat onbewuste informatie gebieden in de
prefrontale cortex kan activeren en dat dit kan leiden tot aanpassing van ons gedrag.
Dus, ondanks dat wetenschappers lang hebben gedacht dat de prefrontale cortex niet
“gevoelig” is voor onbewuste informatie, blijkt nu dat de prefrontale cortex wel
degelijk betrokken is bij onbewuste informatie verwerking! Het lijkt er dus op dat
een groot deel van ons gedrag niet tot stand komt door bewuste keuzes, maar door
cognitieve processen die in gang worden gezet door stimuli in onze omgeving waar
we ons niet bewust van zijn. Dit geldt dus niet alleen simpele handelingen, maar ook
voor complexe acties die worden gereguleerd door de prefrontale cortex, zoals
respons inhibitie. Echter, dit beeld moet wel enigszins genuanceerd worden. Het is

niet zo dat we een “slaaf zijn van onze omgeving”, want het blijkt ook dat we in staat
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zijn om onbewuste informatie te negeren als deze informatie ons afleidt van ons
doel. Het is dus niet zo dat een stimulus altijd dezelfde reactie ontlokt (gelukkig

maar), wat ons waarschijnlijk behoudt voor vele genante situaties.

Wat hebben we er eigenlijk aan om dit weten?

Een terechte, maar toch ook altijd lastig te beantwoorden vraag. Laat ik eerst zeggen
dat ik denk dat we hier geen curiositeiten meten die alleen plaatsvinden in het
psychologische laboratorium. Natuurlijk komen we geen gemaskeerde rondjes tegen
in het dagelijkse leven, maar de meeste wetenschappers zijn het er wel over eens dat
we ons van veel informatie in onze omgeving niet bewust zijn, maar dat deze
informatie, ook in het dagelijks leven, waarschijnlijk wel ons gedrag beinvloedt. Ter
illustratie, onderzoekers hebben bijvoorbeeld laten zien dat mensen vaker Franse
wijn kopen in de supermarkt als er Franse muziek opstaat, terwijl er meer Duitse
wijn wordt verkocht wanneer er Duitse muziek opstaat. Als je mensen bij de uitgang
van de supermarkt vraagt waarom ze juist die fles wijn hebben gekocht, zeggen ze
meestal zoiets van “die zag er wel lekker uit” (North, Hargreaves, & McKendrick,
1997). Het lijkt er dus op dat een deel van ons gedrag wordt geactiveerd door
informatie uit onze omgeving waar we ons niet bewust van zijn. Soms weten we dus
gewoon echt niet waarom we iets gedaan hebben!

Aan de hand van dit soort experimenten kun je je afvragen in hoeverre
mensen eigenlijk bewuste keuzes maken. Hebben we eigenlijk een “vrije wil”? Dit is
onder andere een belangrijke vraag voor onze rechtspraak. Wanneer en waar kan je
mensen voor straffen? En waar konden ze “niks aan doen”? Kan je iemand
veroordelen die slaapwandelend een moord pleegt? (dat is echt gebeurd; zie Lamme,
2006). De persoon heeft die moord immers niet “bewust” gepleegd. Of wat als
iemand met schade aan de prefrontale cortex een moord pleegt? Uiteraard zijn dit
extreem lastig te beantwoorden vragen met verregaande ethische consequenties. En
ja, we zijn hier dan ook nog lang niet uit...

Verder hoop ik dat dit soort onderzoek uiteindelijk leidt tot het begrijpen wat
er aan de hand kan zijn met patiénten die in coma liggen (of andere
“bewustzijnproblemen” hebben). Wat zijn de hersenprocessen die er voor zorgen dat
deze mensen niet bij bewustzijn zijn? Kunnen we tests ontwikkelen die kunnen
voorspellen welke mensen niet meer bij komen en welke wel? Wat zouden we er
eventueel aan kunnen doen om deze mensen (eerder) bij te laten komen? Recent
hebben onderzoekers een jonge vrouw in vegetatieve staat (een soort milde coma) in
een fMRI scanner gelegd en gevraagd of ze zich wilde inbeelden dat ze aan het

tennissen was. Ondanks dat deze vrouw niet reageerde op geluiden of stemmen en
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ook geen intentioneel gedrag vertoonde, zagen de onderzoekers toch hersenactiviteit
die correspondeerde met het ingebeelde tennissen (Owen et al., 2006). Blijkbaar kon
deze vrouw een vrij complexe instructie opvolgen. De vraag waar wetenschappers
van over de hele wereld over hebben gedebatteerd, is: Is deze vrouw bewust? Wat
geldt als “gouden standaard” voor de detectie van bewustzijn? Dat ze zelf kan praten,
of dat haar hersenen kunnen “praten”? Dit is belangrijk omdat de diagnose die
gesteld wordt verregaande consequenties heeft voor het verloop van haar
behandeling (denk ook aan het stoppen daarvan). Als we er achter komen welke
cognitieve processen alleen bewust kunnen plaatsvinden, zouden we tests kunnen
ontwikkelen die een antwoord op deze vraag kunnen geven.

In het verlengde hiervan, een ander belangrijk (lange termijn) doel van dit
soort onderzoek is om erachter te komen wat nu de functie is van het bewustzijn. En
heeft het wel een functie? Waarom hebben wij mensen het? Welke dieren hebben
het? En welke niet? Deze kennis heeft weer consequenties met betrekking tot hoe we
omgaan met dieren, maar heeft ook verregaande consequenties voor ons eigen
wereldbeeld.

Zo kan ik nog wel even doorgaan. We hebben echter van de geschiedenis
geleerd dat de mogelijke toekomstige toepassingen van fundamenteel
wetenschappelijk onderzoek niet altijd te overzien zijn. Laten we dus maar hopen
dat dit onderzoek ergens toe heeft geleid (al is het maar voor mijn eigen

gemoedsrust).
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wetenschappelijk enthousiasme en je brede wetenschappelijke blik/kennis. Je hebt
me geleerd hoe je een tekst kan blijven aanscherpen en hoe je diplomatiek kan
omgaan met lastige review(er)s. Daarnaast ben ik blij dat je me hebt opgenomen in
de Acacia-groep, waardoor ik de uren achter mijn PC kon afwisselen met gezellige
uitstapjes, zoals (out of)labmeetings en allerlei “social events”. Victor/Richard,
bedankt dat ik altijd mocht binnenvallen voor belangrijke, maar soms ook triviale
zaken. Ik heb erg prettig met jullie samengewerkt de afgelopen jaren.

Ik wil graag de promotiecommissie bedanken, bestaande uit prof. dr. Eveline
Crone, prof. dr. ir. Wim van de Grind, dr. Sander Nieuwenhuis, dr. Wery van den
Wildenberg, prof. dr. Maurits van der Molen en prof. dr. Pieter Roelfsema. Bedankt
voor de tijd die jullie hebben gestopt in het lezen van mijn proefschrift en het
opponeren op 25 november 2009.

Steven, bedankt voor je goede hulp bij de analyse van fMRI en VBM data. Ook
bedankt dat ik altijd bij je terecht kon voor een “technische vraag”. Zonder jou had
deze promotie waarschijnlijk veel langer geduurd!

Kamergenoten bedankt! Johannes, Myriam, Ilja en Annelinde voor de gezellige
en leerzame tijd. Ik vond het prettig om het “serieuze werk” zo af en toe naast me
neer te kunnen leggen en dan te kunnen kletsen over “van alles en nog wat”, over
“niets”, of uiteraard over de wetenschap. Ilja en Johannes, bedankt voor de hulp met
allerlei “computer en programmeer dingetjes”; soms erg makkelijke, andere keren
wat moeilijkere (maar nooit te moeilijk voor jullie!). Myriam, laat ik je dan maar
citeren: “top-collega”! Alle “Lammetjes” uit 614, en later ook 605: Martijn, Andries,
Titia, Anouk, Julia, Andre, Steven en Iris. Ik heb super leuk met jullie samengewerkt!
Hoe vaak zouden we eigenlijk wel niet samen hebben geluncht? Of biertjes
gedronken? Ik hoop dat ik jullie niet teveel van het werk heb gehouden met mijn
dagelijkse bezoekjes voor koffie, als excuus om even een praatje te maken. Succes
allemaal! Andries, bedankt voor je tips m.b.t. VBM/fMRI data analyse. Martijn, laten
we in de “Toekomst Meer Samenwerken” (TMS!). Julia, Anouk, Iris, Andre en

Annelinde: Top dat jullie erbij zijn gekomen!
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Iedereen van de Acacia-groep bedankt (+ aanhang): Irene, Mike, Birte, Mirre,
Sanne dW, Wery, Sanne K, Dilene, Marijke, Helga, Dorothy, Anna, Bregtje, Jasper (2x),
Sarah en vele anderen + studenten. Dat waren leuke uitjes (bowlen, “Bob Rossen”,
bbqg’en, voetballen, Texel etc.)! Mike, that was a fun and successful collaboration!
Birte, thanks for your help when I had an fMRI question. Wery, bedankt voor je hulp
en de analyse scriptjes die zorgden voor een vliegende start. Irene, bedankt voor het
meten (EEG) en het structureel bijvullen van jullie droppot.

(Oud) Collega’s van de 6¢ (en andere verdiepingen) bedankt voor de
gezelligheid en voor een goede samenwerking: Romke, Hilde, Lucia, Marte, Mante,
Petra, Jacob, Anne, Emoke, David, Bram, Olympia, en op de valreep Heleen en Tobias.

Mensen van de TOP (Marcus, GJ], Bert, Michel, Patrick, Jasper, Thomas en
anderen), bedankt voor alle technische hulp en ondersteuning! Top!

[ would like to thank some students that have helped me along the way:
Sandra, Jeana, Gargi, Hans, Joram, Roosemarijn, Logaine, Hannah, Sabine and
Annelinde. Thanks for all the energy put in measuring all those subjects, thinking
about experimental designs, being a subject, analyzing data etc. etc.

Huibert (“el Huub”), (G)Ellen en Anna van het secretariaat. Jullie zijn
onmisbaar gebleken.

Paranimfen (Matthijs en Johannes) bedankt voor alle hulp en voor “mijn hand
vast houden” op 25 november! Matthijs, ik vind het bijzonder om goede vrienden én
goede collega’s te zijn. Johannes, ik hoop dat we de samenwerking voortzetten in de
toekomst.

Lieve vrienden bedankt! Ik heb niet veel over mijn werk met jullie gepraat
(dat is niet echt mijn ding). Aan het eind van mijn proefschrift staat een Nederlandse
samenvatting ;-) Ik heb veel energie gehaald uit jullie vriendschap! Dat heeft me
absoluut geholpen in mijn werk en het schrijven van mijn proefschrift. Ik denk aan:
voetballen, samen naar de kroeg, “sjeffen”, samen op vakantie, op de fiets, koffie in
het park, goede gesprekken, veel gelachen, veel gedaan, veel meegemaakt...

Jeroen, Thomas, Joeri en Katja + de kinderen. Bedankt voor de gezellige tijden,
goede gesprekken, bruikbare tips en broeder liefde.

Pa en Ma, bedankt voor de eindeloze steun en liefde door de jaren heen. Jullie
zijn fantastische ouders! Dit proefschrift is voor jullie.

Caroline, ik ben erg blij dat ik dit met jou kan delen. Ik ben benieuwd wat we

samen allemaal nog meer gaan meemaken in het leven. Ik heb er nu al zin in!
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