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Abstract

The goal of the current research was to examine the properties of visuomotor processing
occurring in the absence of conscious awareness. Specifically, we investigated the ability of
a subliminal stimulus to influence the on-line control of an action (Studies 1 and 2) and the
extent to which the same subliminal stimulus could influence action when the probability of
it predicting the upcoming response was manipulated (Studies 3 and 4). In order to display
stimuli subliminally, stimuli were presented through the psychophysical procedure of
metacontrast masking - a form of backward masking in which the visibility of a briefly
-displayed visual stimulus (the prime) is greatly reduced when it is followed by a second
visual stimulus (the mask). Thus in the present research we were interested in how the
primes would influence performance. Results revealed that (1) unconscious visuomotor
processing can result in the modification of an overt response, such that a goal-directed
movement is adjusted in response to a subliminal stimulus and (2) the visuomotor system can
be modified in response to manipulations of the prime-mask sequence presented at an
unconscious level. These results imply that subliminal stimuli are not processed in a
conditionally automatic manner. In order to explain the ability of subliminal stimuli to
influence behaviour we propose an accumulator model, in which adaptations to the state of
the system arising due to task constraints are reflected at the level of response activation (i.e.
at the accumulators). An “accumulator” is tuned to a speéific stimulus-response mapping
such that if participants are instructed to make a left or right response, two separate
.accumulators are established with one collecting neural evidence for stimuli mapped to the
left response and the other collecting neural evidence for stimuli mapped to the right
response. Both primes and masks are equally effective at driving the accumulators and a
response is initiated as soon as the accumulated neural evidence for one response versus the
alternative response reaches a critical threshold. The level of this threshold can be set

strategically, or modified without awareness, depending on the prime-mask sequence

displayed.
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CHAPTER 1
THESIS OVERVIEW

Over 300 years ago, Leibniz proposed that unconscious perceptual processes may influence

motor behaviour.

There are hundreds of pointers to the conclusion that at every moment there is
any infinity of perceptions that we aren’t aware of and don’t reflect on .... For
the choice that we make arises from these insensible stimuli. They mingle
with the effects of outer objects and events in our bodily interiors, making us
find one direction of movement more comfortable than the other.

Leibniz, New Essays on Human Understanding (1704/1981)

Fast forward to the present and we find a vast amount of support for Leibniz’s message.
Actions can be guided by events that are never consciously perceived, as demonstrated by the
 host of research discussed in this chapter. Howe{/er, while previous research clearly
illustrates that unconscious processes can influence action, the degree to which unconscious
events can impact performance is unclear. The goal of the current research is to examine the
properties of visuomotor processing occurring in the absence of conscious awareness.
Furthermore, by exploring the ability of subliminal visual information to contribute to motor
behaviour, I will propose two possible mechanisms to explain how information is processed

for action in the absence of conscious awareness.

1.1 Eye Blindness — Hand Sight: Evidence from patient populations
Individuals suffering from the neurological conditions of blindsight, visual agnosia

and visual extinction readily exhibit visually guided behaviour in the absence of conscious
awareness. For example, individuals diagnosed as clinically blind due to damage of the
primary visual cortex (V1) have been shown to orient their eyes and arm towards the location
of a visual stimulus, without any awareness of the stimulus being presented in the first place

(Poppel et al., 1973; Weiskrantz, 1974; Stoerig & Cowey, 1997; Danckert & Goodale, 2000).

Danckert and colleagues (2003) refer to these individuals as exhibiting action-blindsight.




In addition to object localization, Danckert and colleagues (2003) have demonstrated ‘
that movements to objects presented in the blind field of action-blindsight patients suffering
from damage to selective areas of V1 (e.g. patients with cortical hemianopia) are similar in
nature to movements made to objects presented in their sighted field. In the study by
Danckert et al. (2003), two individuals with cortical hemianopia pointed to targets at various
distances and directions from a home position. Thus, on any given trial the target was
presented either in a participant’s sighted field and available for conscious report or was
displayed in a participant’s blind field and unavailable to the conscious system. Despite
insisting that they were unaware of the target when it was presented in their blind field,
Danckert’s patients reliably pointed to the target position. Furthermore, kinematic profiles of
pointing movements completed to targets in the blind field mirrored the profiles observed
when participants pointed to sighted targets (e.g. pointing movements scaled to target
location, such that increases in peak velocity and time to peak velocity were observed when
the target was located at a greater distance from the home position, regardless of its location
in space). |

In accordance with the findings of Danckert et al. (2003), Perenin and Rossetti (1996)
have reported that individuals with damage to V1 can correctly orient their hand and size
their finger grip appropriately when reaching out to grasp unseen visual objects. The work of
Perenin and Rossetti (1996), together with the observations of Danckert et al. (2003), suggest
that visual stimuli can be localized without conscious awareness and, moreover, the
processes available for guiding actions towards these objects are similar to visuomotor
processes engaged when stimuli are available for conscious report.

Similar conclusions can be drawn from observing the motor behaviour of patient D.F.
D.F. suffers from visual agnosia, as a result of irreversible brain damage to the inferior
temporal cortex (ITC). However, despite her deficiency in seeing orientation and form, as
demonstrated by the inability to correctly (i) choose which of four line orientations depicted
on a card matches the orientation of a large slot, (ii) turn a hand-held card until its orientation
matches that of a slot, or (iii) indicate verbally the orientation of an oblong block placed on
the table in front of her, D.F. is able to reach out and orient a hand-held card in order to post

it through a slotted disc (Goodale et al., 1991). In addition, D.F. has shown accurate hand

and finger movements to objects that she consciously fails to perceive in terms of shape,




orientation and size (Carey et al., 1996). Thus, D.F.’s performance on various motor and
perceptual tasks further illustrates that a conscious percept is not necessary to guide action.

As a final example to illustrate that a lack of awareness does not prevent visual
information from guiding motor behaviour, we can look to the neurological condition of
visual extinction. Visual extinction typically arises after unilateral brain damage to the right
parietal cortex (Heilman et al., 1993; Driver et al., 1997). As a result of this cortical damage,
patients who suffer from visual extinction frequently fail té report brief stimuli presented in
their contralesional (left) hemifield if the ipsilateral field is stimulated simultaneously
(Bender, 1952). However, despite shifts in conscious awareness arising as a result of
modifications to the visual display, Schenk and colleagues (2005) recently demonstrated that
patients suffering from visual extinction can still use visual feedback to guide their limb in
the absence of awareness. ‘In the study by Schenk et al. (2005), a patient (V.E.) with left-
sided visual extinction due to right parietal damage was asked to point towards a target with
his left hand. The start position for the hand was 20 cm fo the left of V.E.’s midline. Target
positions were illuminated by light emitting diodes (LED) and were presented either 5 cm to
the left or right of the participant’s midline. A second LED was attached to the tip of V.E.’s
finger. At the start of each trial, a single target LED was presented for one second. After one
second the target-LED was turned off and a go tone sounded instructing V.E. to move to the
target position. At the start of movement, either the target-LED wﬁs turned back on (target-
only trials), the hand LED was turned on (hand-only trials), or both the target and hand-LED
were turned on (target + hand trials). After completing the pointing movement, V.E. was
asked to report if he had seen the target-LED, the hand-LED or both. V.E. accurately
reported the presence of the target and hand-LED on trials in which they were presented
individually. However, when both LEDs were presented simultaneously, V.E. failed to
report the presence of the hand-LED, which was to the left of his body-midline, on the
majority of trials. Despite this lack of awareness, results indicated that performance was
significantly better when visual feedback of the hand was available. Furthermore, the benefit
of visual feedback on performance was of the same magnitude, regardless of whether or not
it was available for conscious report.

Based on this body of work examining residual motor abilities in patients suffering

from numerous neurological disorders, it is apparent that actions can be guided by visual




events in the absence of conscious awareness. Moreover, the visuomotor processes engaged
by visual information unavailable to the conscious system appear to be similar to those

activated when a stimulus is available for conscious report.

1.2  Eye Blindness - Hand Sight: Evidence from the healthy population
- The case studies discussed above clearly demonstrate the ability of unconscious

events to influence motor performance after there has been damage to certain areas of the
cortex. However, as informative as these reports are, they do not allow one to make
assumptions regarding unconscious visuomotor processes occurring in the general, healthy

- population. Furthermore, the paradigms employed with patient populations have primarily
focused on hovaarticipants interact with objects presented in the environment, limiting the
ability of subliminal visuomotor processes to influence performance. Thus it is unclear to
what extent unconscious events can guide responses in a healthy population, in which the
system has not been modified as a result of cortical damage.

There have been two general approaches to the investigation of subliminal
visuomotor guidance in the healthy population. These approaches differ drastically. For
example, one approach explores the degree to which motor output diverges from
participants’ intentions (see section 1.2.1: Automatic visuomotor guidance). The other
focuses on the ability of a brief visual stimulus presented below the threshold of conscious
awareness to influence reaction time to a visible stimulus presented later in time (see section
1.2.2: Masked priming in metacontrast masking). Despite their differences, both approaches
make inferences about subliminal processing by examining responses to visible stimuli (i.e.
stimuli available to the conscious system). The results from these two areas of research make
apparent that even in the healthy population, actions can be influenced by visuomotor
transformations occurring in the absence of awareness. Furthermore, results obtained in
metacontrast masking paradigms suggest that subliminal processes can influence action to a

greater extent than has been suggested by previous studies involving patient populations.

1.2.1 Automatic visuomotor guidance
Visuomotor transformations occurring in the absence of conscious awareness have

been inferred from (1) the impact of an irrelevant stimulus property on response selection and




(2) adjustments in limb trajectory in response to changes in the environment. Thus, when
taken together, the results from these different tasks provide insight into how unconscious
VisSuomotor processes influence movement initiation and the control of an ongoing
movement. In general, the influence of an irrelevant stimulus property on response selection
has been explored in reaction time (RT) tasks in which participants are given a specific
stimulus-response mapping (i.e. participants are instructed to press either a left or right key as
fast as possible depending on the identity of the presented stimulus). Surprisingly, RT to the
stimulus has been shown to be influenced by its relative position (the Simon effect, first
reported by Simon and Rudell, 1967) and intrinsic features (Tucker and Ellis, 1998; Ellis and
Tucker, 2000), even when these properties are irrelevant to the task at hand.

As an example of a choice RT task demonstrating the Simon effect, De Jong and
colleagues (1994) instructed participants to make a speeded response based on stimulus
colour. For example, participants were instructed to press a left key when a blue squaré was
presented and a right key when a red square was presented, irrespective of the location of the '
- stimulus (i.e. regardless of whether the stimulus was presented to the left or right of a central
fixation). De Jong and colleagues (1994) found that RT was fastest on trials in which the
stimulus was presehted on the same side as the required response (e.g. RT was faster on trials
in which the blue square was presented to the left of fixation compared to trials in which the
blue square was presented to the right of fixation). These results demonstrate that even when
the location of a stimulus is irrelevant to the task, it is processed to an extent that enables it to
exert a marked influence on responses to relevant stimulus features.

In addition to‘stimu'lus location, Tucker and Ellis (1998; Ellis and Tucker, 2000) have
recently demonstrated that properties within an object can influence motor behaviour. In
their task participants were instructed to make a key press response based on the orientation
of an object (e.g. to press a left key if a cup was upright and a right key if the cup was
inverted). Tucker and Ellis (1998; Ellis and Tucker, 2000) found that responses were
influenced by the location of the object’s handle, even though the handle did not predict the
object’s orientation. From these RT results and results demonstrating the Simon Effect (see
DeJ ong et al,, .1994), it is evident that properties of a stimulus, which need not be attended to
in order to select the appropriate response, are processed, and processed to an extent that they

influence action. The influence of the corresponding visuomotor transformations on RT



dependé on whether or not the response activated by the irrelevant stimulus feature
~corresponds to the action to be completed. For example, RT is faster when the response
activated by the irrelevant stimulus feature and the response activated by the identity of the
stimulus correspond. The inability of participants to disregard these irrelevant features, even
when they hinder performance, has led some researchers to conclude that irrelevant visual
features activate a response automatically (see De Jong et al., 1994). Furthermore, in
accordance with the definition of automatic (see Posner and Snyder, 1975; Shiffrin and
Schneider, 1977; Bargh, 1992), these visuomotor transformations are regarded as
involuntary, unintentional, autonomous and occurring outside of conscious awareness.

More direct examples of automatic visuomotor guidance, occurring in the absence of
conscious awareness, can be observed during reaching movements, when the limb is in flight.
For example, rapid on-line adjustments of the limb during pointing, reaching and grasping
movements have been demonstrated in response to changes in the location, orientation or
shape of a target object (e.g., Prablanc et al. 1986; Paulignan et al. 1991; Desmurget and
Prablanc 1997; Bard et al. 1999; Desmurget et al. 1999; Pisella et al. 2000; Brenner and
Smeets 2003). These limb modifications occur well in advance of the point in time at which
individuals become consciously aware of the changing task environment (Castiello and
Jeannerod 1991; Castiello et al. 1991; Johnson et al. 2002) and under some conditions,
participants are also unaware of their own limb modifications in response to these changes
(Goodale et al. 1986; Pelisson et al, 1986; Day and Lyon 2000; Fecteau et al. 2001; Chua and
Enns 2005). | |

Moreover, on-line modifications to visually guided actions have been shown to take
place regardless of one’s intentions (see Day and Lyon, 2000; Pisella et al., 2000; Cressman
et al., 2006a). In the study by Pisella and colleagues (2000), participants were required to
point rapidly to targets that would occasionally jump to another location immediately upon
the start of the movement. Participants performed under one of two instructional sets:
“‘location-go’’ (LG) and ‘‘location stop’’ (LS). The LG instructions were to respond to the
target jump by pointing to the new location, whereas LS instructions were to interrupt the
movement if a target jump was detected. The main finding was that participants modified

their pointing and touched down at the new target location on a significant number of trials,




regardless of instructions. From these results, Pisella and colleagues (2000) concluded that
the limb is driven by an “automatic pilot”, which can escape intentional control.

Taken together the results obtained from RT tasks and on-line pointing paradigms in
healthy individuals demonstrate that one’s limb is not under volitional control at all times.
Based on this observation, researchers have concluded that even in healthy individuals,
visuomotor processes do not always lead to or require conscious awareness. Furthermore,
because these visuomotor processes arise in response to a stimulus, regardless of intention,
researchers have typically characterized these visuomotor transformations as automatic. For
example, stimulus onset or a change in stimulus position automatically activates visuomotor
transformations, before conscious awareness of transpiring visual events emerges and the
control of the movement can be governed according to one’s intentions (see Day and Lyon
2000; Pisella et al., 2000; Cressman et al., 2006a). Finally, the corresponding visuomotor
transformations appear to be completed with the purpose of allowing one to act directly on
the object of interest (e.g. point to the target), in a similar manner as observed in patient

populations.

1.2.2 Masked priming in metacontrast masking ‘
As an alternative approach to the investigation of subliminal visuomotor processing

in the healthy population, researchers have explored the ability of stimuli presented below the
threshold of conscious awareness to influence response selection. In order to present stimuli
subliminally, researchers have employed the psychophysical procedure of metacontrast
masking. In general, masking refers to the reduction in visibility of a briefly displayed visual
stimulus (the prime) when it is preceded, combined with or followed by a second stimulus
(the mask) (for reviews see: Kahneman, 1968; Breitmeyer, 1984; Breitmeyer and Ogmen,
2000; Enns and Di Lollo, 2000). Metacontrast masking is a form of backward masking, in
which the visibility of the prime is reduced by a temporally lagging mask, whose shape
closely fits the outer contour of the prime without overlapping it (see Figure 1a). By varying
the amount of time that passes between the onset of the prime and the mask, the prime can be

rendered invisible to the system responsible for conscious reports and discrimination; prime

visibility is typically lowest when the interval is between 40-80 ms (Breitmeyer, 1984).




Although the primes cannot be perceived by the conscious system as a result of
metacontrast masking, researchers have demonstrated that the primes influence motor
responses to the mask stimuli (i.e. masked priming: the metacontrast dissociation).
Specifically, both simple and choice reaction times to the mask have been shown to be faster
when the mask is preceded by a prime that shares response relevant features (Fehrer and
Raab, 1962; Taylor and McCloskey, 1990, 1996). As an eXample demonstrating this
metacontrast masking dissociation, Vorberg and colleagues (2003) had participants respond
as fast as possible to the left or right direction of a centrally presented large arrow by
pressing a corresponding key with the left or right index finger, respectively. The large
arrow masked the presence of a preceding smaller prime arrow that pointed in the same
direction (congruent) or opposite direction (incongruent) as the mask. Reaction times to the
large arrow were significantly faster when it was preceded by a congruent prime in
comparison to an incongruent prime, even though the primes could not be consciously
discriminated (see Figure 1b). In addition to orientation, reaction time benefits for congruent
prime-mask sequences in comparison to incongruent prime-mask sequences have been
observed when the prime and mask share the same location (Ansorge et al., 2002), shape
(Neumann and Klotz, 1994), colour (Schmidt, 2002; Breitmeyer et al., 2004) or semantics
(Dehaene et al., 1998; Kunde et al., 2003). '

The findings obtained in metacontrast masking RT paradigms provide further support
for the claim of subliminal visuomotor guidance. However, in contrast to previous findings,
results obtained in metacontrast masking RT tasks demonstrate that unconscious events are
not confined to influencing actions automatically, as a result of stimulus onset. In
metacontrast masking RT paradigms, a stimulus presented below the threshold of conscious
awareness influences motor responses in accordance with its identity. Specifically, a prime
will influence performance if it shares a response relevant feature with the mask stimulus
(e.g. the primes and masks are both arrows) (see Ansorge et al., 2002; Enns-and Oriet, 2007).
In order to achieve these results, the unconscious system must be capable of identifying the
stimulus (on some level). Consequently, the results obtained from metacontrast masking RT
paradigms demonstrate that subliminal visuomotor processing extends beyond the automatic

localization of objects for action control. This raises the question: To what extent can

unconscious processes contribute to motor behaviour?




The proposed research attempts to address this issue. In order to examine subliminal
visuomotor guidance the stimuli will be presented using a metacontrast masking procedure,
as this type of paradigm allows us to examine properties of subliminal processing which
extend beyond object localization for action control. In addition, in contrast to previous
paradigms examining unconscious processing, metacontrast masking ensures that stimuli are
presented below the threshold of conscious awareness and prevents participants from gaining

‘access to information conveyed by the prime stimuli. Thus, any influence of the primes on
performance can be regarded as arising as a result of subliminal processing. Before outlining
my specific research questions, I will briefly review current theories put forth to explain the

metacontrast dissociation.

1.3 Current explanations of masked priming
At present, no single theory adequately explains how a prime is masked from

awareness and yet is able to influence motor output in accordance with its idenﬁty.
However, a number of theories have been put forth to explain different aspects of the,
metacontrast dissociation. Specifically, Di Lollo and colleagues (2000; see also Enns and Di
Lollo; 2000) have suggested that primes are masked from conscious awareness because of
cortical re-entrant processes, and Neumann (1990) and Kunde and colleagues (2003) have
both adopted a top-down contingency (TDC) framework in order to explain the ability of
subliminal primes to influence motor output. It is important to note that even though these
theories attempt to explain different aspects of the metacontrast masking dissociation, they
do not contradict each other. For example, while the cortical re-entrant processing
explanation of metacontrast masking does not account for how subliminal stimuli influence
action, it does not exclude prime-related activity from influencing motor responses in
accordance with the TDC framework, and vice versa.

The proposal of Di Lollo and colleagues (Di Lollo et al., 2000; Enns and Di Lollo,
2000) is founded on the principle that feedback, or re-entrant, processes between brain areas
(i.e. the relaying of information from higher to lower visual cortical areas) are required
before conscious awareness of the stimulus can arise (Sillito et al., 1994; Hupe et al., 1998;

Lamme and Roelfsema, 2000). Specifically, in the model of masking put forth by Di Lollo

and colleagues, the emergence of conscious awareness is based on the activity of modules



arranged over the visual field. Each module is a circuit with connections to primary visual
cortex (area V1) and a topographically related region in the extrastriate visual area. In order
for conscious awareness to arise a match must occur between a descending code,
representing a perceptual hypothesis, and the on-going pattern of low-level activity in V1. In
a metacontrast masking RT paradigm the contents of area V1 change with the onset of the
mask stimulus. Thus, Di Lollo and colleagues (Di Lollo et al., 2000; Enns and Di Lollo,
2000) propbse that the prime fails to reach conscious awareness because there is a mismatch
between the re-entrant prime signal and ongoing activity at the lower level.

In keeping with Di Lollo and colleagues’ (Di Lollo et al., 2000, Enns and Di Lollo,
2000) explanation of metacontrast masking, Ro and colleagues (2003) have demonstrated
that feedback processes in early visual cortex play a pivotal role in visual awareness. Ro et
al. (2003) utilized a metacontrast masking paradigm and examined the ability of participants
to detect the presence of a prime, while applying transcranial magnetic stimulation (TMS) to
V1 at certain times after mask onset. As expected, the application of TMS resulted in
suppression of the mask from conscious awareness. More importantly however, TMS also
induced recovery of the otherwise imperceptible prime stimulus, revealing the importance of
feedback processes in conscious awareness.

Based on the ability of subliminal prime stimuli to influence motor responses it is
apparent that similar feedback connections are not required in order for the unconscious
system to process a stimulus for action. In accordance with this suggestion, a number of
theories have been put forth to explain the ability of subliminal primes to influence motor
behaviour (e.g. Neumann’s (1990) theory of Direct Parameter Specification and Kunde and
colleagues’ (2003) Action-Trigger Hypothesis). In general, these theories can be described
as adopting a top-down contingency (TDC) framework of subliminal processing. The TDC
framework proposes that the ability of a subliminal stimulus to inﬂuence action is dependent
on what one intends to respond to, or one’s pre-stimulus intentions. In particular, Neumann
(1990) and Kunde et al. (2003) hypothesize that a fixed stimulus-response mapping is
established based on the instructions provided. This creates appropriate release conditions or
“action-triggers” for task-defined response alternatives (e.g. participants prepare to press a

left key when a left arrow is presented and a right key when a right arrow is displayed). At

the start of each trial, the action-triggers are activated and waiting for the last visual




parameter that will uniquely specify the required response (e.g. which hand). If an external |
event matches one of these conditions, the corresponding response is activated without
requiring conscious mediation. Thus, the processing of subliminal information is governed
by one’s intentions (i.e. the established action-triggers).

Furthermore, it has been suggested that unconscious processing of stimuli within the
established action-trigger set has an automatic influence on performance (Neumann, 1990;
Ansorge et al., 2002; Kunde et al., 2003). For example, if the prime matches a pré—stimulus
action-trigger it will have a set impact on motor performance (i.e. evoke a specific response
in an immediate fashion). This proposed impact of subliminal information on action has
been referred to as conditionally automatic (Bargh, 1992). It differs from the automatic,
unconscious behaviour described in previous sections (e.g. 1.1: Evidence from patient
populations and 1.2.1: Automatic visuomotor guidance), in that participants must intend to
respond to a particular property of the stimulus in order for it to exert an influence.
However, similar to these previous findings, the current TDC framework places restrictions
on subliminal visuomotor processing. Specifically, it posits that unconscious processes,
engaged during a metacontrast masking RT paradigm, are restricted to a task-relevant

subliminal prime activating a corresponding action trigger.

1.4  Aims of the experiments
According to the top-down contingency framework of subliminal processing,

unconscious events influence action in a conditionally automatic manner. While the results
obtained to date in the majority of metacontrast masking paradigms clearly support this
claim, there has been no systematic investigation examining the ability of subliminal
processes to influence stages of movement production other than response initiation (e.g.
movement execution), or possible changes in motor performance when the prime-mask
sequence displayed is manipulated. Thus, the present research sought to determine the extent
to which unconscious processes can influence action by exarrﬁning motor performance under
various task constraints. In all four studies our stimuli were presented in a metacontrast
masking paradigm and findings are discussed in light of the assumptions put forth by the top-

down contingency framework of subliminal processing. The first two studies examined the

ability of prime stimuli to influence the on-line control of action. Having established that




subliminal stimuli can take over the control of an on-going action in an automatic manner,
we next investigated modifications in unconscious visuomotor processing when the prime-
mask sequence displayed was manipulated (Studies 3 and 4). Each study is briefly outlined

below:

Study 1: On-line control of pointing is modified by unseen visual shapes

Shapes that are rendered invisible through metacontrast masking are still able to
influence motor responses: a phenomenoh referred to as masked priming. This has been
repeatedly demonstrated in metacontrast masking reaction time paradigms, in which response
time to the mask has been shown to be influenced by the preceding subliminal prime
stimulus. Based on these results it is unclear whether this influence is on the control of
ongoing action, or whether it merely influences the initiation of an already-programmed
action. In order to address this issue we modified a masked priming procedure such that the
critical prime-mask sequence was displayed during the execution of an already-initiated goal-
directed pointing movement. We were interested in determining if subliminal processes
could influence the on-line control of action, specifically whether subliminal stimuli could

take over the control of an action after a different action had already been initiated.

Study 2: Can the processing of visually-masked stimuli during rapid target-directed actions
be mediated by the dorsal stream? '

The results of Study 1 indicate that stimuli presented below the threshold of
conscious awareness can take over the control of a goal-directed movement. In the current
study, we examined if movement adjustments observed in response to prime stimuli are
automatic (i.e. arise as a result of operations occurring in the dorsal visual stream). While,
previous research has proposed that unconscious visuomotor processing of masked primes
could be a signature of the operation of the dorsal visual stream (see Eimer and
Schlaghecken, 1998; Jaskowski et al., 2003; Schmidt, 2002), tasks investigating masked-
priming have not typically been designed to be conducive to dorsal stream processing. Thus,
in the present study, we examined the influence of prime stimuli on rapid visually-guided

actions whose characteristics were particularly suited for dorsal stream control.
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Study 3: Unconscious but under control: Subliminal behaviour is sensitive to observer
expectations

The results of Study 1 and Study 2 indicate that stimuli presented below the threshold
of conscious awareness can automatically take over the control of a goal-directed movement.
These results differ from findings obtained in previous metacontrast masking RT paradigms.
Specifically, while reaction time paradigms have consistently demonstrated that prime-
related activity can influence response selection processes, sublinﬁnal processing does not
typically result in an overt motor response. The difference in response patterns between the
two tasks (i.e. reaction time vs. pointing task), suggests that the impact of subliminal stimuli
on action is dependent on task constraints. Hence, unconscious visuomotor processes do not
influence action in the automatic manner proposed‘ by the top-down contingent framework of
subliminal processing (i.e. subliminal processing does not have a set impact on motor
performance). In this study we examined if the impact of the directional primes on the
control of a goal-directed movement would be influenced by the baseliﬁe probability of
movement in a certain direction. Participants completed the same goal-directed pointing
movement as in Studies 1 and 2. However, in contrast to previous work, participants were
instructed that on the majority of perturbation trials, they would be required to complete their

movement in a particular direction.

Study 4: Pushing the limits of unconscious processing: Evidence for an adaptive visuomotor
system

Results from the previous studies indicate that subliminal information is not
processed in the conditionally automatic manner put forth by the current top-down
contingency framework. The influence of subliminal stimuli on performance depends on the
task (i.e. response selection vs. on-line control) and the ability of the stimulus to accurately
predict the upcoming response. Thus, task constraints can change how the system will
respond to information conveyed by a subliminal stimulus. In previous experiments we have
assumed that conscious awareness of the task at hand resulted in modifications in the
visuomotor system, and hence the impact of the subliminal primes on performance. In the
fourth and final study we examined if the influence of subliminal processing on performance

could be modulated when the task constraints were manipulated unconsciously. Specifically,
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we conducted 4 separate metacontrast masking RT experiments in which the prime-mask
sequence was manipulated at a conscious and unconscious level. The first experiment was
conducted il:l order to establish participants’ baseline performance. This performance was
then compared to experiments in which (1) one particular mask, and hence the associated

response was more probable, (2) one directional prime was more probable and (3) the

proportion of congruent prime-mask trials was manipulated.




1.5  Figure

Choice Response Time Task

8

RT Relative to Neutral Prime (ms)
8

Prime-mask Relation

Figure 1.1. Adapted from Cressman et al. (2006b). (A) An example of the temporal
sequence and stimuli displayed in a metacontrast masking reaction time (RT) task. Note:
only one of the primes (the neutral or directional) would be displayed on each trial. (B)
Typical effect of prime-mask congruency on choice reaction times (RT) to the mask stimulus
in a metacontrast masking RT paradigm. Results are shown for congruent and incongruent
prime-mask combinations with respect to mean performance on trials in which a neutral
prime was displayed. Note that a negative score indicates responses were initiated faster than
when a neutral prime was displayed, whereas a positive score indicates performance was
slower.
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CHAPTER 2
STUDY 1: On-line control of pointing is modified by unseen visual shapes’

2.1  Introduction
Most of us behave in our everyday life as though our limb actions are under our

conscious control at all times. In fact, when brain pathology, trauma, or disease cause limb
actions to occur that are not intended, neurologists provide special designations, such as
dystonia for chronic involuntary movements (Berardelli et al., 1998), apraxia for a reduced

ability to make voluntary movements, (Hermsdorfer et al., 1999) and alien hand syndrome

for movements that seem to be controlled by an outside force (Parkin & Barry, 1991;
Feinberg et al., 1992). Here we examine the possibility that some visually guided actions,
even in healthy adults, are controlled by events that are never experienced at a conscious
level.

The question of whether visually guided actions can be controlled by events outside
of awareness poses a considerable challenge to the researcher. First, an experimental
protocol is required in which visual events are presented that, on the one hand, are intense
enough to influence brain processes in the participant, but on the other hand, do not result in
explicit awareness of these events. Second, these subliminal events must be shown not only
to influence visual processes, but also to influence motor action. Finally, it is not enough to
show that motor responses are merely influenced by subliminal events; this could come about
by the initiation (priming) of a response that has already been consciously prepared. For
example, as a consequence of the instructions provided, an action plan may be established
and the participant may use the subliminal information to initiate the preprogrammed
response. Thus, to show that visually guided actions can be controlled by subliminal events,
it is necessary to show that the priming occurs while motor actions are ongoing. This was
the challenge we set for ourselves in the present study.

An established method for presenting subliminal shapes to participants is through the
psychophysical procedure of metacontrast masking (for reviews see Kahneman, 1968;

Breitmeyer, 1984; Breitmeyer and Ogmen, 2000; Enns and Di Lollo, 2000). This is a form of

! A version of this chapter has been accepted for publication.
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unseen visual shapes. Consciousness and Cognition, in press.




backward masking in which the visibility of a briefly displayed shape (called the prime) is
greatly reduced when it is followed by another shape that fits snugly around the first shape
but does not touch it (called the mask). By varying the amount of time that passes between
the onset of the prime and the mask, the prime can be rendered invisible to the system
responsible for conscious reports and discrimination; prime visibility is typically lowest
when the interval is between 40-80 ms (Breitmeyer, 1984). Studies have shown that even
under circumstances in which prime shapes cannot be discriminated above a chance level,

~ these unseen prime shapes still influence motor responses that are made to the visible mask
that follows in time. Both simple and choice response times to the mask are faster when it is
preceded by a prime that shares attributes critical to the correct response (Taylor and
McCloskey, 1990, 1996; Klotz and Neumann, 1999; Ansorge et al., 2002).

But are these responses to the mask reflecting a direct subliminal influence on an
ongoing action? Or is the influence on the initiation of an already-prepared action? In a
recent study designed to document direct subliminal influences on the on-line control of
action, Schmidt (2002) modified a metacontrast masking procedure so that his participants
made short aiming movements in response to the colour of the mask (instead of the usual
presses on keys in fixed locations). Red and green prime disks were first presented
simultaneously in opposite quadrants of a screen, 32 mm away from a central fixation point.
These prime disks were displayed for 10 ms and then masked by red and green annuli (rings)
that appeared 10 to 60 ms after the onset of thee primes. At each prime location, the annulus
colour was either the same as the previous prime (an example of a congruent trial, in which
the prime and mask indicated the same response was required) or opposite (an example of an

incongruent trial, in which the mask indicated the alternative response to that initially

specified by the prime was required). Participants were instructed to move their finger
quickly and accurately from the central home position to the annulus with a pre-specified
colour (e.g., red).

Despite the fact that the prime disks were masked so that their colour could only be
correctly discriminated 55 to 65% of the time (chance = 50%), Schmidt reported that motor
responses to the mask were strongly influenced by location of the red prime disk.
Participants tended to begin their movements approximately 230 ms after prime onset,

regardless of the prime-mask onset asynchrony. Most importantly, these movements initially
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began in the direction of the red prime disk and so were slower to complete on incongruent
trials (when the red mask annulus appeared in another location) than on congruent trials
(when the red mask annulus was in the same location). A kinematic analysis revealed that
these movement trajectories were modified while the finger was in flight, with noticeable
corrections on incongruent trials and a single fluid limb motion on congruent trials.

Schmidt’s (2002) results clearly show that the colour of the subliminal prime disks
influenced the trajectory of a limb movement. However, it is not clear that this influence was
on the on-line control of actibn, as claimed. Instead, it is possible that only the initiation of
the response (e.g., move to the red location) was influenced by the prime, with the decision to
initiate the movement on the basis of the prime leading to more rapid success on congruent
trials and less direct success on incongruent trials. If so, the effects of the prime were on
movement initiation not on the control of ongoing action.

This leaves us with the question of whether subliminal shapes can influence the on-
line control of action, specifically whether they can influence an action after a different
action has already been initiated. To address this question we modified Schmidt’s (2002)
procedure such that the critical prime-mask sequence was presented after the initiation of a
goal-directed movement. The sequence of events is illustrated in Figure 1. Participants were
given a fixed movement goal, to complete a rapid movement to a center target location. On
75% of trials, they simply performed the task of pointing to a target shape that appeared in
the center of the display. However, on 25% of trials, a directional arrow prime-mask
sequence was presented in the center location. This directional mask was the signal for
participants to modify their pointing movement so that their finger landed in either the left or
the right eccentric target location, according to the direction indicated by the mask.

We reasoned that if masked primes could influence the on-line control of a goal
directed movement we would observe deviations in movement trajectories that corresponded
to the identity of the unseen primes shortly after the onset of those primes. Furthermore,
there should be a difference in the trajectories observed for congruent and incongruent prime-
mask pairs. On the other hand, if masked primes are only able to influence the initiation of
an already prepared action then deviations in the movement trajectories should only be seen

in response to the direction indicated by the visible mask. Congruent versus incongruent

prime-mask pairs should then not have any influence on movement trajectories.




2.2  Method
2.2.1 Participants. Eleven right-handed university students (7 female, 4 male, mean age =

21.9 + 2.2 years) with normal or cdrrected—to—normal visual acﬁity participated in this study.
Participants were paid $20 for their involvement. All participants gave informed consent,
and the study was conducted in accordance with the ethical guidelines set by the University
of British Columbia. Data from one participant were excluded for failure to follow task
instructions. _

2.2.2 Apparatus. Shapes were presented in white on a black background (Viewsonic 197
monitor, 70 Hz refresh), oriented 20 degrees from the horizontal. Participants viewed the
display from a distance of approximately 60 cm, with their head movements restricted by a
chin-rest. The participants were positioned such that their midline was aligned with the
center of the display and a home position (demarcated by a 12 mm circular marker) located
centrally at the bottom of the display. In all tasks, stimuli were presented in the center of the
display, located 27.0 cm directly above the home position. A DOS-based microcomputer
was used to control stimulus presentation and data collection.

2.2.3 Stimuli. Prime shapes (4 mm x 9 mm) consisted of a left-pointing and right-pointing
arrow, as well as a neutral shape formed from the superimposition of the two arrows. Masks
consisted of larger (23 mm x 28 mm) versions of the same shapes as the primes, with a
central cutout (see Figure 1). The outer contour of the prime stimuli fit exactly within the
inner contour of the central cutout of the masks. In all trials, primes were presented for 14
ms and the prime-mask stimulus-onset asynchrony (SOA) was set at 56 ms. The SOA
duration was selected based on pilot experiments demonstrating that it produced the strongest
metacontrast masking. Masks were presented at the same central position as the primes until
the pointing response was complete (approximately 400 ms).

2.2.4 Movement Analysis. Participants performed the pointing task with a stylus in their
right hand. An infrared-emitting diode was placed at the tip of the stylus and 3D position
was monitored using an OPTOTRAK (Northern Digital, Waterloo, Ontario) motion analysis
system (spatial resolution 0.01 mm). The tip of the stylus was equipped with a microswitch
that provided an analog signal indicating whether or not the stylus was in contact with the

surface of the display. The 3D position of the stylus and the status of the microswitch were
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'sampled at 500 Hz. Raw data from the OPTOTRAK were converted into 3D coordinates and
digitally filtered using a second order dual-pass Butterworth filter with a low-pass cutoff
frequency of 10 Hz. The start and end of the movement was determined by the status of the
stylus miscroswitch.

2.2.5 Procedure. Participants completed three tasks in a single experimental session. First,

they performed the Mask Response Time task. Participants rested their left and right index

fingers on the left “z” key and right “/”” key of a standard keyboard, respectively. The
keyboard was centered on the home position. Participants were instructed to direct their
attention to a fixation point at the center of the display monitor (500-1000 ms) and respond as
quickly and as accurately as possible to the direction of the mask arrow (left or right) with
the corresponding key press. Mask arrows were preceded by a left pointing, right pointing,
or neutral prime arrow (14} ms). Prime-mask SOA was 56 ms. Participants completed a
single block of 120 trials.

Participants then performed the Mask Pointing task, which involved making pointing
movements from a home position to a center square target (3.3 cm®) 27.0 cm away. The
center target was flanked on each side by square targets such that the distance between the
middle of the center target and the left or the right target was 7.0 cm. Participants could
begin their movement to the center target anytime following the appearance of the target
boxes (with no reaction time constraints). On 75% of the trials (direct pointing), movement
of the stylus initiated the appearance of the neutral prime shape (14 ms) followed by a neutral .
" mask shape (SOA = 56 ms) in the center target box. Participants were instructed that when
this neutral mask shape appeared they were to continue pointing to the center target with a
movement time goal of 300-500 ms. On the remaining 25% of trials (perturbed pointing), the
prime was one of three shapes (left arrow, right arrow, neutral shape) and the mask in the
center box was either a left or a right pointing arrow. Participants were instructed that the
mask arrow was a signal to modify their pointing movement to the center box and to
complete their point by landing in the box indicated by the mask arrow.

Participants began with 20 practice trials of direct pointing. They then completed 2

blocks of 240 test trials in which the 75% of direct pointing trials were randomly interspersed

- with the 25% of perturbed pointing trials. Movement time was measured from stylus lift-off




to stylus contact with one of the target boxes. Participants were given a movement time goal
of 300-500 ms and movement time feedback was provided following all direct pointing trials.

The final task performed by all participants was Prime Identification. Participants

were told that one of three prime shapes would be presented randomly on each trail and their
task was to identify them by making a 3-alternative forced choice. They were also told that
only accuracy was being measured and that response speed was no longer important. The
display sequence was identical to the mask pointing task. Participants viewed the prime-mask
sequence with their right index finger resting on the space bar. A tone sounded 400 ms
following the mask, indicating that the participant could respond by pressing the left key (b),
the center key (n), or the right key (m) with their right index finger to indicate a left pointing,

neutral or right pointing prime arrow, respectively. Each participant completed 120 trials.

23 Results
Prime Identification: Primes were barely visible to participants.

At the beginning of the prime identification task, all participants were surprised to
learn that mask arrows had been preceded by prime arrows. These subjective reports were
confirmed by their performance in the prime discrimination task. Chance performance in this
task was 33% (given the three equally likely alternatives). Mean accuracy collapsed across
all prime-mask sequence combinations was 39.67% + 17.16 (SD), which differed
significantly from the chance level of 33.3% at the p < .05 level, but not at the p < .01 level,
t(1,9) = 2.7. This is less than the level of visibility reported by Schmidt (2002), where
accuracy was at 60% and chance was 50%.

We also noted that prime ’accuracy differed significantly, depending on the relation

between prime and mask. Mean accuracy on neutral prime and incongruent prime-mask
trials did not differ significantly from the chance level of 33% (neutral prime: x =31.8%,
t(9) < 1, incongruent prime: X = 34.5%, t(9) < 1), but mean accufacy on congruent prime-
mask trials was significantly greater (52.8%, t(9) = 4.60, p = .001). A_ data pattern like this
has been attributed to a biasing influence of the visible mask on reports of the prime rather

than a true measure of prime visibility (Vorberg et al., 2003).
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Mask Response Time: Invisible primes influence response selection.

Participants were very accurate in the mask response time task (> 97% correct
overall) and mean correct response times (RT)? with respect to the neutral prime trials are
shown in Figure 2. In addition to the difference scores displayed in Figure 2, the RTs for all
prime-mask trial combinations are provided in Table 1. The influence of the prime arrows on
these responses can be seen in the large statistical interaction between prirﬁe and mask
shapes, F(2,18) = 128.761, p < .001. Post hoc mean comparisons (Tukey HSD) revealed that
RT was smaller when masks were preceded by congruent primes than by either incongruent
(p < .05) or neutral primes (p < .05). Furthermore, mean RT was larger for incongruent
displays than for neutral displays (p < .05). This replicates the previously reported finding
that invisible primes influence choice response times to the identities of similar looking
masks (Taylor and McCloskey, 1990, 1996; Klotz and Neumann, 1999; Ansorge et al.,
2002).

Mask Pointing: Invisible primes influence the on-line control of action.

Participants were able to complete the movement to the center target on direct

pointing trials within the required movement time (x =392 ms % 40.5 SD). When the

directional masks appéared on perturbed trials, participants were able to successfully modify

their movements and land in the appropriate eccentric target on the majority of trials (x =
86.1 % = 18.1 SD). On the 14% of perturbed trials on which participants failed to modify
their pointing correctly, their fingers always landed in the center target within the movement
time goal. However, this error occurred less frequently when a directional prime preceded

the directional mask (congruent = 8% + 12.4 SD; incongruent =7% + 7.3 SD), than when a

neutral prime preceded the directional mask (x =26% +23.9 SD, F(2,18 )=9.738, p =
.001). This is therefore initial evidence that the prime shape (in this case the neutral prime)
influenced the ultimate target of the pointing action.

Movement time (MT) on corrected perturbed trials, with respect to perturbed trials in
which the neutral prime was displayed, is shown in Figure 3 and MT for all prime-mask

combinations provided in Table 1. In addition to the error results, the MT results indicate

? In all other chapters, the term response time (RT) has been replaced with reaction time (RT).




that the prime-mask relationship influenced the pointing response, F(2,18) = 39.52, p < .001)
(see Figure 3). Post-hoc tests (Tukey HSD, p < .05) indicated that participants were faster to
complete movements to an eccentric target when the directional mask was preceded by a
congruent than an incongruent prime. The difference in movement time between
incongruent and neutral primes was not significant. These results indicate that the primes
were having an influence on the overall time required to complete a successful pointing
modification. - _

But at what point in the ongoing pointing action did the primes begin to have an
influence? To examine this question, we compared pointing trajectories for the perturbed
trials in which participants moved to the correct eccentric target to an average spatial
trajectory computed for the direct pointing trials. The average spatial trajectory in the 2D
plane was calculated for each participant from all direct pointing trials in the 2 testing blocks.
The points in this trajectory were obtained by deriving the mean lateral spatial position in the
x-y plane for every 2 mm of forward movement progression. If a trajectory did not have a
position value at the exact spatial location required, one was obtained by linear interpolation
from the closest data points within a maximum distance of 1 mm. In addition, the standard
deviation of the mean position in the x-direction was also calculated. The resulting mean
spatial trajectory, together with its 2 standard deviation bandwidth, then became the standard
against which pointing on perturbed trials were assessed (see Cressman et al., 2006).

Figure 4 illustrates a mean spatial trajectory, computed from the direct pointing trials,
and individual perturbed trials in which a participant responded to a left pointing arrow mask
and landed in the left target. From the mean path displayed (open circles) it appears that the
trajectories on direct trials move in a fairly straight line toward the center target box. In
contrast, the trajectories on perturbed trials differed substantially from the direct pointing
trials and from each other depending on the shape of the prime displayed. In the perturbed
pointing trials (solid lines), trajectories initially deviated in the direction of the prime,
regardless of the mask displayed. Thus there was no inhibition, as the primes activated a
response directly. Pointing modifications to the left goal target were made earlier for

congruent primes than neutral primes, and pointing modifications were initially made in the

wrong direction for incongruent primes.




To examine these differences in movement perturbations, a conservative estimate of
the time at which the movement began to deviate toward the target specified by the mask (i.e.
left target) was calculated. This estimate was defined as the point in time at which
displacement in the horizontal axis of the movement reached a maximal value and showed a
reversal toward the appropriate eccentric target. These mean estimates, with respect to
perturbed trials in which the neutral prime is displayed, are shown in Figure 5 and mean
values provided for all prime-mask congruencies provided in Table 1. The time at which the
movement began to deviate toward the target specified by the mask is dependent on prime-
mask congruency (F(2,18) = 86.188, p < .0001). Tukey HSD analyses revealed that
modifications to congruent primes cicéurred earlier than to incongruent or neutral primes (p <
.05), with no difference between incongruent and neutral primes.

An examination of the lateral displacement made in completing the pointing
movement to the eccentric target from the point in the trajectory at which the pointing

modification had begun showed that participants made shorter movements when the prime
was congruent (; =70.0 mm = 15.3 SD) or neutral (;c =70.7 mm % 13.0 SD) than when it

was incongruent (; =79.2 mm + 14.9 SD), F(2,18) = 19.886, p < 0.001. Yet, at the same
time, the total movement time in the incongruent and neutral conditions were not different
from one another. To examine how this came about, we explored the possibility that
participants completed the late portion of the trajectory more quickly when the primes were
incongruent than when they were neutral. An analysis of the peak lateral velocity during this
final trajectory segment revealed that this was indeed the case, F(2,18) = 13.771, p = .001.

On average, participants reached greater peak velocities during this final movement segment
when the prime and mask were incongruent (} =533.3 mm/s + 64. 8 SD) than when they

were congruent (x =475.7 mm/s + 38.9 SD) or neutral (x =478.9 mm/s + 31.8 SD).

2.4  Discussion
The goal of the present experiment was to determine if subliminal shapes are capable

of influencing the on-line control of action. To address this question, we used a metacontrast
masking procedure in which the critical prime-mask sequence was presented after the

initiation of an already-prepared target-directed movement. As a comparison with previous
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findings, we also required participants to complete a choice response time task in which the
prime-mask sequence was presented prior to the selection and initiation of discrete key press
responses. Finally, we required participants to perform a perceptual discrimination task, in
which they attempted to identify the masked primes. These procedures allowed us to
demonstrate three important findings. |

First, we established that the prime shapes in our procedure remained inaccessible to
participants’ conscious awareness. This replicates numerous previous studies of masked
priming. Second, we demonstrated that invisible primes influence the latency of motor
responses in the choice response time task, as previous studies have also shown (Taylor and
McCloskey, 1990, 1996; Neumann and Klotz, 1994; Ansorge et al., 2002; Breitmeyer et al.,
2004). Third, and most important for the goal of our study, we showed that these same
subliminal shapes> not only can influence the speed with which a goal-directed action is
initiated, zis in pr_evious studies (Schmidt, 2002), but they can influence the control of
ongoing action.

The novel contribution of this study is that it showed the influence of invisible primes
for ongoing goal-directed actions, rather than merély in the initiation of these actions. The
main evidence for this was that initial deviations in movement trajectories from the center
target were always in the direction cued by the prime, regardless of the direction of the
subsequent mask. Participants did not wait for information from the mask before they began
to modify their movements. Thus congruent primes gave the pointing modification a head
start in the correct direction, with modifications occurring within 277 ms of movement onset. -
In contrast, incongruent primes resulted in initial trajectory deviations toward the wrong
target. Consequently, additional movement time was required for participants to correct the
movement. Pointing trajectories were not directed to the correct target until participants had
reacted to the mask, approximately 330 ms into the movement. When a neutral prime
preceded the directional mask, participants adjusted their trajectories in response to the mask
at latencies similar to those observed in incongruent prime trials, as in both incongruent and
neutral perturbed trials the movement goal was not specified until the mask was displayed.

The difference in movement correction latencies between congruent (277 ms) versus

incongruent and neutral (330 ms) prime-mask trials was approximately equal to the prime-




mask SOA (56 ms). This suggests that new pointing-relevant visual information is
incorporated into control of the pointing action as soon as it becomes available.

Taken together, the difference in the latency of trajectory modifications to the correct
eccentric target in congruent trials compared to incongruent and neutral prime trials, as well
as the short latency of these pointing modifications, suggest that participants processed and
responded to the primes and masks in feed-forward manner. Movement trajectories to the
center target were modified on-line, first in response to the invisible prime and then if
necessary, in response to the visible mask. Thus, we can be confident in this study that the
prime did not influence the initiation of an already-prepared movement. Rather, the primes
influenced the on-line control of a goal-directed action. Furthermore, the prime’s influence
. appears to have been automatic, as defined by previous research examining the ability to
make rapid, on-line adjustments in limb movements in response to unexpected changes in the
location, shape and orientation of a target object (e.g., Bard et al. 1999; Brenner and Smeets
2003; Cressman et al., 2006; Desmurget and Prablanc 1997; Desmurget et al. 1999;
Paulignan et al. 1991; Pisella et al. 2000; Prablanc et al. 1986).

The automatic influence of invisible primes on an ongoing visually guided action can

best be characterized within Neumann’s theory of direct parameter specification (DPS)3

(Neumann, 1990; Neumann and Klotz, 1994). According to DPS, there is a direct link
between sensory information and the response parameters concerning when and how to
respond, which does not require mediation by conscious processes. For example, as a
consequence of instruction, action planning takes place and a conditional readiness is
established. Visual information can be fed into the motor system without reaching conscious
awareness. A response is activated if the sensory related activity contains relevant features
critical to a given response.

DPS can readily account for most features of the priming effects we observed in both
our response time and pointing tasks. Specifically, when prime and mask were congruent,
responses were fastest in the response time task and pointing trajectories deviated earliest to

the correct target in the pointing task. However, there is one difference in the pattern of

3 In all other chapters, theories put forth to explain how subliminal stimuli influence action are referred to
collectively as adopting a top-down contingency framework. Neumann’s (1990) theory of Direct Parameter
Specification is the first theory to suggest that the influence of subliminal stimuli on action is guided by one’s
intentions.




participants’ responses between the two tasks that DPS does not readily explain. In the
response time task, participants’ first recorded response was almost always consistent with
the identity of the mask and not of the prime (accuracy was above 97% in that task). In
contrast, when participants were pointing based on the masks, the first recorded responses
(trajectory deviations) were observed in the direction of the prime, whether or not the prime
was congruent with the subsequent mask. Thus, participants in the choice response time
situation appeared to have waited until they identified the mask before committing to an
overt response. They did not make an observable response to the identity of the prime in the
response time task as they did in the pointing task (cf. Schmidt, 2002). This is likely why
the neutral prime RTs are more similar to the congruent prime RTs in the choice response
task and why the neutral MTs are more similar to the incongruent MTs in the pointing task;
actions in the choice task must be withheld until the final mask information is available
whereas in the pointing task there is no obvious penalty for a premature deviation in the
direction of the prime.

- This difference in response patterns for the two tasks suggests that there is flexibility
in the way subliminal information is used for the control of action. At this point we can only
speculate on how this flexibility in visuomotor processing is accomplished. One possibility
in keeping with DPS theory (Neumann, 1990; Neumann and Klotz, 1994) is that of a
fluctuating motor activation threshold. The level of this threshold could be strategically set
at different levels, depending on task constraints. In a pointing task such as the one studied
here, and in Schmidt’s (2002) response time task, participants are able to correct initial
respbnse errors and still complete the task successfully, regardless of initial deviations from
the immediate action goal. For this reason, a lower activation threshold could be set,
allowing prime-related activity to influence responses with little to no monitoring. In
contrast, in the choice response time task, the penalty of pressing the incorrect key would
prompt the setting of the activation threshold at a higher level. We offer this account of the
differences between the two tasks as a working hypothesis. Future experiments will be
needed to fully explore the flexibility in prime activated responses. For now, the results

show conclusively that masked shapes can influence both response initiation and the on-line

control of goal-directed actions in the absence of conscious awareness.




2.5  Bridging Summary
In Study 1 we have demonstrated that invisible primes can influence the on-line

control of a goal-directed action, such that trajectories are modified in response to
unconscious visuomotor processes. Furthermore, we have speculated that these trajectory
deviations arise automatically. According to the dual systems theory of visual processing
(see Milner and Goodale, 2005), automatic visuomotor transformations arise as a result of
processes occurring in the dorsal visual stream. Specifically, the dual systems theory of
visual processing proposes that visual information is processed in two parallel streams; a
ventral stream which gives rise to conscious perception and a dorsal stream responsible for
the automatic on-line guidance of motor behaviour. Consequently, we have implied that the
impéct of primes on action, as observed in Study 1, arises due to processes occurring in the
dorsal visual stream.

In accordance with this proposal, previous research investigating the phenomenon of
masked priming has suggested that the dissociation between perception and action observed
in metacontrast masking RT tasks can be accounted for by processes occurring in the two
separate visual streams. For example, the unconscious visuomotor processing of masked
primes for the control of action could be a signature of the operation of the dorsal visual
stream, while the primes are made unavailable for conscious report due to processes
occurring in the ventral stream. However, previous metacontrast masking RT tasks
investigating masked priming have typically not been designed to be conducive to dorsal
" stream processing. Furthermore, it is questionable if any reaction time results can or should
be attributed to processes occurring in a visual stream specialized for the on-line control of
action. Finally, the results of Study 1 do not dictate that the influence of the primes on action
arose due to exclusive dorsal stream processes.

Thus, in order to determine if the influence of a subliminal prime on action during a
goal-directed movement arises (automatically) as a result of dorsal stream processes, the
present study investigated the influence of prime stimuli on rapid visually-guided actions
whose characteristics were particularly suited for dorsal stream control (see Pelisson et al.,
1986; Desmurget et al., 1999; Pisella et al., 2000). Participants reacted as quickly as possible
to the onset of 3 target boxes and performed a rapid pointing movement to the center target

(movement time goal = 300 ms). As in Study 1, a directional mask arrow was the signal for
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participants to modify their initial trajectories and complete the movement to the ‘
correspohding eccentric target. Masks were preceded by a prime stimulus, consisting of a
left or right pointing arrow prime or a neutral shape. In contrast to Study 1, the prime-mask
sequence was displayed randomly, either during the reaction time interval or upon movement
onset. If the influence of a prime on action does indeed arise automatically as a result of

dorsal stream processes, we expected to observe similar modifications in trajectories in the

direction of the prime in the current investigation, as those obtained in Study 1.




2.6 Table

Table 2.1. Mean (SE) response times (ms), pointing movement times (ms) and times of final

trajectory modifications in the goal-directed movement.

Congrtienf
Prime-Mask
Response Time (ms) 333.2 (9.5)
Pointing Movement 515.0(12.1)
Time (ms)
Final Trajectory 277.3 (4.4)

Modification (ms)

Incongruent

Prime-Mask

389.9 (7.1)

571.7 (10.9)

333.0 (4.6)

Neutral Prime-

Directional Mask

348.6 (9.2)

581.8 (11.9)

321.6 (4.1)




2.7  Figures

target boxes 75% trials 25% trials /
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Figure 2.1. (A) Overview of visual display in the pointing task. Participants were instructed
to make a pointing movement from the home position to the center target box with a
movement time goal of 300-500 ms. Directional arrows cued participants to modify their
movements to the center target and land in either a left or right eccentric target. (B)
Temporal sequence of a direct pointing trial (left) and a perturbed pointing trial (right). In
the pointing task, 75% of the trials were cued responses to the central target (neutral prime +
neutral mask). On the remaining 25% of trials, participants had to modify their final
movement goal in the direction specified by the mask (left or right). The prime-mask
sequence was displayed upon movement onset.
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Choice Response Time Task
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Figure 2.2. Effect of prime-mask congruency on choice response times (RT) to the mask
stimulus. Results are shown for congruent and incongruent prime-mask combinations with
respect to mean performance on trials in which a neutral prime was displayed. Note: a
negative score indicates responses were initiated faster than when a neutral prime was
displayed, whereas a positive score indicates performance was slower. Error bars denote
standard errors. A breakdown of the choice RTs are provided in Table 1.
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Figure 2.3. Movement times (MT) to eccentric targets with respect to mean performance on
trials in which a neutral prime preceded the directional mask. A negative score indicates a
faster movement was completed to the eccentric target than when a neutral prime was
displayed and a positive score indicates a slower movement. Error bars denote standard
errors. A breakdown of MTs are provided in Table 1.
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Figure 2.4. Examples of mean direct spatial trajectories (open circles) and individual
perturbed spatial trajectories (solid line) under each of the three conditions in which a left
directional mask was displayed ((A) congruent prime, (B) neutral prime or (C) incongruent
prime). The center of the eccentric target boxes are indicated by annuli (the center target box
is not visible). Note the early trajectory deviation to the left eccentric target in the congruent
trial and the initial incorrect trajectory deviation in the incongruent trial.




Final Trajectory Modification
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Figure 2.5. Latencies of final trajectory reversal, at which point participants began to move
to the eccentric target cued by the directional mask, with respect to mean performance on
trials in which a neutral prime preceded the directional mask. A negative score indicates a
movement was initiated earlier to the eccentric target than when a neutral prime was
displayed, whereas a positive score indicates the modification in trajectory occurred at a later
point in time. Error bars denote standard errors. A breakdown of the results are provided in
Table 1.
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CHAPTER 3
STUDY 2: Can the processing of visually-masked stimuli during rapid target-directed
actions be mediated by the dorsal stream?’

3.1  Introduction .
Visuomotor processing in the absence of conscious awareness is readily demonstrated

in a metacontrast dissociation paradigm. Previous investigations using this type of paradigm
have typically employed a choice reaction time (RT) task in which participants are instructed
to press either a left or right key in response to a particular attribute of the target stimulus.
For example, participants may be instructed to press a left or right key in response to a left or
right arrow target (the mask), respectively (see Vorberg et al., 2003). Unbeknownst to the
participahts, the masks are preceded by a prime stimulus that is rendered invisible to the
conscious system as a result of metacontrast masking; a form of backward masking in which
the visibility of a briefly displayed stimulus (the prime) is greatly reduced when it is followed
by a spatially flanking stimulus (the mask) (for reviews of metacontrast masking see:
Kahneman, 1968; Breitmeyer, 1984; Breitmeyer and Ogmen, 2000; Enns and Di Lollo,
2000). Despite the inability of participants to éonsciously detect the primes or discriminate
between them in a perceptual identification task, the unseen primes influence motor
responses to the visible mask that follows in time. Specifically, both simple and choice
reaction times to the mask are faster when the mask is preceded by a prime that shares
attributes critical to the correct response (congruent trial) compared to a neutral stimulus. In
contrast, if the mask is preceded by a prime that shares attributes critical to the alternative
response (incongruent trial), response times to the mask are slower compared to the same
neutral stimulus (Taylor and McCloskey, 1990, 1996; Klotz and Neumann, 1999; Ansorge et
al., 2002).

The ability of a prime to influence action, in the absence of awareness, raises the
possibility that the visuomotor processing of the prime stimulus may be independent of the
processes responsible for forming a conscious percept. In line with this proposal several
researchers have interpreted their results based on Milner and Goodale’s dual systems theory
of visual processing (Goodale and Milner, 1992; Milner and Goodale, 1995). According to

the dual systems theory, visual information is processed in two (functionally distinct) parallel

* A version of this chapter will be submitted for publication.




streams; the ventral and dorsal visual stream. The ventral stream projects from visual cortex
to the inferior temporal cortex (ITC) and is responsible for conscious perception and visual
experience. The dorsal stream, or sensorimotor system, projects from visual cortex to the
posterior parietal cortex (PPC) and is responsible for the on-line control of visually-guided
actions. In contrast to the ventral stream, the dorsal stream is believed to operate
automatically, outside of conscious awareness. Thus, researchers (e.g. Eimer and
Schlaghecken, 1998; Schmidt, 2002; Jaskowski et al., 2003) have put forth that the
processing of the prime in the dorsal stream is responsible for its influence on action, while
the prime fails to reach conscious awareness because of distinct processes occurring in the
ventral stream, and have discussed their results accordingly.

However, it is unclear if the perception-action dissociation observed in reaction time
tasks employing metacontrast masking paradigms can (or should) be explained by Goodale
and Milner’s (1992) dual systems theory. Masked stimuli have beén shown to influence
responses across various stimulus attributes and response modes. For example, RT to the
mask has been shown to be facilitated when the prime and mask share the same location
(Ansorge et al., 2002), orientation (Vorberg et al., 2003), shape (Neumann and Klotz, 1994),
colour (Schmidt, 2002; Breitmeyer et al., 2004) or semantics (Dehaene et al., 1998; Kunde et
al., 2003). In addition, a similar benefit in reaction time is observed when participants are
required to make a verbal response to the mask (e.g. utter the word left or right) as opposed
to perform a manual key press (Ansorge et al., 1998). While the dorsal stream is thought to
be capable of processing such attributes as object orientation, size and location for the on-line
guidance of movements; proper shape recognition, semantic processing, and processes
leading to verbal reports have typically been assigned to the ventral stream (e.g. Carey et al.,

1996, Pisella et al., 2000).” Hence, exclusive dorsal stream processing cannot be held

3 The ability of the dorsal stream to process colour for the immediate control of visually-guided action is
ccurrently debated. Results obtained by Brenner and Smeets (2004), Schmidt and colleagues (Schmidt, 2002;
Schmidt et al., 2006, Vath and Schmidt (2007)) and White et al. (2006) suggest that colour can be processed by
the dorsal stream for the immediate control of action. In line with this proposal, Toth and Assad (2002) have
demonstrated that the parietal cortex can selectivity code for a specific visual feature (e.g. colour), when it is
relevant to the task. In contrast, results obtained by Pisella and colleagues (2000; see also Cressman et al.,
2006b) demonstrate that colour cannot be processed by the dorsal stream for the automatic guidance of pointing
movements. The position of Pisella and Cressman is based on results obtained from an experimental paradigm
employing a stop-command (e.g. participants are required to stop a goal-directed movement in response to a
change in stimulus colour). In contrast, research demonstrating the ability of participants to use colour
information for the automatic guidance of action typically employs a go-paradigm (e.g. participants are to move
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accountable for the influence of primes on action observed in all metacontrast masking RT
paradigms performed to date. Moreover, it is questionable if any RT results should be
attributed to processes occurring in a visual stream specialized for the on-line control of
action. According to recent work by Adam and Pratt (2004), RT tasks in which participants
are required to select a limb in order to initiate the appropriate response, may engage separate
mechanisms from those utilized in the on-line control of action.

The purpose of the present experiment was to determine if the unconscious
visuomotor processing of a prime stimulus could be a signature of the operation of the dorsal
visual stream. In order to achieve this goal, we examined the influence of prime stimuli on
action in a task whose characteristics were particularly suited for dorsal stream control.
Previous experiments examining visuomotor processing have suggested that dorsal stream
processes underlie automatic modifications to unfolding movement trajectories in response to
changes in the location, orientation or shape of a target object (e.g. Paulignan et al., 1991;
Goodale and Milner, 1992; Milner and Goodale, 1995; Desmurget and Prablanc, 1997; Bard
et al., 1999; Desmurget et al., 1999; Goodale and Milner, 2004; Goodale and Westwood,
2004). Specifically, modifications in trajectories observed in response to changes in the
stimulus display for movements completed in 300 ms or less, are proposed to be mediated
exclusively by the dorsal stream (Pisella et al., 2000).

Pisella and colleagues’ (2000) contention that the dorsal stream mediates fast
corrective processes (i.e. modifications in limb trajectories for movements completed within
300 ms or less) is founded on results obtained in a pointing paradigm in which instructions
were manipulated to distinguish between intentional and automatic motor corrections. In
particular, Pisella and colleagues (2000) instructed participants to point to a target that would
occasionally jump to a second location upon movement initiation. Depending on
instructional set, participants were either to (1) modify their movements and land at the new
target position in response to a target jump (Location-Go instruction) or (2) stop their
movements if a target jump was detected (Location-Stop instruction). Results indicated that
participants corrected to the new target position for movements completed in 300 ms or less,

regardless of instructional set. In contrast, patient [.G., with damage to the dorsal stream, did

to a new target location). Given the differences in paradigms employed, it is difficult to compare the two
positions. This paper does not attempt to resolve this issue, but notes that the ability of colour information to be
processed by the dorsal stream for the on-line control of action is dependent on task requirements.




not show corrections to the new target position when completing the task under the Location-
Stop instructions. Furthermore, adjustments in pointing trajectories to the new target position
by patient I.G. in the Location-Go task occurred only for movements completed with a
movement time greater than 300 ms. Based on these results, Pisella and colleagues (2000)
concluded that adjustments in limb trajectories in movements of 300 ms (or l.ess) are
automatic and due to exclusive dorsal stream processing. Modifications occurring at a
greater latency allow other visual streams to participate in motor output, enabling the
movement to be completed in accordance with one’s intentions.

Thus, in the current research, in order to determine if the unconscious processing of a
prime stimulus could be mediated by the dorsal visual stream, we examined the on-line
influence of a prime stimulus presented during a fast goal directed movement. Specifically,
participants reacted as quickly as possible to the onset of 3 target boxes and performed a
rapid pointing movement to the center target with a movement time goal of 300 ms. If a
directional mask arrow appeared, participants attempted to modify the initial trajectory and
complete the movement to the corresponding eccentric target. Masks were preceded by a
prime stimulus, consisting of a left or right pointing arrow prime or a neutral shape, and the
prime-mask sequence was presented randomly either within the reaction time interval or
upon movement onset.

Of particular interest was the influence of the primes on pointing trajectories. We
have previously demonstrated that when masked primes are presented upon movement onset
during a goal-directed pointing movement, trajectories deviate in the direction of the
subliminal prime (see Cressman et al., 2006). In particular, we found that movement
trajectories were adjusted in the direction of the prime before they were modified in the
direction of the visible mask. In our previous experiment the movements were completed in
400+ ms and under the possible guidance of both ventral and dorsal stream processes. Thus,
it 1s unclear if these initial deviations in trajectories in the direction indicated by the prime
arose due to dorsal stream processing or were mediated by additional visuomotor processes
(e.g. processes occurring within the ventral stream). Given the movement time goal of 300
ms and Pisella and colleagues’ (2000) contention that dorsal stream processes mediate
visuomotor transformations within this timeframe, similar adjustments in the present

experiment would have been guided by dorsal stream processing. Hence, these results would

47




reveal that the unconscious visuomotor processing of a prime stimulus can be mediated by
the dorsal stream. Alternatively, if trajectories were not modified in the direction of the
prime when movements were compléted in 300 ms, this would not exclude the possibility of -
dorsal stream processes mediating the effects of the prime on action. However, it would
raise the possibility that the primé’s influence on motor behaviour is mediated by additional
visuomotor processes (possibly occurring in the ventral visual stream), as there would be
enough time for these visuomotor transformations to influence movement.

The inclusion of trials in which the prime-mask sequence was presented within the
reaction time interval allowed us to examine the nature of visuomotor transformations
occurfing before movement onset. Specifically, we were interested in determining if similar
processes would be engaged when the prime-mask sequence was displayed within the RT
interval compared to when the limb was in flight. The majority of research examining
modifications in trajectories (as a result of dorsal stream control) have adopted paradigms in
which the perturbation, indicating a change in trajectory, is presented at movement onset (see
Goodale et al., 1986; Pelisson et al., 1986, Desmurget et al., 1999; Pisella et al.,.2003). Thus
dorsal stream processing has typically been assigned responsibility for the automatic on-line
control of visually guided actions once movements have been initiated. However, recent
findings by Westwood and Goodale (2003), suggest that the dorsal stream may become
engaged for the control of action once a response is cued, if the visual target is available. If
the dorsal stream is indeed engaged for action control once a response is cued, and can
process a subliminal prime for action, we would expect to see a similar influence of the

prime on action, regardless of the time of stimulus presentation.

3.2  Method
3.2.1 Participants. Twelve right-handed university students (8 female, 4 male, mean age =

21.8 + 2.6 years) with normal or corrected-to-normal visual acuity participated in this study.
Participants were paid $20 for their involvement. All pafticipants gave informed consent,
and the study was conducted in accordance with the ethical guidelines set by the University

of British Columbia. Data from one participant were excluded for failure to follow task

instructions.




-3.2.2 Stimulus Display. Shapes were presented in white on a black background
(Viewsonic 19” monitor, 70 Hz refresh), oriented 15 degrees from the horizontal.
Participants viewed the display from a distance of approximately 60 cm, with their head
movements restricted by a chin-rest. The participants were positioned such that their midline
was aligned with the center of the display and a home position (demarcated by a 12 mm
circular marker) located centrally at the bottom of the display. In all tasks three possible
targets (target = 3.3 cm?) were displayed and stimuli were presented in the center target. The
center target was located 27 cm directly above the home position. It was flanked on each
side by similar square targets such that the distance between the middle of the center target
and the left or the right target was 7.0 cm. A DOS-based microcomputer was used to control
stimulus presentation and data collection.

3.2.3 Stimuli. Prime shapes (4 mm x 9 mm) consisted of left-pointing and right-pointing
arrows, as well as a neutral shape formed from the superimposition of the two arrows. Masks
consisted of larger (23 mm x 28 mm) versions of the same shapes as the primes, with a
central cutout (see Figure 1). The outer contour of the prime stimuli fit exactly within the
inner contour of the central cutout of the masks. In all trials, primes were presented for 14
ms and the prime-mask stimulus-onset asynchrony (SOA) was set at 56 ms. Masks were
presented at the same central position as the primes until the pointing response was complete
(approximately 300 ms).

3.2.4 Motion Analysis. Participants performed the pointing task with a stylus in their right
hand. An infrared-emitting diode was placed at the tip of the stylus and 3D position was
monitored using an OPTOTRAK (Northern Digital, Waterloo, Ontario) motion analysis
system (spatial resolution 0.01 mm). The tip of the stylus was equipped with a microswitch
that provided an analog signal indicating whether or not the stylus was in contact with the
surface of the display. The 3D position of the stylus and the status of the microswitch were
sampled at 500 Hz. Raw data from the OPTOTRAK were converted into 3D coordinates and
digitally filtered using a second order dual-pass Butterworth filter with a low-pass cutoff
frequency of 10 Hz. The start and end of the movement were determined by the status of the
stylus microswitch.

3.2.5 Procedure and Design. In an initial session, participants completed two practice

blocks of 40 trials in which they made a pointing movement from the home position to the




center square target with a movement time goal of 240 to 360 ms. At the start of each trial
the target boxes would appear and participants were instructed that this was the cue to initiate
their movement. Participants were to react as quickly as possible to the onset of the boxes
and complete their movement to the center target within the desired time-frame. Participants
were provided with reaction time and movement time feedback on each practice triél. The
second practice block differed from the first, in that a neutral prime-neutral mask sequence
was presented in the center target box on all trials. The prime-mask sequence randomly
appeared either before movement onset (28 ms after the target boxes; 20 trials), or upon
movement inititation (20 trials) and cued participants to continue their point to the center
target. In order to proceed with the experiment, participants were required to meet a
movement time criterion in which the 40 trials of the second practice block had to have been
performed with a mean movement time between 240 to 360 ms.

Upon successful completion of the second practice block, participants completed a

Mask Pointing task and a Prime Identification task. The tasks were performed over two

experimental sessions, with the first session performed immediately following the practice
blocks. In the Mask Pointing task, participants made pointing movements with a stylus from
a home position to one of the three possible targets. Similar to the practice trials, the start of
each trial was indicated by the appearance of the targets. Participants were instructed to react
as quickly as possible to the onset of the targets and initiate a movement to the center target
box. Participants were further instructed that movements should be completed within 240 to
360 ms. 28 ms after the targets first appeared (before movement onset) or upon stylus lift-off
(movement onset), a prime-mask sequence was displayed in the center target. In contrast to
the practice blocks, left, right and neutral masks were presented equally often and could be
preceded by left, right or neutral primes. The directional masks (i.e. left and right arrow
masks) cued participants to modify their initial movements to the center target and complete
their point to the target corresponding to the identity of the mask (i.e. if the left mask was
displayed, the movement was to be completed to the left target). If the neutral mask was
displayed, the movement was to continue to the center target (see Figure 1). Although there
were no reaction time constraints, we continued to provide reaction time feedback on every

trial, as we wanted participants to initiate their movements to the center target box as quickly

as possible in response to the onset of the boxes. We did not want participants to wait to




initiate their movement in hopes that a mask would appear cuing the response required.
Movement time feedback was provided only on trials in which a neutral prime and mask
were displayed and movement time fell outside the desired bandwidth.

Participants performed one block of 90 trials in-order to complete the first testing
session. Within the block of trials, the prime-mask sequence was randomly displayed before
(45 trials) or at movement onset (45 trials) and all combinations of primes and masks were
presented equally often. In the second testing session, participants were reacquainted with
the task constraints by completing the two practice blocks performed in the first testing
session. However, participants only performed 20 practice trials in each préctice block, as
opposed to the original 40 completed on the first testing day. Participants then completed
two more blocks of 90 trials of the Mask Pointing task.

Finally, to complete the second testing session, participants were made aware of the
presence of the primes and attempted to identify which prime had been displayed in a Prime
Identification task. Participants were told that one of three prime shapes would be presented
randomly on each trial, with equal probability, and their task was to identify which one had
been displayed by making a 3-alternative forced choice response. They were also told that
only accuracy was being measured and that response speed was no longer important. The
display sequence differed slightly from the Mask Pointing task in that only left or right masks
were displayed. However, all primes were displayed equally often. Participants viewed the
prime-mask sequence with their right index finger resting below a serial response box
(Psychology Software Tools, model 300). A tone sounded 400 ms following mask onset,
indicating that participants could respond by pressing the left key, the center key, or the right
key with their right index finger to indicate a left pointing, neutral or right pointing prime

arrow, respectively. Each participant completed 120 trials.

3.3  Data Analyses and Results

3.3.1 Prelude: Practice Trials
Performance on the second practice block in the initial testing session was used as a

screening procedure to ensure that participants could complete the movement in the time

allotted (240 to 360 ms). Mean movement time (MT) to the center target for our eleven

participants was well within the desired bandwidth (; =301 ms + 29 SD) and did not differ




on trials in which the prime-mask sequence was displayed before movement onset (x =297

ms + 32 SD) compared to those in which it was presented at movement onset (x =305 ms +
29 SD), F(1,10) = 2.749, p = 0.146.

In addition to using this block of trials as a screening procedure in terms of MT, the
practice trials provided a measure of how quickly participants reacted to the onset of the
target boxes and initiated a movement to the center target. Mean reaction time (RT) was 244
ms + 30 SD. In contrast to MT, RT differed between the two types of trials. RT was

significantly faster on trials when the prime-mask sequence was displayed before movement
onset (; =235 ms + 23 SD) compared to trials in which it was presented at movement onset

(x =253 ms = 38 SD), F(1,10) = 6.432, p =0.03.

3.3.2 PartI: Presentation of Prime-Mask Sequence before Movement Onset
Errors. Participants always landed in the center target on trials in which a neutral prime

preceded a neutral mask (direct pointing trials). Thus, the remaining trials in which a
directional prime or mask was displayed (perturbed trials), were classified as having been
modified to the left or right target if endpoint positions fell outside the center target and to
the left or right respectively. In Figure 2 the percentage of corrected perturbed trials in which
a left or right directional mask was displayed are presented as a function of mean movement
time achieved on direct pointing trials for each participant. From this figure it is evident that

all participants completed their movements to the correct eccentric target on the majority of

perturbed trials in which a left or right mask was presented (x =92.1% = 11.2 SD, Range:
67.8% to 100%), and that direct pointing trials were completed within the desired MT
bandwidth.

Of the remaining trials, 80% were incorrectly completed to the center target when a
directional mask was displayed. These trials, along with trials completed to an incorrect

eccentric target were considered errors and were not included in further analyses.

Temporal Characteristics. Participants initiated their pointing movements on average 252 ms

+ 29 SD after the onset of the target boxes. Comparing this RT to that observed on

corresponding practice trials, it is evident that participants reacted to the onset of the target

boxes as instructed. Specifically, RT in the Mask Pointing task did not differ from that




observed on practice trials in which the prime-mask sequence was displayed before
movement onset (F(1,10) = 4.783, p = 0.054) and RT was similar across all prime-mask
combinations in the Mask Pointing task (3 Mask (Left, Right or Neutral) by 3 Prime (Left,
Right or Neutral) repeated measures ANOVA: Mask: F(2,20) = 0.597, p = 0.560, Prime:
F(2,20) = 0.354, p = 0.706, Mask x Prime: F(4,40) = 1.746, p =0.189). The mean RT for all
prime-mask combinations are provided in Table 1.

As illustrated in Figure 2, all participants completed their movements to the center

target on direct pointing trials within the desired MT bandwidth (x =285 ms =30SD). In

addition, we found that MT fell within the desired bandwidth, regardless of the prime-mask

sequence displayed_(; =297 ms + 37 SD). However, some of these movement times did
differ from each other. ANOVA revealed a significant main effect for mask (F(2,20) =
12.439, p < 0.001), a non-significant main effect for prime (F(2,20) = 1.711, p = 0.225), and
a significant interaction (F(4,40) = 9.418, p < 0.001). Post-hoc tests (Tukey’s HSD, p =
0.05) indicated that movements were slower when completed to the left target compared to
the right and center target and on incongruent trials to the left target (i.e. right prime-left
mask trials) compared to congruent trials (i.e. left prime-left mask trials) (mean values are

provided for all prime-mask combinations in Table 1).

Spatial characteristics. In accordance with the MT results, the length of resultant trajectories

in the x-y plane (i.e. 2 dimensional displacements) were influenced by the prime-mask
sequence displayed. ANOVA revealed a significant main effect for mask (F(2,20) = 23.316,
p < 0.001), a non-significant effect for prime (F(2,20) = 1.221, p = 0.316) and a significant
interaction (F(4,40) = 8.851, p < 0.001). Post hoc analyses (Tukey’s HSD, p = 0.05)
indicated that movements were shortest when completed to the center target. Moreover,
trajectories were significantly longer on trials completed to the left eccentric target when the
prime and mask were incongruent compared to congruent trials (i.e. right prime-left mask
trials versus left prime-left mask trials). '

In addition to trajectory displacement data, endpoint positions achieved within the
targets further revealed that movements were influenced by thé prime displayed (Mask:
F(2,20) = 447.394, p < 0.001, Prime: (F(2,20) = 9.453, p = 0.001), Mask x Prime: F(4,40) <
1). Specifically, post hoc analyses (Tukey’s HSD, p = 0.05) indicated that movements were
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completed at a position further to the left within the designated target on trials in which a left
prime was displayed, compared to trials in which a right or neutral prime was presented.

Taken together the spatial and temporal results indicate that the primes had an
influence on movement. This influence was very subtle, as large modifications in trajectories
-in the direction of the prime were not observed (see Cressman et al., 2006). Therefore, in
attempt to estimate when in the trajectory the primes first began to influence movement we
calculated a mean path for each prime-mask combination displayed and determined the
angles of these paths from the horizontal x-axis at 5 mm intervals. Points in the mean paths
were calculated for each participant for each prime-mask combination by deriving the mean
lateral and vertical position in the x-y plane for every 5 mm of movement progression alQng
the curve. If a trajectory did not have a position value at the exact spatial location required,
one was obtained by linear interpolation from the closest data points.

Figure 3 provides examples of mean paths for one participant. From thes.e path
profiles we observe that trajectories ifnmediately diverged from the starting position
depending on the prime-mask sequence displayed. In fact, at just 5 mm into the movement,
ANOVA revealed significant main effects for mask (F(2,20) = 4.439, p = 0.05) and prime
(F(2,20) = 14.438, p < 0.001) and a non-significant interaction (F(4,40) = 2.391, p = 0.067).
Although a significant main effect was obtained for mask, post hoc analyses indicated no two

means were significantly different from each other. However, when a left prime was
displayed, the angle of the trajectory from the horizontal (x =96.8° + 8.4 SD) was
significantly greater (i.e. more to the left) than when a right (x =93.1° + 8.2 SD) or neutral

prime (} =94.4° + 8.2 SD) was presented. In accordance with the endpoint position results
discussed previously, the influence of the prime continued throughout the movement (Mask:
F(2,20) = 213.078, p < 0.001, Prime: F(2,20) = 14.567, p < 0.001, Mask x Prime: F(4,40) <

1), regardless of the target achieved. Movements were completed at a greater angle from the

horizontal when a left prime was displayed (x =90.1° +9.6 SD) compared to a neutral (x =

88.7° +£9.6 SD) or a right prime ()_c = 87.2° + 9.7 SD), which differed from each other.

3.3.3 Part II: Presentation of Prime-Mask Sequence at Movement Onset
Participants landed in the center target on all direct pointing trials. Thus, in a similar

classification process as outlined above, perturbed trials were considered to have been




completed to the left or right target if endpoint positions fell outside the center target and to
the left or right respectively. In Figure 4 the percentage of corrected perturbed trials in which
a left or right directional mask was displayed are presented as a function of mean movement
time achieved on direct pointing trials for each participant. From this figure we can observe
that, as a whole, participants were not as successful at completing their movements to the
appropriate target on these trials compared to when the prime-mask sequence was presented
before movement onset. Furthermore, the speed at which participants were moving appears
to have determined the percentage of trials they were able to correctly modify.

Due to the range in performance we divided participants into two groups (Responders
and Non-Responders). Participants S11, S08, S10 and S09 modified their movements on the
majority of trials and were classified as Responders. They were also the participants who
completed their movements to the center target on direct pointing trials in the longest MT.
Participants S02, S07, S01, SO5 and S04 were classified as Non-Responders. They achieved
the fastest MT on direct pointing trials and were unable to modify their movements to the
correct eccentric target (i.e. completed their movements to the center target on the majority of
trials). We decided to group the two remaining participants (SO3 and S06) with the
Responders because even though their MT on direct pointing trials lay between the two
groups, they correctly modified their movements on more than double the number of trials of
any participant in the Non—Responder Group.

As discussed above, the Responders were slower to complete their movements to the

center target compared to the Non-Responders. In fact, mean MT to the center target on
direct pointing trials for the Responders (; =362 ms + 32 SD) lay just outside the MT

bandwidth and was significantly greater than MT achieved by the Non-Responders (x =294
‘ms + 16 SD), Welch t’ test: t(8) = 4.5, p < 0.03. From these results it is questionable if
performance of the Responders can be examined in light of dorsal stream processing (Pisella
et al., 2000). In attempt to resolve this issue, we compared the initial phases of direct
pointinvg trials between the two groups and found that even though movements were

completed with differing latencies, all participants appeared to plan and initiate similar

movements. Specifically, Welch t’ tests revealed that peak velocity achieved within the first
100 ms (t(8) =0.939, p > 0.05 ), time of peak velocity (t(9) = 0.017, p > 0.05 ), peak
acceleration achieved within the first 100 ms (t(8) = 0.799, p = > 0.05 ) and time of peak




acceleration (t(9) = 0.43, p >0.05 ) on direct pointing trials did not differ between the two
groups. Furthermore, it is important to remember that the Responders completed movements

to the center target on direct pointing trials when the prime-mask sequence was displayed

before movement onset within the time allotted (; =303 ms = 30 SD). Trials in which the
prime-mask sequence was presented before movement onset were randomly intermixed with
trials in which the stimuli were displayed at movement onset. Thus it is assumed that all
participants plaﬁned similar 300 ms movements on all trials and at least the initial phases of

the movements were under dorsal stream control.

3.3.3.1 Movement characteristics of the Responders
Errors. The six Responders correctly completed their movements on perturbed trials 69.3%

+ 17.4 SD of the time. Of the remaining perturbed trials, 21.8% + 16.4 SD were incorrectly
completed to the eccentric target specified by the prime. Although trials completed to the
target specified by the prime could be considered evidence of the impact of the prime on
movement, these trials were excluded from analyses due to their limited number. In addition,
movements completed to the center target when a directional mask was presented were
considered errors and excluded from further analyses. Hence, the results discussed below
pertain ohly to performance on perturbed trials in which movements were completed to the
correct target.

In order to examine the potential influence of the primes on movement, we compared
individual perturbed trials to a mean path calculated for each participant from all direct
pointing trials. The points in the mean paths were calculated by deriving the mean lateral
and vertical position in the x-y plane for every 5 mm of movement progression along the
curve. In addition, the standard deviation of the mean position in the x-direction was also
determined at corresponding 5 mm intervals. The resulting mean spatial trajectory, together
with its 2 standard deviation bandwidth, then became the standard against which pointing on
perturbed trials were assessed. As can be observed in Figure 5, in contrast to the profiles
displayed in Figure 3, trajectories were initiated to the center target and then modified in the
direction of the prime when the prime-mask sequence was presented at movement onset.

The trials in which a directional prime preceded a neutral mask proved difficult to

analyze. On some of these trials, a movement was completed within the 2 standard deviation
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bandwidth of the direct pointing trials and thus, it was not evident if a directional prime had
had an influence on the trajectory or not. Therefore, in order for these trials to have been
considered modified, a trajectory had to first cross the 2 standard deviation bandwidth of the
direct pointing trials in the direction of the prime and then be reversed such that the
movement was completed towards the center target. Based on these criteria, 42.6% of all
directional prime-neutral mask trials were classified as having been modified. Because these
trials reflect the trajectories in which the primes had the greatest influence on movement,
data corresponding to these trials are only provided for the purpose of comparison and are
not included in statistical analyses. In order to account for the exclusion of these trials from
statistical analysis, a 2 Mask (Left or Right) by 3 prime congruency (Congruent, Incongruent
or Neutral with respect to the mask) repeated measures analysis of variance (ANOVA) was

used to analyze performance measures obtained on the remaining perturbed ftrials.

Temporal Characteristics. Participants initiated their pointing movements 265 ms * 44 SD

after the appearance of the target boxes on direct pointing trials. This RT did not differ from
the RT observed for the same participants on practice trials in which the prime-mask
sequence was displayed at movement onset (F(1,5) = 1.749, p = 0.243). Furthermore, there
were no differences in RT between any of the movements completed to the left or right
eccentric target in the Mask Pointing trials, providing additional evidence that participants
reacted to the onset of the target boxes as instructed (Mask: F(1,5) =0.09, p = 0.776, Prime:
F(2,10) = 2.185, p = 0.163, Mask by Prime Congruency: F(2,10) = 1.165, p = 0.35]). Mean

values are provided for all prime-mask combinations in Table 2a.
MT on direct pointing trials (x =362 ms + 32 SD) was significantly greater than that

observed on practice trials for the same participants (; =304 ms = 29 SD), F(1,5) = 18.329, .
p = 0.008), but significantly shorter than perturbed pointing trials completed to an eccentric
target (F(1, 5) = 81.09, p < 0.001). To examine the influence of a prime on MT to the
eccentric targets we performed a 2 Mask by 3 Prime Congruency repeated measures
ANOVA. ANOVA revealed significant main effects for mask (F(1,5) =9.739,p = 0.026)
and prime (F(2,10) = 20.337, p < 0.001) and a non-significant inperaction (F(2,10)=1.89,p

= (0.201. Movements were completed faster to the right target than to the left target and on

trials in which the prime and mask were congruent (x =451 ms * 24 SD) compared to




incongruent (; = 560 ms = 26 SD) and neutral prime trials (; =533 ms + 53 SD).
Incongruent and neutral prime-mask trials did not differ from each other (Tukey’s HSD, p =
0.05). On trials in which a directional prime preceded a neutral mask and the trajectory was
modified in the direction of the prime, MT was on average 566 £ 32 ms.

From the MT results and trajectories observed in Figure 5 it is evident that the primes
had an impact on movement, however, what is not yet clear is when this influence arose. In
order to address this issue a conservative estimate of the time at which the movement began
to deviate toward the target specified by the mask was calculated. This estimate was defined
as the point in time at which displacement in the horizontal axis of the movement achieved a
maximal value and showed a reversal toward the appropriate target. The time at which the
movement began to deviate toward the target specified by the mask was dependent upon
prime congruency (F(2,10) = 37.649, p = 0.001). Tukey’s HSD (p = 0.05) analyses revealed

that movements were corrected to the appropriate target at a significantly shorter latency on
“trials in which the prime and mask were congruent (x =239 ms + 10 SD) compared to

incongruent trials (x = 338 ms 14 SD) and neutral trials (x =296 ms + 31 SD), which did
not differ from each other. This effect was independent of the mask displayed (Mask: (F(1,5)
< 1, Mask by Prime Congruency: F(2,10) < 1). In the directional prime-neutral mask trials

modifications were observed at a latency of 395 ms + 29 SD.

Spatial Characteristics. Based on the trials displayed in Figure 5, it is evident that trajectories

were first modified in the direction of the prime. Thus, on incongruent trials, participants had
to correct for these initial modifications in order to complete the movement to the correct
target. In order to quantify this observation we measured the horizontal distance from the
point in time at which a trajectory showed a reversal to the correct target to the center of the
corresponding eccentric target. ANOVA revealed a non-significant main effect for mask
(F(L,5) = 1.755, p = 0.243), a significant main effect for prime congruency (F(2,10) =
11.099, p < 0.018) and a non-significant interaction (F(Q,IO) < 1). Although post hoc
analyses failed to locate a difference in horizontal distance (Tukey’s HSD, p = 0.05), data

suggest that participants had greater modifications in movement trajectories when the prime

and mask were incongruent (x =94.9 mm =+ 16.1 SD) compared to congruent (x =71.9 mm




+ 2.9 SD) and neutral prime trials (; =73.7 mm + 4.7 SD). On directional prime-neutral
mask trials, movements were modified 43.5 mm + 10.1 SD in the direction of the prime

before being reversed to the center target.

Perturbed trials in which a Neutral Mask was displayed. In the results discussed above,

perturbed trials in which a neutral mask was displayed were considered to have been
modified only if a trajectory crossed the 2 standard deviation bandwidth of the mean path in
the direction of the prime before being reversed towards the center target. This requirement
excluded a number of perturbed trials correctly completed to the center target from analyses.
Hence, in order to illustrate that the primes did have an overall influence on these movements
and in attempt to obtain an index of when this influence arose, we computed mean paths for
left prime-neutral mask trials and right prime-neutral mask trials for each participant. Figure
6 presents examples of mean paths computed for a typical participant.. Similar to the
individual profiles displayed in Figure 5, the mean paths presented in Figure 6 illustrate that
participants initiated their movements to the center target as instructed and these movements
were first modified in the direction of the prime.

In attempt to identify the point in time at which the primes had an influence on
movement in these trials, we examined when the mean profiles diverged from each other.
Specifically, we determined the distance participants had traveled in the forward y-direction
when the horizontal distance between the left prime-neutral mask mean path and the right

prime-neutral mask mean path first exceeded 5 mm for each participant (Note: the mean

standard deviation achieved in the horizontal direction of the direct pointing trials was x =
6.27 mm = 1.6 SD). We then went back to the individual profiles and established the time
corresponding to when this distance had been achieved, regardless of whether or not the trial
met the criteria for having been modified. Based on this analysis we found that the mean
paths diverged at approximately 222 ms + 60 SD. This latency corresponds to when the
primes first had an impact on trajectories in these trials and is of a similar magnitude to when
we first observed modifications in trajectories from the center target to the correct eccentric

target on congruent trials (239 ms). Given that these deviations are of a similar latency when

the same directional primes were displayed, we are confident that the modifications observed
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in congruent trials arose from prime processing and are reflective of the time at which the

prime first had an impact on movement.

3.3.3.2 Movement characteristics of the Non-Responders
Errors. The remaining 5 participants completed their movements to the center target 83.8% +

3.0 SD of the time and on 81.5% = 3.0 SD (Range: 73.3% to 89.3%) of the trials in which a
directional left or right mask was displayed. Of the remaining perturbed trials, 69.9% + 20.4
SD were completed to the correct eccentric target. Due to the limited number of correct
responses to an eccentric target, only trials in which movements were completed to the center

target were included in analyses.

Temporal Characteristics. Mean RT for this group of participants was 299 ms + 15 SD on

direct pointing trials, which did not differ from the RT observed for the same participants on
practice trials in which the prime-mask sequence was displayed at movement onset (F(1,4) =
6.507,p = 0.053). In terms of the Mask Pointing trials, a 3 Mask (Left, Right or Neutral) by
3 Prime (Left, Right or Neutral) repeated measures ANOVA revealed a significant main
effect for mask (F(2,8) = 4.682, p =0.045, a non-significant effect for prime (F(2,8) < 1) and
a non-significant interaction (F(4,16) = 1.327, p = 0.302). RT was significantly greater on
trials in which a neutral mask was presented compared to when a right mask was displayed
(Tukey’s HSD, p = 0.05). Mean values are provided for all prime-mask combinations in

Table 2b.

MT on direct pointing trials (x =294 ms + 16 SD) was within the goal movement
time bandwidth and did not differ from MT achieved on practice trials for the same
participants ()_c =305 ms + 34 SD; F(1,4) =0.506, p = 0.516). In contrast to the Responders,

MT for all trials was within the desired bandwidth (; =285 ms +21 SD) and ANOVA
revealed non-significant main effects (Mask: F(2,8) = 3.301, p = 0.09, Prime: F(2,8) = 0.656,
p = 0.545) and a significant interaction (F(4,16) = 3.76, p = 0.024). Tukey’s HSD (p = 0.05)

indicated that differences in MT arose between trials in which a neutral prime preceded a left

mask compared to trials in which a left prime-left mask sequence was displayed.




Spatial Characteristics. The temporal results, in addition to the fact that movements were

completed to the center target, suggest that the identity of the prime had a limited impact on

movement. This was confirmed by analyzing endpoint position. Although, endpoint
position within the center target was further to the left when a left prime was displayed (x =
-2.3 mm = 3.4 SD left of center), compared to a neutral prime (x =-0.2 mm = 4.2 SD left of

center) and a right prime (x =1.9mm+6.5SD right of center), these findings failed to
reach significance (mask: F(2,8) < 1, prime: F(2,8) = 2.803, p = 0.167, mask by prime:
F(4,16) < 1).

3.3.4 Perceptual Awareness
Participants were surprised to learn that mask arrows had been preceded by prime

arrows and indicated they were merely guessing in the Prime Identification task. These

subjective reports were supported by participants’ inability to correctly discriminate between

the primes in the Prime Identification task (x =50.2% + 13.3 SD). A chi-square goodness-

of-fit task revealed that perceptual performance did not differ significantly from the chance

level of 33% (p > 0.05).

3.4  Discussion
The goal of the present experiment was to determine if the influence of a subliminal

prime stimulus on action can be mediated by the dorsal stream. In order to address this issue,
we examined the influence of prime stimuli on rapid, visually guided actions whose
characteristics were particularly suited for dorsal stream control. Participants were instructed
to complete a goal-directed movement to a center target within 300 ms. If a directional mask
arrow appeared, participants were to attempt to modify this initial movement and complete
their point to the corresponding eccentric target. The critical prime-mask sequence was
randomly presented either within the reaction time interval or upon movement onset.

Using a similar paradigm, we have recently demonstrated that when reaching
trajectories are completed with a movement time goal of 400+ ms and the prime-mask

sequence is presented at movement onset, movements deviate in the direction cued by the

prime (see Cressman et al., 2006). However, while these results show that prime related




visuomotor processing can take over the control of a goal-directed movement, they do not
indicate if this unconscious control arises due to visuomotor processing occurring in the
dorsal stream (e.g. given the long latency of these responses, it may have been possible for
operations occurring within the ventral stream to gain access to movement control; see
Pisella et al., 2000). Thus, in order to examine the possible influence of prime stimuli on
action in the current investigation in light of dorsal stream processing, we had participants
complete their trajectories in a time-frame in which ény adjustments in tfajectory in the
direction of the prime would be a signature of the operation of the dorsal stream.

Participants planned and initiated movements to the center target. On the majority of
trials completed to the center target, movement times were within the goal time
(approximately 300 ms). On trials in which the prime-mask sequence was presented at
‘movement onset, participants’ initial trajectories were in the direction of the center target.
Half of the participants (the Responders), then modified these initial trajectories in response
to the prime at a latency of approximately 240 ms. The remaining participants (the Non-
responders) were unable to correct their trajectories and completed their movements to the
center target on the majority of trials in a movement time of 285 ms. Despite the fact that the
Non-Responders completed their movements to the center target, results suggest that the
primes did begin to have an influence on movement. For example, end point positions within
the center target displayed a slight bias in the direction of the prime. In addition, there was a
small portion of trials (< 7% overall) that were completed to the eccentric targets designated
by the primes within the goal movement time. Therefore, taken together these results imply
that fast, rapid movements mediated by the dorsal stream, can be modified on-line in
response to subliminal stimuli.

In order to determine if similar stream processes were engaged during the reaction
time interval we included trials in which the prime-mask sequence was presented before
movement onset. On these trials, we found that all participants achieved the correct target on
the majority of trials within the movement time goal. More importantly, however, was the
finding that movements were initiated in the direction of the prime. The mean reaction time
of these trials was 255 ms and because the prime-mask sequence was not displayed until 28

ms into the reaction time interval, the influence of the prime was first observed at an

approximate latency of 230 ms. This latency is of a similar magnitude to that obtained when




the prime-mask sequence was presented at movement onset and trajectories were modified
on-line in response to the prime. Furthermore, the influence of the primes on action
continued throughout the movements, such that endpoint positions within the designated
target were biased by the prime displayed (i.e. movements within a given target were
completed more to the left when a left prime was presented compared to a neutral prime).

Combining the results across all trials (i.e. trials in which the prime-mask sequence
was presented within the reaction time interval and at movement onset), it is evident that the
primes took over control of a goal-directed movement. Moreover, given the similarity of the
time at which this influence arose (~240 ms), it appears that similar processes were engaged,
regardless of the time of prime presentation. Based on these findings and given the task
constraints, we propose that the influence of the primes on action arose automatically, due to
processes occurring within the dorsal visual stream. Thus, in addition to revealing that the
influence of a prime on action c‘an be mediated by the dorsal stream, our results extend
Westwood and Goodale’s (2003) proposal that dorsal stream processes are engaged once a
movement is cued. Speéifically, our results indicate that similar dorsal stream processes are
engaged for movement modification, regardless of whether or not the limb is in flight.

While the results of the current investigation reveal that the unconscious visuomotor
processing of prime stimuli can be mediated by the dorsal stream, they do not imply that the
influence of masked primes on reaction time (RT) observed in previous metacontrast
masking paradigms is due to similar processes. The present task employed a task whose
characteristics were particularly suited for dorsal stream control. For example, participants
were to modify a goal-directed movement in response to a stimulus, as opposed to initiate a
response based on the identity of a stimulus. Adjustments in this goal directed movement
occurred early, much earlier than RT observed in previous metacontrast masking RT
paradigms (e.g. see Ansorge et al., 2002; Vorberg et al., 2003; Cressman et al., 2006). In
addition the current investigation differed from typical metacontrast masking RT paradigms
employed in terms of the number of effectors involved and the ability of participants to
modify their initial responses; In the present task, participants used only one limb to respond
and the movement was continuous, such that initial errors could be corrected on-line. In

contrast, typical metacontrast masking RT paradigms require participants to make a discrete

response by pressing a left or right key with the left or right index finger, respectively.




The relationship between these variables (i.e. (1) movement phase: response
execution versus response initiation, (2) number of effectors: 1 versus 2 and (3) nature of the
task: continuous versus discrete) and the possible role they play in dictating the different
visual processes involved in prime processing still needs to be resolved. However, recent
work by Schmidt (2002) and Adam and Pratt (2004) begins to address some of these issues.
Specifically, results reveal that it may not be the movement phase completed that controls the
visual processes engaged but rather the number of effectors involved or the nature of the task
itself. For example, Schmidt (2002) recently demonstrated that a prime can take over control
of a movement, even under circumstances in which the task is one of response initiation.
Schmidt (2002) adapted classic metacontrast masking procedures and had his participants
make short aiming movements as opposed to key press responses. The display consisted of
isoluminant red and green disks (primes) presented simultaneously in diagonally opposite
quadrants of a screen, 32 mm away from a central fixation point. The primes were displayed
for 10 ms and masked by red and green annuli that appeared O to 50 ms after prime offset.
Participants were instructed to point as quickly and accurately as possible from the central
fixation point to an annulus with a pre-specified colour (e.g. red). Similar to the results
obtained in the present experiment, Schmidt found that initial responses were strongly
influenced by the presence and location of the red prime. Specifically, participants initiated
their movements approximately 230 ms after prime onset, in the direction of the prime.
Based on these results, it would appear that the dorsal stream is capable of processing such
attributes as colour and the orientation of é prime stimulus for the control of action,
regardless of whether the action is to be initiéted or modified on-line in response to a target
mask stimulus (see also Appendix A).

It is important to note that in both Schmidt’s (2002) task and the experimental
paradigm we employed in the present investigation, participants completed their responses
with one limb and were able to correct their initial movements. Thus, perhaps the longer
latency in response times obtained in typical metacontrast masking RT tasks arises due to
participants having to select a response limb or wanting to ensure that they initiate the correct
response. This added time may allow processes occuiring in the ventral stream to gain

access to action. Hence explaining why RT benefits are observed in metacontrast masking
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RT tasks, regardless of the nature of the stimuli (i.e. shape, orientation, colour, or semantics),
and why responses are initiated in accordance with the mask as opposed to the prime.

In support of the notion that additional processes may be required when limb
selection is involved in the response process, Adam and Pratt (2004) have recently
demonstrated performance differences in a RT precue task depending on the number of
effectors in the response set. In their task, participants were instructed to (1) press a key
corresponding to the location of a target light or (2) move their index finger to the target
light. There were four possible target locations, which corresponded to 4 response keys in
the RT task (index and middle fingers of the left and right hand were used to make responses
in the key press task and the right index finger was used to make all responses in the pointing
task). On each trial, a precue preceded the target and indicated possible target locations. In
addition to finding that.RT was faster in the pointing task overall, results indicated that
differences in the influence of the precues on performance (i.e. amount and pattern of
precuing effects) arose depending on the task completed (key press or pointing). Based on
these results, Adam and Pratt (2004) concluded that single-effector (i.e. pointing) and
multiple-effector (i.e. key press) tasks are controlled by different mechanisms.

The notion that limb selection (or possibly the nature of the movement to be
completed) may increase response time, thus allowing time for processes occurring in the
ventral stream to influence behaviour, is put forth as a hypothesis. Additional work is clearly
required before the nature of subliminal prime processing for the control of action can be
understood in any great detail. At present, we suggest that it is possible for processing within
the dorsal stream to give rise to the influence of a prime on action, when certain task

restrictions are met.

3.5  Bridging Summary
From the results obtained in Studies 1 and 2 it is evident that invisible primes can

automatically take over control of a goal-directed action. However, by comparing these
results to those obtained in typical metacontrast masking RT paradigms (see Study 1: Mask
Response Time task) it appears that the impact of subliminal stimuli on action is dependent
on task constraints. For example, in RT paradigms, participants’ first recorded responses are

almost always consistent with the identity of the mask (i.e. participants appear to wait until
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they identify the mask before committing to an overt response). In contrast, when the prime-
mask sequence is presented during the execution of a goal-directed movement, participants
first respond in the direction of the prime. Thus, these findings suggest that while the impact
of subliminal events on action may be automatic within a particular task (i.e. a prime
automatically influences action in a pointing task), unconscious visuomotor processes do not
evoke a set response between tasks, as put forth by top-down contingency accounts of
subliminal processing. Instead, the ability of subliminal stimuli to influence motor behaviour
is modulated depending on task constraints.

In fhe current experiment we continued our investigation into “automatic” subliminal
visuomotor guidance. Specifically, we were interested in determining whether unconscious
processes could be modulated by changing the task relevance of a particular stimulus.
Participants were instructed to make the same goal-directed movement as in Study 1 and to
modify the movement if a directional arrow mask was presented. In contrast to Study 1,
participants were warned that a particular directional arrow would be displayed on the
majority of trials. According to top-down contingency accounts, the influence of subliminal
stimuli on action is guid'ed by one’s intentions. Thus, we hypothesized that the ability of a
prime to take over the control of a goal-directed movement would be dependent on its
relationship to the more probable directional mask (i.e. a prime pointing in the same direction

as the high probability mask would have a different influence on performance than a prime

pointing in the opposite direction).
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3.6 Tables

Table 3.1. Mean (SD) performance for movements in which the prime-mask sequence was displayed before movement onset and
movements were completed to the correct target.

Mask Left Right Neutral

Prime Left Right Neutral Left Right Neutral Left Right Neutral
RT 254 (24) 251 (22) 256 (35) 259 (38) 251 (33) 248 (30) 244 (28) 249 (25) 255 (30)
MT 307 (40) 328 (31) 312 (39) 285 (48) 279 (47) 295 (46) 290 (30) 292 (40) 285 (31)
2DD 273 (16) 283 (15) 278 (17) 276 (14) 271 (12) 275 (15) 259 (8) 259 (9) 255 (1)
End -68.1 (11.9) -64.6(12.4) -66.7(12.1) | 58.6(10.5) 64.5(8.3) 63.0(9.3) -28(44) 0.88(4.8) -0.53 (2.7)
A-5mm 97.9 (9.5) 94.1 (8.4) 97.1(7.8) 93.3(8.1) 92.5 (8.55 91.4 (7.6) 97.2(8.2) 92.6(8.4) 94.6 (8.8)
A-end 101.1 34) 985(3.1) 99.8 (3.5) 78.9 (2.9) 76.0 2.2) 775 (2.5) 90.2(1.5) 87.2(2.0)  88.6(0.8)

RT: Reaction time (ms), MT: Movement time (ms), 2DD: 2 dimensional displacement along the curve (mm), End: Position of touch
down with respect to the middle of the center target (mm), A-5Smm: Angle of the trajectory from the horizontal axis at 5 mm into the
movement, A-end: Angle of the trajectory from the horizontal axis at the end of the movement.



Table 3.2a. Mean (SD) performance of the Responders on trials in which the prime-mask sequence was displayed at movement onset
and movements were completed to the correct target.

Mask Left Right Neutral

Prime Left Right Neutral Left Right Neutral Left Right Neutral
RT 274 (62) 280 (35) 261(54) | 273(47) 291(73) 259 (52) | 277(43) 257 (46) 265 (45)
MT 472 (28) 583 (29) 541 (42) | 536(36) 430(28) 525 (68) | 550(46) 581 (50) 362 (32)
CT 237 (18)  335(16) 287 (23) i 341(19) 240(16) 304 (48) | 394 (31) 397 (40)

HD 77 (9) 98 (21) 77 (8) ‘ 92 (18) 67 (9) 71 (10) 41 (9) 46 (14)
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Table 3.2b. Mean (SD) performance of the Non-Responders on trials in which the prime-mask sequence was displayed at movement
onset and movements were completed to the center target.

Mask Left Right Neutral

Prime Left Right Neutral | Left Right Neutral Left Right Neutral

RT 270 26) 297 (35) 271 (32) 263 (36) 268 (40) 299 (39) 293 (57y 299 (31) 299 (15)

MT 272 (18) 280 (25) 298 (17) 283 (25) 278 (26) 278 (10) 285(23) 301 (26) 294 (16) -
End -224.3) 19(7.0) -1.0(2.8) -2.7(3.3) 23(7.1) 0334 213D 15070 034.8)

RT: Reaction time (ms), MT: Movement time (ms), CT: Time of final trajectory modification, HD: Horizontal displacement from time
of final trajectory modification to end of movement, End: Position of touch down with respect to the middle of the center target (mm).



3.7  Figures

: ] target boxes 4 B | /
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Figure 3.1. (A) Overview of visual display in the pointing task. Participants were instructed
to react as quickly as possible to the onset of the target boxes and make a pointing movement
from the home position to the center target box with a movement time goal of 240-360 ms.
Directional arrows cued participants to modify their movements to the center target and land
in an either a left or right eccentric target. (B) Temporal sequence of a direct pointing trial
(left) and a perturbed pointing trial (right). Left, right and neutral masks were presented
equally often and could be preceded by left, right or neutral primes. The prime-mask
sequence was displayed either before movement onset (i.e. within the reaction time interval)
or upon movement onset.
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Figure 3.2. The percentage of corrected perturbed trials in which a left or right directional
mask was displayed before movement onset as a function of mean movement time achieved
on corresponding direct pointing trials for each participant (S01-S11).

71



—LLO
——LNO
LRO
——NLO
NNO
NRO
----RLO
RNO
RRO
e Targets

Figure 3.3. Examples of mean paths for one participant when the prime-mask sequence was
displayed before movement onset. The thicker lines correspond to when a left prime was
presented, thin lines to when a neutral prime was presented and a dashed line to when a right
prime was presented. Black lines indicate trials in which a left mask followed a prime, grey
lines correspond to when a neutral mask was displayed and the lightest line indicates trials in
which a right mask was displayed. The insert depicts the relationship between the different
prime-mask combinations at the onset of movement. Note: movements were initiated in the
direction corresponding to the prime displayed.
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Figure 3.4. The percentage of corrected perturbed trials in which a left or right directional
mask was displayed at movement onset as a function of mean movement time achieved on
corresponding direct pointing trials for each participant (SO1 to S11). Note the range in
participants’ performance.

73



Figure 3.5. Examples of mean direct spatial trajectories (open circles) and individual
perturbed spatial trajectories (solid line) under each of the three conditions in which a left
prime was displayed ((A) left mask (congruent trial), (B) neutral mask and (C) right mask
(incongruent trial)). The center of the eccentric target boxes are indicated by annuli (the
center target box is not visible). Note the early trajectory deviation to the left eccentric target
in all examples. , :
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Figure 3.6. Examples of mean spatial trajectories on'trials in which a neutral mask was
displayed. The open circles correspond to a mean path computed from direct pointing trials

(neutral prime-neutral mask), the solid line to perturbed trials in which a left prime was
presented and the dashed line to perturbed trials in which a right prime was presented.
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CHAPTER 4
STUDY 3: Unconscious but under control: Subliminal behaviour is sensitive to
observer expectations'S

4.1 Introduction _ ,
Investigations into unconscious visuomotor processing have demonstrated that stimuli

presented below the threshold of conscious awareness can influence motor behaviour. For
example, reaction time (RT) to a visible stimulus in a two-choice RT task has been shown to
be affected by a subliminal prime stimulus (Neumann and Klotz, 1994; Dehaene et al., 1998;
Ansorge et al., 2002; Schmidt, 2002; Vorberg et al., 2003). In these choice RT tasks, the
prime precedes the target (mask) stimulus and is rendered “invisible” to the conscious system
as a result of metacontrast masking; a form of backward masking in which a briefly
displayed prime stimulus is followed by a mask stimulus that closely fits the outer contours‘
of the prime but does not touch it (for reviews of metacontrast masking see Kahneman, 1968;
Breitmeyer, 1984; Breitmeyer and Ogmen, 2000; Enns and Di Lollo, 2000). However, even
though participants cannot detect the presence of the prime or discriminate between the
primes as a result of metacontrast masking, both simple and choice response times to the
mask are facilitated when it is preceded by a prime that shares attributes critical to the correct
response (congruent trial) compared to a neutral stimulus. Furthermore, if the mask is
preceded by a prime that shares attributes critical to the alternative response (incongruent
trial), response times to the mask are slower compared to the same neutral stimulus (Taylor
and McCloskey, 1990, 1996; Klotz and Neumahn, 1999; Ansorge et al., 2002; Cressman et
al., 2000).

It is currently unclear how these prime stimuli influence action in the absence of
conscious awareness. According to the theory of Direct Parameter Specification (DPS:
Neumann, 1990) and the Action Trigger Hypothesis (Kunde et al., 2003), subliminal prime
stimuli are processed in a “conditionally automatic” manner. Specifically, the ability of a
subliminal stimulus to impact action is dependent upon the existence of a prior intention to
act, as only stimuli mapped to a particular response will influence performance. Moreover,
according to the theory of Direct Parameter Specification and the Action Trigger Hypothesis,

processes associated with the subliminal stimulus are restricted to comparing the incoming

® A version of this chapter will be submitted for publication.
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stimulus to an established set of stimulus-response alternatives and then, if a match is
obtainéd, directly activating the related response (Neumann, 1990; Ansorge et al., 2002;
Kunde et al., 2003; Kiesel et al., 2007). Thus, these theories of subliminal processing adopt é
top-down contingency (TDC) framework in which the proéessing of a task relevant prime
stirhulus evokes a specific response in an automatic manner. |

| >In accordance with TDC 'accounts'of subliminal processing, Vorberg and colleagues’
(Vorberg et al., 2003) Accumulator Model of Priming (AMP) readily explains how ;a task-
felevant prime can influence responses automatically.. This model predicts that a prime
influences responses by providiﬁg neural evidencé to an “accumulator” that is tuned to a
specific stimulus-response mapping. For example, if participants are required to make either
a left or right response, two separate accumulators are established such that one collécts
néural evidence for stimuli mapped to the left response and the other collects neliral evidence
for stimuli mapped to the right response. If an inéoming stimulus is relevant to the task (i.e.

within the established stimulus-response set), it will contribute neural activity to its

. respective accumulator while it resides in a sensory buffer. According to Vbrber’g and

colleagues (2003), both primes and masks are equally effective at driving the accumulators

and a response is initiated as soon as the accumulated neural evidence for one response

. versus the other response exceeds a critical value.’

Taken together, TDC accounts of subliminal processing (Neﬁmann, 1990; Kunde et
al., 2003) and the AMP (Vorberg et al., 2003), suggest that if a éubliminally presented
stimulus is relevant to the task, it will influence responses in an automatic manner by
providing neural evidence to its respective accumulator. In support of'- the this proposal, we

have recently demonstrated that in addition to influencing response selection and initiation

7 Vorberg and colleagues (2003) refer to the neural evidence a stimulus provides to an accumulator as sensory
evidence, without indicating if this activity collects in an accumulator in order to first form a perceptual
representation and then activate the associated response or if the seénsory evidence begins to activate a response
in a more direct manner (i.e. without first forming a perceptual representation). In the original accumulator
model put forth by Hanes and Schall (1996) (from which Vorberg and colleagues model the present AMP),
input to an accumulator results in an increase in motor activation of the corresponding response. Specifically,
according to Hanes and Schall (1996), a response is initiated once neural activity in the motor area of the
cerebral cortex reaches a specific and constant activation threshold. Given the original accumulator model put
forth by Hanes and Schall (1996) and top down contingency accounts of subliminal processing which suggest
that a prime influences behaviour by activating a motor response, we discuss neural activity collecting in the
accumulators as corresponding to motor activation. Thus, a response is initiated once the difference in motor
activation levels between the two accumulators (representing the two response alternatives) reaches a criterion
threshold. ‘ : :
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processes within a choice reaction time task, masked primes are capable of affecting the on-
line control of a goal-directed movement (Cressman et al., 2006). In our task, participants
were given a fixed movement goal, to complete a rapid movement to a center target location.
On the majority of trials a neutral prime-mask sequence was presented in the center target
after movement initiation. On a small percentage of trials, the neutral prime-mask sequence
was replaced with a directional arrow prime-mask sequence. The directional mask was the
signal for participants to modify their pointing movement so that their movement was
completed to either a left or right eccentric target location, in accordance with the direction
specified by the mask arrow. Although participants remained unaware of the primes at a
conscious level, kinematic analyses revealed that movement trajectories deviated in the
direction of the prime (left or right) before they deviated in the direction of the visible mask.

While our results are in agreement with the principle of conditional automaticity as
proposed within the TDC frémework of subliminal .processing and explained by AMP
(Vorberg et al., 2003), they differed from past results typically obtained in choice reaction
time tasks that emphasize response selection (Taylor and McCloskey, 1990, 1996; Klotz and
Neumann, 1999; Ansorge et al., 2002, Cressman et al., 2006). Specifically, in our pointing
 task we observed overt responses to the prime such that pointing trajectories deviated in the
direction specified by the prime, regardless of its identity or relationship to the subsequent
mask. In contrast, in a choice response time task, we found that while the prime did affect
response times to the mask, and hence influenced action, participénts did not initiate an overt
response based on the primes’ identity (Cressman et al., 2006). This difference in response
patterns between the two tasks suggests that task demands may change the ability of
subliminal information to impact performance.

In keeping with Vorberg and colleagues’ (2003) AMP of subliminal processing, we
have proposed that this difference in the ability of the same subliminal stimulus to influence
action may arise due to a fluctuating motor activation threshold. The level of this threshold
(or Vorberg’s critical value (Vorberg et al., 2003)) could be set strategically depending on the
task at hand. For example, the threshold may be set at a lower level in a target-directed
pointing task compared to a response time task, thus leading to overt pointing responses

triggered by a prime (see Figure 1).
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Our proposal suggests that the processing of subliminal stimuli differs b‘etween tasks
that emphasize response selection and initiation versus on-line control and execution. In the
present study, we turned our attention to the question of whether this subliminal processing
can also be modulated in the pointing task. Specifically, we asked whether the processing of
a prime during pointing movements would always lead to movement adjustments in the
direction of the prime, or whether the prime could be processed in a more selective manner.

We examined the automaticity of prime processing in a pointing task by manipulating
the probability of responding in a certain direction. The protocol was similar to our previous
study (Cressman et al., 2006). Participants were given the fixed movement goal of making a
rapid movement to a center target location. On the majority of trials (70%), a neutral target
shape appeared within the center target and participants moved to the target shape. On the
remaining 30% of trials (perturbed trials), a directional arrow prime-mask sequence was
presented in the center location. The directional mask was the signal for participants to
modify their pointing movement so that their finger landed in either the left or right eccentric
target location, as indicated by the mask. The direction of the mask arrow was biased such
that on 80% of the perturbed trials the mask arrow pointed in the same direction (either right
or left). Participants were made aware of this bias and instructed that on fhe majority of trials
in which a directional mask appeared, it would be a right (or left) arrow mask, cuing them to
modify their movements and land in the right (or left) eccentric target. .

Assuming that prime related activation is guided by one’s intentions, as propbsed by
the TDCKframework of subliminal processing, we predicted that manipulating the probability
of a given movement would modulate the ability of a specific directional prime (i.e. prime
congruent versus incongruent with the biased mask) to influence action. Specifically, we
hypothesized that because the stimulus-response mapping associated with the more likely
response direction would be associated with a higher baseline level of readiness (see Miller,
1988 and Gehring et al., 1992), prime pointing responses would be elicited earlier and to a
greater extent in this direction, compared to the alternative, less likely response direction.
Alternatively, if stimuli within the established stimulus-response set cannot be selectively
processed for action, then manipulating the probability of a given movement would not

modulate the degree to which the primes automatically elicit pointing responses. That is,
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regardless of the identity of the prime, the prime would provide sufficient neural evidence to

its putative accumulator such that the corresponding response would be initiated.

42  Method ,
4.2.1 Participants. Twelve right-handed university students (7 female, 5 male, mean age =

22.3 + 4.8 years) with normal or corrected-to-normal visual acuity participated in this study.
Participants were paid $20 for their involvement.. All participants gave informed consent,
and the study was conducted in accordance with the ethical guidelines set by the University
of British Columbia.

4.2.2 Apparatus. Shapes were presented in white on a black background (Viewsonic 19”
monitor, 70 Hz refresh), oriented 15 degrees from the horizontal. Participants viewed the
display from a distance of approximately 60 cm, with their head movementé restricted by a
chin-rest. The participants were positioned such that their midline was aligned with the
center of the display and a home position (demarcated by a 12 mm circular marker) located
centrally at the bottom of the display. In all tasks, stimuli were presented in the center of the

- display, located 27 cm directly above the home position. A DOS-based microcomputer was
used to control stimulus presentation and data collection.

4.2.3 Stimuli. Prime shapes (4 mm x 9 mm) consisted of left-pointing and right-pointing
arrows, as well as a neutral shape formed from the superimposition of thé two arrows. Masks
consisted of larger (23 mm x 28 mm) versions of the same shapes as the primes, with a
central cutout (see Figure 1). The outer contour of the prime stimuli fit exactly within the
inner contour of the central cutout of the masks. In all trials, primes were presented for 14
ms and the prime-mask stimulus-onset asynchrony (SOA) was set at 56 ms (see Figure'l);
The SOA duration was selected based on pilot experiments demonstrating that it produced
the strongest metacontrast masking. Masks were presented at the same central position as the
primes until the pointing response was complete (approximately 400 ms).

4.2.4 Procedure. Participants completed the required tasks in two experimental sessions
(Day 1 and Day 2). On the first day they performed one block of the Mask Pointing task. On
the second day, participants completed the second half of the Mask Pointing task and a Prime
Identification task. The Mask Pointing task involved making pointing movements from a

home position to a center square target (4.3 cm?) 27.0 cm away. The center target was
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flanked on each side by similar square targets such that the distance between the middle of
the center target and the left or the right target was 7.0 cm. Participants could begin their
movement to the center target anytime following the appéarance of the target boxes. On 70%
of the trials (direct pointing), movement of the stylus initiated the appearance of the neutral
prime shape (14 ms) followed by a neutral mask shape (SOA = 56 ms) in the center target
box. Participants were instructed that when this neutral mask shape appeared theyiwere to
continue pointing to the center target with a movement time goal of 300-500 ms. On the
remaining 30% of trials (perturbed pointing), the prime was one of three shapes (left arrow,
right arrow, neutral shape) and the mask in the center box was either a left or a right pointing
arrow. Participants were instructed that the mask arrow was the signal to adjust their initial
pointing movement towards the target box indicated by the mask arrow. Participants were
further instructed that on the majority of perturbed trials (80%) a right (or left) arrow would
appear. The direction of the higher probability mask was counterbalanced across participanté
such that for half the participants a right mask appeared 80% of the time and for the other
half, a left mask appeared 80% of the time.

Participants began with 20 practice trials of direct pointing. They then completed 2
blocks of 250 test trials, one on each testing day, in which the 70% of direct pointing trials
were randomly interspersed with the 30% of perturbed pointing trials. Movement time was
measured from stylus lift-off to stylus contact with one of the target boxes. Participants were
given a movement time goal of 300-500 ms and movement time feedback was provided
following all direct pointing trials. -

At the end of the pointing block on Day 2, participants performed a Prime
Identification task. Participants were told that one of three prime shapes would be presented
randomly on each trial, with equal probability, and their task was to identify them by making
a 3-alternative forced choice response. They were also told that only accuracy was being
measured and that responsé speed was no longer important. The display sequence was
similar to the Mask Pointing task, such that on 80% of the total triéls the higher probability
right (or left) mask arrow was displayed. Participants viewed the prime-mask sequence with
their right index finger resting below a serial response box (Psychology Software Tools,
model 300). A tone sounded 400 ms following mask onset, indicating that participants could

respond by pressing the left key, the center key, or the right key with their right index finger
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to indicate a left pointing, neutral or right pointing prime arrow, respectively. Each

participant completed 150 trials.

4.2.5 Analysis. Participants performed the pointing task with a stylus in their right hand.
“An infrared-emitting diode was placed at the tip of the stylus and 3D position was monitored
~ using an OPTOTRAK (Northern Digital, Waterloo, Ontario) motion analysis system (spatial
resolution 0.01 mm). The tip of the stylus was equipped with a microswitch that provided an
analog signal indicating whether or not the stylus was in contact with the surface of the
display. The 3D position of the stylus and the status of the microswitch were sampled at 500
Hz. Raw data from the OPTOTRAK were converted into 3D coordinates and digitally
filtered using a second order dual-pass Butterworth filter with a low-pass cutoff frequency of
10 Hz. The start and end of the movement were determined by the status of the stylus.

To examine the influence of the primes on the control of pointing actions we
compared pointing trajectories of the perturbed trials in which participants moved to the
correct eccentric target to an average spatial trajectory computed from the direct pointing
trials. The average spatial trajectory in the 2D plane was calculated for each participant from
all direct pointing trials in the 2 testing blocks. The points in. this trajectory were obtained by
cieriving the mean lateral spatial position in the x-y plane for every 2 mm of forward
rnovement progression. If a trajectory did not have a position value at the exact spatial
location required, one was obtained by linear interpolation from the closest data points. In
addition, the standard deviation of the mean position in the x-direction was also calculated.
The resulting mean spatial trajectory, together with its 2 standard deviation (SD) bandwidth,
then became the standard against which pointing on perturbed trials were assessed (see
Figure 2). ‘

Kinematic variables (details described in Results section) were derived for perturbed

trials in which participants corrected their pointing movements toward the appropriate

ecéentric target (; =84.6% + 14.7 SD of perturbed trials). We categorized data from these
perturbed trials according to the mask presented (high probability mask displayed 80% of the
time vs. low probability mask displayed 20% of the time) and the prime’s direction ielative
to the high probability mask (same as high probability mask, opposite to high probability
mask, or neutral). Dependent variables were then analyzed using a 2 Group (left mask

displayed on 80% of all trials, right mask displayed on 80% of all trials) x 2 Mask (high
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probability mask vs. low probability vrnask) x 3 Prime Direction relative to the high
probability mask (same; opposite, neutral) analysis of variance (ANOVA) with repeated
measures on the last two factors. ANOVA did not reveal any significant effects or
interactions involving the group factor for any of the variables analyzed (p > 0.05). The
absence of these effects indicated that the prime-mask sequence dispiayed had a similar
influence on performance, regardless of the direction in which the movement was biased.
Thus, results will be discussed with reference to mask 'prob_ability (high or low), as opposed
to a specific mask direction.

For all variables examined, differences with a probability of less than .05 were
considered to be significant and Tukey’s Honestly Significant Difference (HSD) poSt—hoc

tests were administered to determine the locus of the differences (alpha = .05).

4.3 Results
Mask Pointing: Subliminal primes selectively influenced the on-line control of action.

Participants completed direct pointing movements to-the center target within the

‘required movement time (x =412 ms  18.1 SD). Figure 2 illustrates a mean spatial
trajectory (open circles) computed from the direct pointing trials for 1 participant In general,
_ trajectories on direct pointing movements moved i ina relatively straight line toward the
center target. Overlaying the mean ,spatialktrajectory in Figure 2 are individual trials in which
‘movements were modified to the target specified by the mask (solid lines). For this
participant the right mask was biased, resulting in the majority of the perturbed pointing trials
being completed to the right. Although all participants Were surprised to learn that mask
arrows had been preceded by prime arrows upon completion of the Mask Pointin-g task,
movements on perturbed trials were nevertheless influenced by the primes. In particular, the
‘ 1nﬂuence of a prime depended on its relationship to the biased mask. ,

As observed in Figure 2, only one trajectory modification away from the center target
“was observed on congruent trials (prime and mask pointing in the same direction) and neutral
trials, regardless of the prime displayed and the direction in which the movement was
completed. In contrast, on incongruent trials (prime and mask pointing in opposite
_ directions), pointing trajectories were inﬂuencedibythe prime’s direction relative to the bias.

Specifically, on incongruent trials in which the prime pointed in the same direction as the
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high probability mask (i.e. a right prime for the participant displayed in Figure 2),
participants first modified their movements in the direction of the prime before correcting
their responses to the target specified by the mask. However, on incongruent trials in which
a prime pointed in the opposite direction of the high probability mask (i.e. a left prime for the
participant displayed in Figure 2), only one modification in trajectory was observed and that
was in the direction of the visible mask.

To quantify our observation that the prime’s influence on participants’ pointing
responses was modulated based on its relationship to the more probable mask, we measured
how far away the hand was from the correct target at the time the movement was modified in
its direction. Specifically, we obtained the lateral displacement from the point in time at
which trajectories began to deviate toward the correct eccentric target to the termination of
the movement. The trajectory adjustment point was defined as the point in time at which-
displacement in the lateral movement axis showed a reversal. ANOVA revealed only a
marginal effect of the mask (F(1,10) = 4.991, p = 0.074), but a significant influence of the
prime’s direction relative to the high probability mask (F(2,20) = 21.624, p < 0.001), and an
interaction between these two factors (F(2,20) = 21.613, p < 0.001). Post hoc analyses
indicated a significantly larger lateral displacement for incongruent trials in which a prime -
poinfed in the same direction as the high probability mask compared to any other prime-mask
combination (Figure 3). None of the other prime-mask combinations, including incongruent

trials in which a prime pointed in the opposite direction to the high probability mask, differed
from each other. Thus, trajectory deviations away from the correct target Were only observed
on incongruent trials in which the prime pointed in the same direction as the high probability
mask.

It is evident from these findings that participants did not respond to the primes in an
automatic or stereotypic manner. The influence of the prime on pointing responses differed
depending on whether or not it pointed in the same direction as the high probability mask. In
attempt to explain how the directional primes selectively influenced visuomotor processing,
we examined the timing of trajectory modifications on all perturbed trials. An estimate of the

'timé at which perturbed pointing movements were first modified from the center target was
obtained by contrasting individual perturbed trajectories with their corresponding mean direct

pointing spatial trajectories. If a perturbed path crossed the 2 SD bandwidth of the mean
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spatial trajectory it was considered to have been modified. The time of the first trajectory

modification was then established by determining the time corresponding to the point at
which displacement in the lateral movement axis first reached a reversal point in the

| trajectory. ANOVA revealed significant main effects (mask: F(1,10) = 0.022, p = 0.005 and

prime direction: F(2,20) = 69.53, p < 0.001). The interaction was not significant (F < 1)

(Figure 4). Trajectories were modified earlier in the direction of the higher probability mask

(x =321 ms + 16 SD) compared to the low probability mask (x =335 ms =21 SD).
Furthermore, Tukey’s HSD analyses revealed that modifications occurred at a significantly

shorter latency on trials in which the prime pointed in the same direction as the high
probability mask (x =306 ms + 22 SD), compared to when the prime pointed in the opposite

direction to the high probability mask (x =326 ms + 21 SD) or was neutral (x = 352 ms *
16 SD). Trials in which the prime pointed in the opposite direction to the high probability

mask also differed significantly from trials with a neutral prime.

Prime Identification: Primes were invisible to participants.

Participants’ subjective reports indicated they were unaware of the presence of the
primes while completing the Mask Pointing task. To determine their ability to consciously

discriminate between the primes we had participants perform a Prime Identification task. It

should be noted, however, that the Prime Identification task differed from the Mask Pointing

task both in terms of prime awareness and task goal. In the Mask Pointing task, participants
were not explicitly aware of the presence of the primes and their primary goal was to make a
movemént in accordance with the identity of the mask. In contrast, in the Prime
Identification task, participants’ sole responsibility was to identify which prime had been
presented. 4

Mean accuracy collapsed across all prime-mask sequence combinations was 44.8% +
10.7 (SD). A chi-square goodness-of-fit test revealed that this proportion 0f correct
responses did not differ from chance at the p = 0.05 level (x> = 0.713). Thus, even when
participants were explicitly aware of the presence of the primes and could focus all of their
attention on attempting to identify which prime had been displayed, they incorrectly reported

the prime’s identity on the majority of trials. Combining these results with participants’
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subjective reports, we are confident that the primes were “invisible” to participants-during the

Mask Pointing task.

4.4 Discussion : _
In the current study we investigated the automaticity of subliminal visuomotor

processing in a goal-directed pointing task by manipulating the baseline probability that a
given directional mask would appear in a prime;mask sequence. Previous studies examining
the influence of probability manipulations on responses completed to visible stimuli have -
demonstrated that higher probability events lead to faster responses (see LaBerge et al., 1969;
Blackman, 1972; Hawkins et al., 1973; Heuer, 1982). Thus, we expected earlier deviations
in the direction corresponding to the higher probability mask. However, it was unclear how
this intentional response bias would influence the processing of subliminal information..

To determine the influence of subliminal stimuli on action we examined pointing
trajectories for modifications in response to the prime. Of particular interest were the
incongruent prime-mask trials, as it was only in these trials that we could be assured that we
were looking at direct evidence of priming while pointing actions were ongoing. The neutral
and congruent prime-mask trials did not afford this opportunity since the prime-mask
sequence was expected to give rise to only one change in trajectory from the center target. .
Therefore, based on the trajectory profiles of these trials, we could not concludé ifa
modification from the center target resulted from processing of the prime or the visible mask
that followed later in time. However, by examining the pointing trajectories in the
incongruent trials and comparing the timing of trajectory modificatidns across all perturbed
trials, we could infer if pr-imes were processed for the control of action.

We have shown previously that when reaching trajectories are to be modified equally
often to the left and to the right, directional primes have a similar influence on movement. In
particular, participants modify their movements on-line in response to a directional prime
(see Cressman et al., 2006). We explained our previous results by amending the top-down
contingency (TDC) framework of subliminal processing and put forth that task constraints
may modulate the impact of subliminal stimuli on action. Specifically, in keeping with

Vorberg and colleagues’ accumulator model (Vorberg et al., 2003), we assumed that a prime

automatically provides neural evidence to an “accumulator” tuned to a specific stimulus-




response mapping, regardless-of task requirements. However, we suggested that the level of
neural activity required to initiate a response could be selectively set based on task demands.
In the case of our pointing task, it could be set at a level that aliowed a‘ response to be
initiated according to a prime’s identity. Thus, our model of priming assumed that after the
level of neural activity was established based on the task at hand (e.g. pointing movement
versus a choice response time task), a prime would contribute to an accumulator, and hence
to a response, in an automatic manner. From the current investigation, it is apparent that the
processing of the prime for action can be modulated, even within a task.

We observed different responses on trials in which the prime pointed in the same
direction as the high probability mask (and thus the direction in which participants were more
likely to adjust), compared to when the prime pointed in the opposite direction. Spécifically,
we found that movement trajectories were adjusted in response to the prime when it pointed
in the high probability direction, but not when it pointed in the opposite direction. These
results demonstrate that during the pointing task, the visuomotor processing of the prime was
dependent on its relation to task-relevant expectations (i.e., whether the prime’s identity was
consistent with the participant’s intentional bias). This indicates that the processing of
subliminal information for action is subject to modulation by intention.

In order to account for how this change in subliminal processing may have afisen, we
also examined the timing of trajectory modifications to determine the time-course of the
processing of the masked primes. Although initial modifications in trajectories were
influenced by both the mask and the prime’s relation to the high probability mask, there was
no interaction between these factors (see Figure 4). The earliest movement modifications
occurred when the prime pointed in the same direction as the high probability mask. The
latest modifications occurred when the prime was neutral relative to the bias. Furthermore,
intentional modifications occurred earlier in response to a high probability mask compared to
a low probability mask, independent of the preceding prime. For example, even on trials in
which a neutral prime was displayed, this influence of the participants’ intentional bias was
evident. The timing difference between neutral prime trials could not have arisen due to
changes in prime processing, as there was only one neutral prime. Rather, the difference in

results between the neutral trials must reflect differences in visuomotor processing of the

visible masks as a consequence of the instructions provided.




Taken together, it is evident from the present results that task instructions (i.e.
intention) must be taken into account in an explanation of how primes can be selectively
processed for action. Previous research demonstrating that a higher probability event is
responded to more quickly than an alternative, less likely response has suggested that
differences between the two responses arise due to advanced preparation of the more
probable resf)onse prior to stimulus onset (Bertelson and Barzeele, 1965; Laming, 1969). In
accordance with this proposal, Miller (1988) demonstrated that in a two-choice reaction time
task (75% left vs. 25% right responses), the time-course and direction of the léteralized
readiness potential (an index of selective motor activation) was indicative of participants
preparing the response associated with the high-probability event prior to the onset of the
imperative stimulus. Furthermore, Miller (1988) also found that when stimulus onset was
unpredictable, participants prepared the high-probability response just after stimulus onset,

even on trials in which the low probability stimulus was displayed (see also Gehring et al.,

1992).

In attempt to explain the influence of subliminal stimuli on performance in the
present experiment within an accumulator-based model, while taking into account previous
research examining probability manipulations on responses to visible stimuli, we propose
that participants selectively adjust the activation level associated with a particular response
based on the instructions provided (see Figure 1b). For example, if a participant is instructed
that on the majority of trials a right response will be required, the neural activity associated
with the right accumulator is increased before the trial has even begun. This predisposition
for the right response, pre-sets the system to favour the high probability response at the time
of prime presentation (i.e. the difference in response activation between the accumulators is
weighted to favour the more likely response). Because of this initial activation, our model
predicts that movements will be initiated earlier to the right than the left when the masks are
preceded by a neutral prime (or even when presented alone). Furthermore, this threshold
difference between the two accumulators at the time of stimulus onset will also impact the
influence of left and right primes on responses. The neural activity associated with a right
prime could cause the difference in accumulators to surpass the required threshold, leading to
overt responses associated with the right prime. In contrast, ’because participants’ advanced

preparation of the right response must be counteracted in order for a left response to be
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initiated, a greater amount of activity must be accumulated. Thus, neural activity associated
with the left prime would not achieve this threshold level before input from the mask began
to activate its associated response, and hence, left prime responses would not be initiated.

The predictions of our proposed version of the accumulator model are consistent with
both the spatial and temporal characteristics of the pointing trajectory modifications observed
in the present experiment. Specifically, trajectories were only modified in the direction of
the prime when it pointed in the same direction as the high probability mask and these

“modifications occurred at a similar latency, regardless of the mask direction. We assume that
subliminal information about a prime was processed along the visual-motor system and the
resulting prime-related neural activity began to activate its associated response (i.e. fill the
associated accumulator). However, the impact of a particular subliminal stimulus on action
was also dependent on differences in the neural evidence necessary to initiate a response.
Since participants were made aware of the fact that the majority of their perturbed
movements were more probable in a certain diréction, it seems reasonable to assume that
participants used this information to guide their responses and adjust the neural evidence
necessary to commit to a response accordingly. ]

Thus, in our pointing task we assume that the shift in the influence of the primes on
action was driven by one’s awareness of fhe task constraints. A Question thaf arises from this
proposal is whether or not the activation level of a specific response (or even responses in
general), and hence the impact of subliminal stimuli on action, can be altered even when one
is not explicitly aware of task constraints. Recent work by Jaskowski and colleagues (2003)
suggests that the impact of subliminal information on action can change even in situations in
which participants are unaware of a given prime-mask manipulation. In their study a series
of subliminal primes were presented and participants were require(i to make a left or right
key-press response based on the location of the main mask stimulus. In addition to finding
that the prime series had additive priming effects, Jaskowski and colleagues (2003)
demonstrated that performance changed with the proportion of congruent and incongruent
trials displayed (i.e. 80% congruent trials versus 20% congruent trials). Participants were
faster to respond when the primes accurately predicted which response was required 80% of
the time versus 20%. According to Jaskowki et al., participants strategically adapted their

responvse criterion so that they would not commit too many errors. It remains to be seen if
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similar findings can be observed in a priming task in which a single prime is presented and

participants are to respond according to the identity of a stimulus.

45  Conclusion
When participants are asked to adopt an intentional bias in the on-line control of their

goal-directed movements, only masked primes that are consistent with the bias lead to
unconscious modifications of action. Thus it appears that the processing of subliminal |
information for action can be modulated, such that it is sensitive to the conscious
expectations of the participant. We proposé that this adaptation arises due to modifications
in the level of neural evidence required for a particular response to be initiated as a result of

participants selectively preparing the more likely response in advance of stimulus onset.

4.6 ' Bridging Summary
The difference in response patterns arising in (1) Study 1 between the reaction time

and pointing task and (2) Study 3 between the different directional primes indicates that
subliminal visuomotor processing is dependent on task constraints. For example in the
reaction time task of Study 1, prime-related activity influenced responses to the visible mask
stimulus presented later in time, without taking over control of the movement. In contrast, in
the pointing task, subliminal events took over the control of the goal-directed movement such
~ that fesponses were initiated in the direction cued by the prime. Furthermore, in Study 3, the
influence of a particular directional prime on action was dependent on its ability to correctly
predict the upcoming respbnse. Taken together, these results suggest that subliminal |
visuomotor processing can be modulated (i.e. a prime does not influence performance ina
set, automatic manner).
| In the fourth study we questioned if modifications in subliminal processing would
arise when task constraints were manipulated at an unconscious level. Specifically we
investigated the automaticity of unconscious processing within a reaction time task iﬁ which
the prime-mask sequence was manipulated at a conscious and unconscious level. Four

separate metacontrast masking reaction time experiments were conducted. In each

experiment participants were required to press left and right keys in response to left and right




arrows respectively. In contrast to previous metacontrast masking reaction time experiments,
the relationship between the prime and mask was systematically varied between the four
experiments. The first experiment was a replication of a “typical” metacontrast masking
reaction time task, in which all stimuli were displayed with equal probability. Results from
this experiment were regarded as a baseline measure of participants’ performance. In the
second experiment we biased the mask displayed and instructed participants that a particular
response would be required on the majority of trials (e.g. left mask biased = left response |

required). In the third experiment, left and right responses were required equally often, but,

’ on the majority of trials a specific directional prime was displayed. Finally, in the fourth

éxperiment we varied the proportion of congruent prime-mask trials displayed. Because the
stimulus events were manipulated at an unconscious level in Experiments 3 and 4, we
predicted, in accordance with top-down contingency accounts of unconscious processing,
that prime-related activity would have a similar influence on iperformance as in Experirﬁent

1.
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4.7  Figures

/

Mask until Movement Complete

42 ms
Prime 14 ms | -
Movement Onset a5 Signai
/ B Prime related activity
;enter Box [l Mask related activity
Prime-mask sequence State of the System: modeled as left and right
displayed accumulators

Figure 4.1. (A) Overview of the proposed Accumulator Model of Priming. If an incoming
stimulus is in the established stimulus-response set, it will contribute neural evidence to its
respective accumulator while residing in a buffer (e.g. a right arrow will contribute neural
evidence to a right accumulator). Both primes and masks are equally effective at driving the
accumulators. We have proposed that in a pointing task, primes contribute sufficient neural
activity such that a motor activation threshold (computed as the difference in the activation
levels between the two response alternatives) is achieved and a response is initiated in
response to the prime. Note: the timing between the prime-mask sequence displayed on the
left and the state of the system modeled as accumulators on the right does not correspond
directly. Changes in the level of activation of the accumulators would be delayed with
respect to stimulus onset.
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Prime-mask sequence State of the System: modeled as left and right
displayed accumulators

Figure 4.1. (B) To account for our current findings we propose that participants selectively
activate the response in the direction of the biased mask, such that at the time of stimulus
onset the difference in activation levels between the two response alternatives favours the
more probable response. Both primes and masks are still equally effective at driving the
accumulators; however, modifications in the direction of the prime are only observed on
trials in which the prime is pointing in the same direction as the biased mask. On these trials
activity from this prime adds to the initial activation and achieves the required threshold
value. In contrast, on trials in which the prime points in the opposite direction as the biased
mask, prime related activity is not capable of achieving the required threshold value before
input from the mask begins to activate its associated response, as additional neural activity is
required to counteract the initial activation of the more probable response.
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Figure 4.2. Examples of a mean direct spatial trajectory (open circles) and individual
perturbed spatial trajectories (solid line) under each of the prime-mask conditions in which a
low probability mask was displayed (top row) or a high probability mask was displayed
(bottom row) ((A) prime pointing in the same direction as the high probability mask, (B)
neutral prime or (C) prime pointing in the opposite direction to the high probability mask).
The center of the eccentric target boxes are indicated by annuli (the center target box is not
visible). For this participant the right mask was displayed on the majority of trials (80%).
Note that an initial incorrect trajectory modification was only observed on the incongruent
trial in which a prime pointing in the same direction as the high probability mask (i.e. a right
prime) was displayed.
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Figure 4.3. Effect of the prime-mask sequence on lateral displacement from the point in time
at which trajectories began to deviate toward the correct eccentric target to the end of the
movement. Error bars denote standard errors.
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Figure 4.4. Effect of the prime-mask sequence on the time of the first trajectory
modification from the center target. Error bars denote standard errors.
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CHAPTER 5 .
STUDY 4: Pushing the limits of unconscious processing: Evidence for an adaptive
visuomotor system®

5.1  Introduction
Visual stimuli presented below the threshold of conscious awareness can influence

motor behaviour. This phenomenon is readily demonstrated in reaction time (RT) tasks in
which a visual stimulus is masked from awareness by a subsequent target stimulus. For
example, in a recent study by Vorberg and colleagues (2003), participants were instructed to
respond as quickly as possible to the visual presentation of a large arrow-shaped stimulus.
Specifically, participants responded with a left or right key press corresponding to the left or
right direction of the arrow. On each trial, the large arrow (the mask) was preceded by a
briefly displayed smaller arrow (the prime) that pointed in the same (congruent) or opposite
(incongruent) direction. Although the prime was made unavailable to the conscious system
by metacontrast masking (for reviews of metacontrast masking see Kahneman, 1968;
Breitmeyer, 1984; Breitmeyer and Ogmen, 2000; Enns and Di Lollo, 2000), participants
responded more quickly to the mask stimulus on congruent trials in compafison to
incongruent trials (a finding dubbed the “metacontrast dissociation’).

Reaction time (RT) paradigms giving rise to the metacontrast dissociation provide the
opportunity to explore the extent to which unconscious information processing can contribute
to action. According to current theories (e.g. the theory of Direct Parameter Specification
(DPS): Neumann, 1990; Neumann & Klotz, 1994; the Action Trigger Hypothesis: Kunde et

al., 2003; Kiesel et al., 2007), a stimulus presented below the threshold of conscious
| awareness will influence performance automatically, if it is relevant to the task (e.g. an arrow
in the study by Vorberg et al. (2003) described above). Thus, these theories adopt a top-
down contingency (TDC) framework, and place restrictions on the ability of unconscious
events to influence performance. For example, according to current TDC accounts, the
processing of a task relevant prime results in the immediate activation of the associated
response and hence, will influence behaviour in a “conditionally automatic” manner. The
automaticity of the prime-related response is further dictated by the assumption that the

prime is not available to the information processing system as a whole but rather processes

¥ A version of this chapter will be submitted for publication.
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associated with the prime are restricted to comparing the incoming stimulus with stimulus-
response alternatives and activating a corresponding response when appropriate (Neumann,
1990; Ansorge et al., 2002, Kunde et al., 2003; Kiesel et al., 2007).

" In support of the conditional influence of subliminal information on action proposed
by TDC accounts, Ansorge and colleagues (2002) have demonstrated that a spatial prime
stimulus does not influence performance when participants are required to make a response
based on a specific feature of the fnask stimulus (e.g. indicate if the mask consists of vertical
or horizontal lines) which is not present in the prime (see also Enns and Oriet, 2007).
Furthermore, Kunde et al. (2003) have illustrated that priming effects can extend to situations
in which multiple stimuli are mapped to a particular response, provided that the subliminal
information is within the established, and expected, stimulus-response mapping (see also
Ansorge, 2004; Ansorge and Neumann, 2005). In the task employed by Kunde and
colleagues (2003), participants were instructed to press a left or right key in response to a
number less than or greater than 5, respectively. Although the only numbers used as target
masks were 1, 4, 6 and 9, Kunde and colleagues (2003) observed priming effects for all
prime stimuli (numbers 1 through 9, excluding 5). Thus, even the numbers 2, 3, 7 and 8
which had been mapped to a particular response but were never responded to (or available) at
é conscious level, influenced action ('s'ee also Naccache and Dehaene, 2001). Moreover, the
priming effect was abolished when the notation between the primes and masks varied and the
primes were presented in an unexpected notation (e.g. primes were presented in number
words, and participants were to respond to target masks displayed in Arabic notation).

From the studies discussed above, it is evident that the influence of a subliminal
~ stimulus on action is dependent on its relationship to the target mask stimulus, and hence
participants’ intentions. In particular, a prime will influence behaviour, only if it is within an
established stimulus-response mapping. According to TDC accounts, this mapping is
established based on a pré—emptive, consciously mediated control mechanism, which links a
particular stimulus (or stimuli) with a given response as a consequence of instructions
provided. However, while it is evident‘that the influence of a prime is contingent on one’s
intentions, previous research does not dictate that this influence need (or should) be regarded
as automatic (i.e. that the prime impacts performance in a set fnanner if it is within an

established stimulus-response mapping). In fact, recent work by Jaskowski and colleagues
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(Jaskowski et al., 2003; Wolbers et al., 2006), suggests that the influence of subliminal
stimuli on action may be modulated depending on the ability of a task relevant prime to
correctly predict the upcoming response (see also Bodner and Masson, 2001, 2003).
Furthermore, in a task by Bodner and Dypvik (2005) in which participants were to categorize
target numbers as odd or even, results demonstrated that a subliminal prime had a greater
influence on performance when it was identical to the mask stimulus (e.g. prime-mask
sequence =1-1) compared to when it merely indicated that the same response was required
(e.g. prime-mask sequence = 1-3). Thus, perhaps current TDC accounts of subliminal
processing place too great of restrictions on prOcesses associated with subliminal information
(i.e. unconscious events associated with the prime may not be limited to the automatic

activation of a corresponding response).

5.1.1 Overview of Experiments
The goal of the present research was to investigate the intention-dependent

automaticity of the unconscious system as outlined by TDC-based accounts of subliminal
processing. Central features of theories that posit a TDC framework include the roles played
by conscious intention, unconscious stimulus processing, and more importantly, the potential
interaction between the two. Thus, in the present work, we were particularly interested in
subliminal response priming under conditions in which conscious events and subliminal
events were varied independently. Closely integrated with these experimental manipulations
was an examination of the impact of changes in the pattern of prime-mask congruency.

In the first experiment, we began with a typical metacontrast masking protocol in
which primes and masks were displayed with equal probability. The goal of this experiment
was to replicate the “metacontrast dissociation” and obtain important baseline RT effects for
subliminally presented stimuli using our protocbl. In the second experiment we made
participants aware of a large bias in the probability distribution of the target stimuli in order
to determine whether one’s expectations regarding the upcoming response would mediate the
impact of masked primes on action. According to TDC accounts, subliminal information |
influences responses automatically if it is relevant to the task at hand. In this task, while all

information was relevant to the task, the degree of relevance varied between stimuli. Thus,

we were interested in determining whether intention-dependent subliminal priming was




sensitive to response biases. In other words, would an observer’s intentional predisposition
towards a favoured motor response influence the impact of subliminally presented primes?

In the next experiment (Experiment 3), we examined whether intention-dependent
subliminal priming was sensitive to changes in stimulus events that occurred outside of
conscious awareness. In order to examine modifications in responses to subliminal events,
we investigated if manipulations in the frequency of occurrence of an unconscious event (i.e.
the prime displayed) could lead to changes in priming effects. In the final experiment
(Experiment 4) we examined the impact of intention-dependent subliminal priming on action
when the relationship between conscious and unconscious events was manipulated.
Specifically, we maﬁipulated the proportion of trials in which the prime and mask were
congruent. In both Experiment 3 and 4, conscious events were similar to Experiment 1 (i.e.
left and right targets were presented on an equal number of trials). Thus, the manipulations
of the prime-mask sequence displayed occurred outside of participants’ awareness. |
According to TDC accounts, results of Experiments 3 and 4 should be similar to Experiment
1. Specifically, the same overall congruency effect should be observed and primes were
expected to have a similar impact on performance, as the processing of subliminal

information is constrained by its relationship with established stimulus-response mappings.

5.2  Experiment 1: Baseline performance

The goal of the first experiment was to establish the impact of subliminal primes on
responses to mask stimuli when the prime-mask sequence was displayed in a typical prime-

mask RT task.

5.2.1 Methods A
5.2.1.1 Participants. Eleven right-handed university students (7 female, 4 male, mean age =

21.9 + 2.2 years) participated in this study. All participants had normal or corrected-to-
normal visual acuity and were reimbursed for their involvement ($20). Participants provided

informed consent and the studies was conducted in accordance with the ethical guidelines set
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by the University of British Columbia. Data from one participant were excluded for failure
to follow task instructions.

5.2.1.2 Stimuli. Prime shapes (4 mm x 9 mm) consisted of a left-pointing and right-pointing
arrow, as well as a neutral shape formed from the superimposition of the two arrows. Masks
consisted of larger (23 mm x 28 mm) versions of the same shapes as the primes, with a
central cutout (see Figure 1). The outer contour of the prime stimuli fit exactly within the
inner contour of the central cutout of the masks. In all trials, primes were presented for 14
ms and the prime-mask stimulus-onset asynchrony (SOA) was set at 56 ms. The SOA
duration was selected based on pilot experiments demonstrating that it produced the strongest
metacontrast masking. Masks were presented at the same central position as the primes until
a response was complete (approximately 400 ms).

5.2.1.3 Apparatus. Shapes were presented in white on a black background (Viewsonic 197
monitor, 70 Hz refresh), oriented 15 degrees from the horizontal. Participants viewed the
display from a distance of approximately 60 cm, with their head movements restricted by a
chin-rest. The participants were positioned such that their midline was aligned with the
center of the display and a serial response box (Psychology Software Tools, Model 300)
located at the bottom of the display. In all tasks, stimuli were presented in the center of the
display, located 27.0 cm directly above the center of the response box. A DOS-based
microcomputer was used to control stimulus presentation and data collection.

5.2.1.4 Procedure. Participants performed two tasks in one experimental session. The first

task was a Mask Reaction Time task. Participants rested their left and right index fingers on

the left key and right key of the response box, respectively. Participants were instructed to
direct théir attention to a fixation point at the center of the display monitor (500-1000 ms)
and respond as quickly and as accurately as possible to the direction of the mask arrow (left
or right) with the corresponding key press. Mask arrows were preceded by a left pointing,
right pointing, or neutral prime arrow (14 ms). Prime-mask SOA was 56 ms.

To obtain an index of the impact of our prime stimuli on performance, neutral, left
and right primes preceded left and right masks with equal probability. Left and right masks

were also presented on an equal number of trials. On 50% of the trials in which a directional

prime was displayed, the prime was followed by a congruent mask. Participants completed




P

one block of 120 trials. Table 1 provides a summary of the prime-mask combinations
displayed in each experiment and the number of trials completed per condition.

After completing the Mask Reaction Time task, participants performed a Prime

Identification task. In this task, participants were made aware that a left, right or neutral

prime shape would be presented randomly on each trial, with equal probability, and their task
was to identify them. Participants were also told that only accuracy was being measured and

response speed was no longer important. Similar to the Mask Reaction Time task, the prime

was displayed for 14 ms and the prime-mask SOA was 56 ms. Participants viewed the
prime-mask sequence with their right index finger resting below the serial response box. A
tone sounded 400 ms following mask onset, indicating that participants could respond by
pressing the left key, the center key, or the right key with their right index finger to indicate a
left pointing, neutral or right pointing prime arrow, respectively.

5.2.1.5 Data Analysis. The variables of interest were reaction time (RT) and percentage of

errors completed. Trials in which participants pressed the incorrect key in the Mask Reaction

Time task were treated as errors and excluded from RT analyses. In addition, for each
participant a range in response times was established and trials in which RT fell outside the
corresponding range were excluded from all analyses (< 2.0% of all trials). The range in a
participant’s response times was determined by first calculating a mean RT for each prime-
mask combination displayed and corresponding standard deviation. A participant’s respoﬁse :
time range was then determined by adding and subtracting 3 times the participant’s mean
standard deviation (calculated by averaging the standard deviations obtained in each prime-
mask combination) to the prime-mask combination with the greatest and smallest mean RT,
respectively. In order to analyze the percentage of errors completed for each prime-mask
combination, the data were first normalized using an arcsine-root transformation.

For all variables examined, analysis of variance results are reported with Greenhouse-
Geisser-corrected p values. Differences with a probability of less than .05 were considered to

be significant and Tukey’s Honestly Significant Difference (HSD) post-hbc tests were

~ administered to determine the locus of the differences (alpha = .05). The p values of

nonsignificant results are presented only when the corresponding F’ value exceeds 1.
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5.2.2 Results .
Mask Reaction Time Task. Figure 2a displays mean correct reaction times (RT) for both left

and right responses as a function of the prime’s relation to the mask (congruent, incongruent
or neutral). As shown in Figure 2a, RT to the mask was greatly influenced by prime
congruency. Furthermore, the impact of prime congruency appeared to be of a similar
magnitude, regardless of whether participants were responding to the left or right mask.

Consistent with these observations, a 2 mask (left, right) by 3 prime congruency (congruent,

~ incongruent, neutral) repeated measures analysis of variance (ANOVA) revealed a

significant main effect for prime congruency, F(2,18) = 155.611, p < .001, that was
independent of the mask displayed (Mask: F(1,9) < 1; Mask by Prime Congruency: F(2,18) <
1). Post-hoc mean comparisons revealed that RT was faster when masks were preceded by
congruent primes compared to incongruent or neutral p_rirhes. Furthermore, mean RT was '
slower on incongruent trials than neutral trials. In order to determine the impact of the
primes on performance, we collapsed RT across left and right responses and calculated the
congruency effect as the difference in mean RT on congruent trials compared to incongruent
trials. Based on this congruency score, the magnitude of the primes’ impact on performance
was approximately 56 ms.

In »additio‘n to RT, we examined participants’ performance accuracy. Overall,

participants were very accurate in the Mask Reaction Time task (> 96% correct overall):

Errors on the remaining trials were not equally distributed across all types of trials (the mean
percentage of errors for each prime-mask combination are provided in Table 2). ANOVA
revealed a significant main effect for prime congruency (F(2,18) = 16.794,27 < 0.001), that
was independent of the mask displayed (Mask: F(1,9) < 1, Mask x Prime Congruency:
F(2,18) < 1). Post-hoc analyses indicated that participants committed a significantly greater
number of errors on trials in which the prifne and mask were incongruenf compared to any

other prime-mask combination.

Prime Identification Task. Chance performance in this task was 33% (given the three equally

likely alternatives). Mean accuracy collapsed across all prime-mask sequence combinations
was 39.7% + 7.3 (SD). A chi-square goodness-of-fit test revealed that this proportion of

correct responses did not differ from chance at the p = 0.05 level (X2»= 0.181).
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5.2.3 Discussion
In Experiment 1, we replicated the metacontrast dissociation. We found that even

though participants were unaware of the primes, responses to the mask were influenced by
information contained in the prime. This influence was independent of the mask displayed
and hence the required response. Specifically, we found a reaction time benefit for congruent
primes and a reaction time cost for incongruent primes. The overall impact of the primes on
performance, as reflected by the mean congruency score, was approximately 56 ms, a
magnitude equivalent to the prime-mask onset asynchrony. Finally, participants made the
most errors on trials in which the prime and mask were incongruent.

The results from Experiment 1 fit within a TDC framework of subliminal processing,
as responses to the mask were influenced by its relationship to a preceding subliminal prime.
In accordance with TDC accounts (i.e., the DPS and Action Trigger hypotheses), we propose
that participants prepared to initiate left and right motor responses to left and right (mask)
arrows, respectively. If a directional (prime) arrow was displayed, it began to activate its
corresponding response, regardless of participants’ conscious awareness. However, prime-
related motor activity did not appear to achieve a required threshold (e.g., Vorberg et al,,
© 2003), necessary to initiate an overt response, but rather biased responses to the mask. Thus,
on congruent trials prime-related processing resulted in faster RTs, as prime processing
activated the correct response, while on incongruent trials, RT was slower because prime

processing led to the initial activation of the incorrect response.

53  Experiment 2: The influence of an intentional bias on subliminal processing

In Experiment 2 we questioned if manipulating participants’ expectations regarding
the upcoming response (i.e. intentions) would influence the impact of subliminal processing
on performance. Similar to Experiment 1, directional and neutral primes were displayed with
equal probability and participants were instructed that they were to press a left or right key in
response to the direction of an arrow mask. However, in contrast to Experiment 1,
participants were told that one of the directional mask arrows would be displayed, and the

corresponding response required, on the majority of trials (80%). For example, participants
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were instructed that on 80% of the trials a left mask arrow would appear and a left key press
would be required.

Previous investigations examining the influence of probability manipulations on
responses to visible stimuli have shown that higher probability events lead to faster responses
(see LaBerge et al., 1969; Blackman, 1972; Hawkins et al., 1973; Heurer, 1982). In order to
explain these findings, researchers have suggested that a higher-probability response is
prepared prior to stimulus onset (Bertelson and Barzeele, 1965; Laming, 1969). In support of
this proposal, Miller (1988) derived the lateralized readiness potential (LRP: an index of
selective motor activation) during the foreperiod of a two-choice reaction time task in which
left and right responses were completed with unequal probability (e.g. 75% left responses vs.
25%). Miller found that the LRP waveforms were indicative of participants preparing the
response associated with the high-probability stimulus prior to the onset of the imperative
stimulus. Furthermore, Miller (1988) also found that when stimulus onset was unpredictable,
participants prepared the higher-probability response just after stimulus onset, even on trials
in which the low probability stimulus was displayed (see also Gehring et al., 1992).

Consistent with previous work demonstrating that higher probability events lead to
faster responses, we hypothesized that RT to the more probable biased mask (i.e. the mask
displayed on 80% of trials) would be faster than responses initiated to the less probable mask
(i.e. the mask displayed on 20% of trials). However, it was unclear how the conscious
manipulation of response tendency would influence the impact of subliminal information on
action. According to TDC accounts, unconscious information is contingent on participants’
intentions. Thus, if participants were more inclined to initiate a particular response, we
expected that the influence of a prime on performance may vary depending on its relationship
to the biased mask. For example, primes pointing in the same direction as the higher
probability mask were expected to have a greater influence on action compared to primes
incongruent with the higher probability mask, as participants would be more inclined to

respond in the biased mask direction.

5.3.1 Methods
5.3.1.1 Participants. Twelve right-handed university students (7 female, 5 male, mean age =

22.3 + 3.8 years) participated in this study. All participants had normal or corrected-to-




normal visual acuity and were reimbursed for their involvement ($20). Participants provided
informed consent and the studies was conducted in accordance with the ethical guidelines set
by the University of British Columbia.

5.3.1.2 Apparatus and Stimuli. The apparatus and stimuli were the same as Experiment 1.
5.3.1.3 Procedure. The basic procedure was the same as Experiment 1, with the following
exceptions. In order to examine the role of an intentional bias on unconscious processing, we
manipulated the prime-mask éequence presented such that on 80% of trials a particular mask
was displayed. Participants were made aware of this bias and instructed that on the majority
of trials (80%) a left (or right) mask would appear. The direction of the mask bias was
counterbalanced across participants, such that for half the participants a right mask appeared
80% of the time and for the other half, a left mask appeared 80% of the time. Participants
completed one block of 150 trials.

5.3.1.4 Data Analysis. In order to examine the manipulation of response bias on
performance acrbss participants, we categorized data according to the mask displayed (high
probability mask: presented on 80% of all trials vs. low probability mask: mask presented on
20% of all trials) and the relationship of the prime to the mask displayed (congruent,
incongruent or neutral). Dependent variables were analyzed using a 2 Group (left mask
displayed on 80% of all trials, right mask displayed on 80% of allbtrials) x 2 Mask (high
probability, low probability) x 3 Prime Congruency (congruent, incongruent, neutral with
respect to the mask) analysis of variance (ANOVA) with repeated measures on the last two
factors. Because ANOVA did not reveal any significant interactions involving the group
factor for any of the variables analyzed (p > 0.05), the results are discussed with reference to

mask bias, as opposed to a specific mask direction.

5.3.2 Results _
Mask Reaction Time Task. Mean correct reaction times (RT) are shown for both high and

low probability responses as a function of prime congruency in Figure 2b. In comparing
these results to performance in Experiment 1, it appears that RT was dependent on the mask A'
displayed (i.e. high probability vs. low probability response required). ANOVA revealed that
this was indeed the case. Participants were faster to make a response when the high

probability mask was displayed compared to trials in which the low probability mask was
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presented, F(1,10) = 30.832, p < 0.00Z . However, once the influence of response bias was
accounted for, the primes influenced RT to the mask in a similar manner to Experifnent 1
(Prime Congruency: F(2,20) = 95.692 < 0.001; Mask Displayed x Prime Congruency:
F(2,20) < 1). This was confirmed by post hoc analyses which indicated that RT was
significantly faster on congruent trials compared to neutral or incongruent trials, which also
differed from each other. Given that the impact of the primes on performance was similar
across response hands, we determined the mean congruency effect by taking the average
difference in RT between congruent and incongruent trials. The average congruency effect
was the same as Experimentl 1-56 ms. |

Similar to Experiment 1, we found that participants were very accuréte in the Mask

Response Time task (> 98% correct overall; the mean percentage of errors for each prime-

mask combination displayed are provided in Table 2). However, in contrast to Experiment 1,
ANOVA revealed that the percentage of errors was influenced by the mask displayed
(F(1,10) = 12.993, p = 0.005), independent of prime-mask congruency (Prime Congruency:
F(2,10) = 2.558, p = 0.103, Mask Displayed x Prime Congruency: (F(2,20) =2.323,p =
0.124). Participants committed significantly more errors on trials in which the low
probability mask was presented and they were to make the less probable response compared

to trials in which the high probability mask was displayed.

Prime Identification Task. Mean acchracy collapsed across all prime-mask sequence
combinations was 45.8% + 10.7 (SD), which did not differ from the chance level of 33% e
=0.713, p > 0.05).

5.3.3 Discussion
In the present experiment, we were interested in determining whether intention-

dependent subliminal priming is sensitive to conscious response biases. To that end, we
created a situation in which participants were able to intentionally favour a particular
response. We then examined whether this intentional predisposition subsequently changed
the impact of subliminally presented primes.

The manipulation of conscious response bias yielded the anticipated results and

demonstrated that a higher probability event is responded to more quickly than an alternative,
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less likely one (see LaBerge et al., 1969; Blackman, 1972; Hawkins et al., 1973; Heuer,
1982). Participants were faster to respond to the high probability mask compared to the low
probability mask, even on trials in which a neutral prime was displayed. This selective
predisposition for a particular response also created a tendency for participants to react
slower and commit a greater number of errors on trials in which the less likely response was
required. However, despite participants’ predisposition to favour a response in the more
probable direction, all primes (i.e. those indicating the same response as the high probability
mask and those indicating the opposite response to the high probability mask), had an impact
on performance. In fact, after accounting for the influence of response bias on performance
(as demonstrated by changes in RT on neutral prime trials), results indicated that the
magnitude of a prime’s impact on action was similar to that observed in Experiment 1.

Thus, our results show clearly that if a stimulus is mapped to a response, it will
influence performance, regardless of participants’ intentional bias. In other words,
participants cannot selectively modulate the impact of subliminal stimuli on performance
when the unconscious information is within established stimulus-response mappings. These
results extend current TDC accounts of subliminal processing, and suggest that the mapping
of a stimulus to a particular response results in the automatic processing of task relevant
information (i.e. primes within the established stimulus-response set will have a predictable
influence on performance).

To explain how the impact of subliminal information on performance remained
constant when an intentional response bias was imposed, we propose that participants began
to prepare the more likely response prior to stimulus onset (see Miller, 1988 and Gehring et
al. 1992). This advanced preparation pre-set the system to favour the more probable
response at the time of prime presentation. In addition to explaining the RT results, this
proposed advanced preparation explains why a higher proportion of errors were obtained on
trials in which participants should have pressed the key associated with the less likely
response. Furthermore, it does not preclude prime-related activity from having a similar
influence on performance as observed in Experiment 1. We assume that the visuomotor
system was adjusted to favour a particular response based on instructions provided.

However, because left and right arrow primes were still relevant to the task at hand, the
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stimuli were processed in a similar manner to Experiment 1 from the time of prime

presentation onwards.

54  Experiment 3: The influence of an unconscious bias on subliminal processing

The results from the previous experiments suggest that if a stimulus is mapped to a
particular response, unconscious events associated with a matching subliminal stimulus
influence performance in an automatic manner. In the present experiment we continued to
probe the conditional automaticity of subliminal processing proposed by TDC accounts by
manipulating subliminal'é_'\/en_ts. Like Experiment 1, participants were required to press left
and right keys equally oftei}. - However, in contrast to Experiment 1, all primes were not
displayed with equal probability. Specifically, one directional prime was presented on 80%
of all trials. According to the TDC accounts of subliminal processing, the same pattern of
results was expected to be observed in the present Experiment as in Experiment 1. Stimulus-
response mappings would be established based on the instructions provided and given that
participants intended to respond to left and right arrows equally often, we did not expect to ‘

observe a preference for a particular response.

5.4.1 Methods
5.4.1.1 Participants. Ten right-handed university students (6 female, 4 male, mean age =

23.9 + 2.7 years) participated in this study. All participants had normal or corrected-to-
normal visual acuity and were reimbursed for their involvement ($20). Participants provided
informed consent and the studies was conducted in accordance with the ethical guidelines set
by the University of British Columbia.

5.4.1.2 Apparatus and Stimuli. The apparatus and stimuli were the same as Experiment 1.
5.4.1.3 Procedure. The basic procedure was the same as Experiment 1, with the following
exception. To examine the role of an unconscious bias on subliminal processing, a specific
directional prime (left or right) was displayed on the majority of trials (biased prime
displayed on 80% of all trials). Similar to Experiment 1, left and right mask arrows were

presented on an equal number of trials. Participants completed 5 blocks of 120 trials.

117



5.4.1.4 Data Analysis. Figure 3 tracks changes in RT for congruent and incongruent trials
when the high probability prime was displayed. Figure 3 shows that performance was
quickly modified in response to the manipulation of prime bias. To allow for the initial
adjustment in performance, data from the first experimental block were excluded from
analyses. For the remaining trials, we categorized data according to the relationship of the
mask to the high probability prime (mask indicated the same response as the high probability
prime or opposite response). Data within these categories were then sepafated according to
the relationship of the prime to the mask (congruent, incongruent or neutral).

Dependent variables were analyzed using a 2 Group (left prime displayed on the
majority of trials, right prime displayed on the majority of trials) x 2 Mask (same response as
the (biased) high probability prime, opposite response to the high probability prime) x 3
Prime Congruency (congruent, incongruent, neutral with respect to the mask) analys'is of
variance (ANOVA), with repeated measures on the last two factors. ANOVA did not reveal
any significant interactions involving the group factor for any of the variables analyzed (p >
0.05). Thus, the results are discussed with reference to the relationship of the mask to the

biased prime, as opposed to a specific mask direction.

5.4.2 Results
Mask Reaction Time Task. Figure 2¢ displays mean correct reaction times (RT) for both

masks (mask indicating the same response as the high probability prime and mask indicating
the opposite response to the high probability prime) as a function of prime congruency.
Surprisingly, the pattern of results differs from Experiment 1. Participants appear to have
been faster on trials in which the mask incongruent with the high probabiiity prime was
displayed. This observation was consistent with the ANOVA, which revealed a significant
main effect for mask, F(1,8) =21.113, p = 0.002. However, like Experiment 2, once
participants’ tendency to respond faster in a particular dﬁection was taken into account, the
impact of primes on performance was similar to Experiment 1 (Prime Congruency: F(2,16) =
50.896, p < 0.001, Mask x Prime Congruency: F(2,16) = 1.397, p =0.276). Specifiéally, post
hoc analyses indicated that RT was significantly faster on congruent trials than either neutral
or incongruent trials and RT was significantly slower on incongruent trials compared to '

neutral trials. The average congruency score was obtained in a similar manner to E1 and E2
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(i.e. mean RT for all incongruent trials minus mean RT for all congruent trials). The average
difference in RT between congruent and incongruent trials was approximately 50 ms, which
did not differ from Experiments 1 or 2 (One-way ANOVA: F(2,31) < 1). The congruency
scores for all experiments are displayed in Figure Ze.

Participants were very accurate in the Mask Reaction Time task (> 98% correct

overall; the mean percentage of errors for each prime-mask combination displayed are
provided in Table 2). On trials in which participants made an error, ANOVA revealed
significant main effects (Mask: F(1,8) = 7.735, p = 0.02; Prime Congruency: F(2,16) =
7.612, p = 0.005). The interaction was not significant, F(2,16) = 1.711, p = 0.212. Post hoc
analyses indicated that participants made significantly more errors on trials in which the
mask congruent with the high probability prime was displayed compared to trials in which
the mask incongruent with the high probability primes was displayed. As well, participants
completed more errors on incoﬁgruent prime-mask trials compared to congruent or neutral

prime-mask combinations.

Prime Identification task. Mean accuracy collapsed across all prime-mask sequence
combinations was 45.1% + 9.3 (SD), which did not differ from the chance level of 33% (x* =
0.630, p > 0.05).

5.4.3 Discussion
In the present experiment we biased the prime displayed and hence manipulated an

unconscious event. Results obtained in Experiments 1 and 2 indicated that unconscious
processes applied to task relevant subliminal stimuli influenced action in an automatic
manner. Specifically, whatever processes were applied to one stimulus within an established
stimulus-response mapping, were also applied to the other (i.e. the impact of subliminal
information on action could not be selectively modulated). On this basis we hypothesized
that manipulating the prime displayed, while instructing participants that left and right mask
arrows were equally probable, would not affect the degree to which subliminal primes
influenced performance. As expected, we found that both directional primes had a similar
impact on performance (50 ms mean congruency effect), which did not differ from

Experiments 1 or 2.
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. These results provide further supﬁort for the relative automaticity of subliminal
processing once intentional stimulus-response mappings are established. Again, after a
stimulus is mapped to a particular response, the impact of task relevant subliminal stimuli on
performance cannot be changed selectively. Our manipulation of prime probability did not
lead to any differences in the degree to which the primes (the high probability versus the low
probability prime) affected performance. However, this manipulation of events that were
outside of participants conscious awareness did have one important effect. Specifically,
biasing the frequency of the prime led to adjustments in the visuomotor system. Similar to
Experiment 2, we found that participants modified their response tendencies such that one
response was “favoured” over the other. In this instance, as‘ reflected by both the R_T data
and error results, participants were more inclined to initiate a réesponse to the mask
incongruent with the high probébility prime. For example, even on trials in which the neutral
pﬁme was presented, RT was faster on trials in which the neutral prime was followed by the
mask incongruent with the high probability prime compared to trials in which the mask
congruent with the high probability prime was displayed.

In order to explain the results obtained in Experiment 2, we proposed that participants
consciously adjusted the visuomotor system in order to favour the activation of the response
associated with the high probability mask. While this selective predisposition for a particular
response resulted in differences in RT between the two responses, it did not modulate the
impact of the subliminal primes. Results from the current experiment, suggest that once
again the visuomotor system was modified (such that participants were more inclined to
initiate a particular response), as a result of a directional bias. However, in this instance, the
adjustments in the visuomotor system resulted from the biasing of an unconscious event (i.e.
the biasing of the prime displayed). Thus, these findings indicate that subliminal events are

not restricted to activating a corresponding response.
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5.5  Experiment 4: The influence of the relationship between conscious and
unconscious events on subliminal processing

In Experiments 2 and 3, we manipulated either a conscious or unconscious event by
biasing the mask or prime displayed. These events were manipulated independently of each
other, such that on 50% of all trials in which directional primes were displayed, the prime
and mask were congruent. However, biasing either the mask or prime did shift the
relationship between conscious and unconscious events indirectly. For example, in
Experiment 2 (manipulation of mask probability), while directional primes were followed by

| a congruent mask on 50% of the trials overall, the ability of a specific directional prime to
indicate the upcoming response depended on its relationship to the biased mask. When the
prime pointing in the same direction as the high probability mask was displayed, it was most
often followed by a congruent mask. In contrast, when a prime pointing in the opposite
direction of the high probability mask was displayed, it was followed by an incongruent
mask on the majority of trials.

In contrast to Experiment 2, both directional primes were followed by a congruent
mask 50% of the time in Experiment 3 (manipulation of prime probability). However,
because one prime was displayed more often than the other, the ability of a specific
directional prime to accurately predict the required response with respect to the number of
trials completed overall, depended on the prime’s identity. For example, on trials in which
the high probability prime was displayed it was followed by a congruent mask on 40% of all
trials, whereas when the low probability prime was displayed it was followed by a congruent
mask on only 5% of all trials. Furthermore, the high probability prime was followed by an
incongruent mask on 40% of all trials and the low probability prime preceded an incongruent
mask on 5% of all trials. Based on these independent manipulations of a conscious or
unconscious event we found that response patterns could be modified in general, such that
one response was favoured over the other. However, all subliminal stimuli within the
established stimulus-response mapping had a similar impact on performance (i.e. the
magnitude of the priming effect remained constant as measured by a congruency score).

In the present experiment we examined if the priming effect observed in the previous

experiments would be modulated when the relationship between the conscious and
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uﬁconscious events was manipulated directly. In order to investigate the interaction between
conscious and unconscious events we changed the proportion of congruent trials displayed.
Participants completed thrée blocks of trials; one in which the prime and mask were
congruent on 80% of all trials, another when the prime and mask were congruent on 50% of
all trials and a third block in which only 20% of the trials were congruent.

Based on the results of Experiment 3, it is evident that response patterns can be
modified as a result of unconscious events. But this modification in performance appears to
be restricted to shifting response tendencies, such that one response'is favoured over the
other. In the present experiment both left and right primes, as well as left and right masks,
were displayed with equal probability. Thﬁs, we did not expect to observe a shift in response
tendencies such that one response was favoured over the other. Furthermore, based on |
current TDC accounts of subliminal proéessing, we hypothesized that the same overall
congruency effect obtained in Experiments 1 through 3 would be observed in the present

experiment regardless of the proportion of congruent trials displayed.

5.5.1 Methods
5.5.1.1 Participants. Twenty-four right-handed university students (13 female, 11 male, -

mean age = 23.8 + 5.8 years) participated in this study. All participants had normal or
corrected-to-normal visual acuity and were reimbursed for their involvement ($20).
Participants provided informed consent and the studies was conducted in accordance with the
ethical guidelines set by the University of British Columbia.

5.5.1.2 Apparatus and Stimuli. The apparatus and stimuli were the same as Experiment 1,

except that neutral primes were not displayed in the Mask Reaction Time task or in the Prime
Identification task. | |

5.5.1.3 Procedure. The basic procedure was the same as Experiment 1, with the following
exception. In order to examine the relationship between the conscious and unconscious
events the proportion of trials in which the prime and mask were congruent varied between
experimental blocks (80%, 50% or 20% congruent). Similar to Experiment 1, in all blocks,
left and right primes, as well as left and right masks were displayed on an equal number of

trials. Participants completed the 3 blocks of 240 trials in a random order.
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5.5.1.4 Data Analysis. The first 80 trials of each experimental block were excluded from
analyses in order to provide participants with the opportunity to adapt to the proportion of
congruent trials displayed. In order to display the results, we collapsed performance across

right and left responses.

5.5.2 Results
Mask Response Time Task. Mean correct reaction times (RT) for congruent and incongruent

trials are displayed as a function of probability distribution in Figure 2d. In this figure we
observe a separation in response patterns depending on the proportion of congruent trials
displayed. For example, the slowest mean RT was obtained on incongruent trials in the
experimental block in which the proportion of congruent trials was 80%, while the fastest
mean RT was obtained on congruent trials in the same experimental block. This suggests
that the ability of subliminal events to correctly predict the upcoming response influenced the
impact of the primes on performance (e.g. affected RT on both congruent and incongruent
trials).

Consistent with our observations, a 3 Probability Distribution (80%, 50%, 20%
congruent trials) x 2 Mask (left, right) x 3 Prime Congruency (congruent, incongruent with
resvpect to the mask) repeated measures analysis of variance (ANOVA) revealed a significant
interaction between probability distribution and prime congruency (F(2,46) = 6.931, p =
0.002). Significant Ihain effects were also observed for mask (F(1,23) =9.323, p = 0.006)
and prime congruency (F(1,23) = 429.895, p < 0.00I). However, even though participants
were slightly faster to complete responses made to the right compared to the left, the
influence of the proportion of congruent trials and prime congruency on performance was
independent of the mask displayed (Probability Distribution x Mask: F(2,46) < 1, Mask x
Prime Congruency: F(1,23) =1.379, p = 0.252, Probability Distribution x Mask x Prime
Congruency: F(2,46) = 1.029, p = 0.365).

Thus, to examine the difference in the magnitude of the priming effect between
different blocks of trials, we collapsed performance across right and left responses and
determined the difference in RT between congruent and incongruent trials (congruency
effect) for each experimental block. A 3 Probability Distribution (80%, 50%, 20%) repeated
measures ANOVA revealed a significant main effect, F(2,46) = 6.931, p = 0.002. The
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_primes had a greater impact on performance, as indicated by a larger congruency score, in the
block of trials in which 80% of the trials were congruent (—)E =52.9 ms £ 15.2 SD) compared

to when only 20% of the trials were congruent (J_C =40.7 ms = 15.8 SD).

Participants were correct on approximately 97% of all trials (Table 2 provides the
mean percentage of errors for each prime-mask combination displayed). On trials in which
participants made an error, a 3 Probability Distribution (80%, 50%, 20% congruent trials) x 2
Mask (left, right) x 3 Prime Congruency (congruent, incongruent with respect to the mask)
repeated measures analysis of variance revealed differences depending on the probability
distribution and prime congruency (Probability Distribution: F(2,46) = 7.947, p < 0.001,
Prime Congruency: F(1,23) = 35.751, p < 0.001, Probability Distribution x Prime
Congruency: F(2,46) = 5.785, p = 0.006). Specifically, participants made the most errors on
incongruent trials in the experimental block in which the prime and mask were congruent
80% of the time. There was no difference in the number of errors completed on trials in
which the prime and mask were congruent, regardless of probability diétribution.
Furthermore, the number of errors was independent of the mask displayed (Mask: F(1,23) =

2.439, p = 0.132).

Prime Identification Task. Chance performance in this task was 50% (given that directional
primes were displayed with equal probability). Mean accuracy collapsed across all prime-
mask sequence combinations was 55.1% + 9.7 (SD). This performance did not differ

significantly from the chance level of 50% at the p = .05 level (X2 =0.250).

5.5.3 Discussion
In the present experiment we examined the influence of the relationship between:

conscious and unconscious events on subliminal priming by varying the proportion of '
congruent trials. In accordance with TDC accounts of subliminal processing and our
previous results, both left and right directional primes had a similar impact on performance
(i.e. there was no selective processing of a partiéular prime for action). However, in contrast
to our previous results, the overall impact of the primes was modulated depending on the

proportion of congruent trials. Results indicated that while the typical pattern of performance

was maintained across experimental blocks (i.e. faster responses on congruent trials and




slower responses on incongruent trials), the magnitude of the impact of the primes on action
differed depending on the proportion of congruent trials displayed. For example, the primes
had the greatest influence on performance, as measured by congruency scores, when they
accurately predicted the upcoming response on the majority of trials (80% congruency
block). Furthermore, errofs completed on incongruent trials suggested that participants were
more willing to commit to the response indicated by the prime when the proportion of
congruent trials was 80% compared to when the prime and mask were congruent on only
50% or 20% of all trials.

In agreement with our results, Jaskowski and colleagues (2003) have recently
demonstrated that manipulating the proportion of congruent trials in a metacontrast masking
RT task in which pairs of stimuli are displayed in rapid succession, leads to differences in
respbnse patterns. In the study by Jaskowski et al. (2003), pairs of stimuli were displayed,
such that one stimulus was presented to the left of fixation and the other to the right of
fixation. The target was designated according to shape and participants were instructed to
respond to the spatial location of the target (left or right) as quickly and accurately as
possible. In different blocks of trials, the target was preceded by a series of primes which
correctly indicated its location on 80% or 20% of all trials. In accordance with our results,
Jaskowski et al. (2003) found that the primes had the greatest impact on performance when
they accurately predicted the upcoming response on 80% of all trials. Thus, these results,
combined with the results obtained in the present experiment, suggest that subliminal
processing is not restricted to activating a corresponding response. As a consequence of
manipulating the relationship between conscious and unconscious events, the system adjusts

to allow subliminal information to have more or less control over performance.

5.6  General Discussion
The goal of the current research was to investigate the intention-dependent

automaticity of the unconscious system as proposed by current top-down contingency
accounts of subliminal processing (i.e. Direct Parameter Specification, DPS (Neumann,
1990), and the Action Trigger Hypothesis (Kunde et al., 2003)). To address this issue we
used a metacontrast masking paradigm and manipulated the stimulus events displayed, either

at a conscious or an unconscious level. Experiment 1 established the impact of subliminal
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primes on responses to the mask stimuli when the prime-mask sequence was displayed in a
typical metacontrast masking RT task. Hence, results obtained in this task were used as a
comparison in order to evaluate possible changes in performance due to experimental
manipulations.

In Experiment 2, we manipulated participants’ expectations (i.e. intentions) regarding
the upcoming response by instructing participants that a particular directional mask would
appear on the majority of trials. In Experiment 3 we manipulated an unconscious event by
biasing a particular directional prime, such that it was displayed on the majority of trials.
Finally, in Experiment 4, we changed the relationship between conscious and unconscious
events by altering the proportion of trials in which the prime and mask were congruent.

According to current TDC-based accounts, the processing of subliminal information
for action is automatic, provided that the incoming sensory information is within an
established stimulus-response mapping. For example, these theories (i.e., DPS and Action
Triggering) propose that based on instructions provided, a consciously mediated control
mechanism maps a particular stimulus to a particular response. This mapping creates release
conditions or “action-triggers” (as described by Kunde and colleagues (2003)). Thus, when
the incoming stimulus is within the established stimulus-response mapping, the
corresponding action-trigger is automatically activated, resulting in an immediate and pre-
determined influence on action (Neumann, 1990; Ansorge et al., 2002; Kunde et al., 2003).

In agreement with TDC accounts of subliminal processing, we found that regardlesé
of experimental manipulation, responses were initiated earlier on trials in which the prime
and mask were congruent compared to incongruent trials. Furthermore, in all four
experiments, left and right directional primes had a similar inﬂuence on performance. For
example, even in Experiment 2, in which participants were instructed that a particular
response would be required on the majority of trials, left and right directional primes
influenced responses to the same degree. Thus, it appears that in a metacontrast masking RT
task in which two stimuli are mapped to two response alternatives, one cannot selectively
modulate the impact of (or differentially process) the subliminal stimuli.

However, in contrast to the current TDC framework, our results indicate that
unconscious processing is not restricted to activating a corresponding response. Results from

Experiments 2, 3 and 4 suggest that while the impact of a specific subliminal stimulus cannot
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be selectively modulated, performance patterns in general (i.e. the visuomotor system) can be
adjusted in response to manipulations of conscious and/or unconscious events. In particular,
we found that visuomotor processing was modified in Experiments 2 (manipulation of a
conscious event) and 3 (manipulation of an unconscious event), such that responses to a
particular mask were initiated faster than the alternative response. In Experiment 2, this was
reflected by participants being faster to initiate a response in the direction of the high
probability mask, whereas in Experiment 3, participants were faster to initiate responses in
the direction of the mask incongruent with the high probability prime. In addition to
modulations in response tendencies, results from Experiment 4 indicate that the impact of
subliminal stimuli on action can be modified in response to changes in the relationship
between conscious and unconscious events. For example, when the prime accurately
predicted the upcoming response on the majority of trials it had a greater effect on
performance compared to when it was followed by an incongruent mask on the majority of
trials.

In attempt to exi)lain how the visuomotor system may be modulated as a result of
varying the proportion of congruent prime-mask trials displayed, Jaskowski and colleagues
(Jaskowski et al., 2003; Wolbers et al., 2006) have recently suggested that participants
strategically adapt their performance by monitoring overt error frequency. According to
Jaskowski, participants recognize the goal of the task is to react as quickly as possible but
they also want to keep errors to a minimum. In experiments manipulating the proportion of
congruent trials, participants are at a greater risk of making an error when performing the
task under conditions in which the prime and mask are congruent on 20% of the time,
compared to when the prime and mask are congruent on 80% of all trials. Thus, by
monitoring error performance, Jaskowski and colleagues (2003) propose that participants
quickly adjust visuomotor processes according to task restrictions in order to ensure that they
react as quickly as possible while maintaining a low number of errors. In the instance when
the proportion of congruent trials is 80%, these adjustments allow for information from the
prime to be readily carried to motor areas where it activates its corresponding response. In

contrast, when only 20% of the trials are congruent, subliminal information is not allowed to

influence motor processes to as great an extent.




The results of our Experiment 4 in which we varied the proportion of congruent trials
are in agreement with the results obtained by Jaskowski and colleagues (Jaskowski et al.,
2003; Wolbers et al., 2006). The primes had a greater influence on performance when they
accurately predicted the upcoming response on the majority of trials. While the modulation
of the visuomotor system to allow the primes to have more or less of an impact on
performance was to participants’ benefit (e.g. allowed for faster RT while ensuring that
responses were correct), we are hesitant to refer to this modification as strategic. Itis
unlikely that adjustments in the ability of subliminal information to influence action arose as
a result of monitoring overt error performance in our experiments. The average number of
errors made by our partiéipants was much lower than in the studies by Jaskowski and
colleagues (< 3% overall vs. approximately 10%). In addition, the modulation of the
visuomotor system observed in Experiment 3 as a result of manipulating an unconscious
event, while maintaining overt performance at baseline conditions, suggests that the
monitoring of overt error frequency is not a prerequisite for shifts in the visuomotor system.
Finally, combining the results of Experiments 3 and 4, it appears that the visuomotor system
can be adjusted after a relatively small number of trials (i.e. < 80). Thus, we propose that one
does not need to be consciously aware of performance in order to modulate visuomotor
processing.

At present we can only speculate how modifications in the visuomotor system arose
as a result of manipulating unconscious events. We propose. that the visuomotor system is
subject to modulation by inhibitory signals arising as a result of subliminal conflicts. These
inhibitory signals accumulate over time as a result of response competition arising between
prime and mask-related motor activation. In Experiment 4, the system would be subject to
higher levels of inhibition when the proportion of congruent trials displayed was 20%
compared to when the proportion of congruent trials was 80%. Increased levels of inhibition
would lead to a general dampening of the system such that prime-related activity could not
contribute to a response as it would when 80% of the trials were congruent and less
inhibitory activity occurred. In Experiment 3, prime-related activity would have to be
inhibited on a greater number of trials in which the high probability prime was displayed

compared to when the low probability prime was presented. In contrast to Experiment 4,

these inhibitory signals would be specific to a particular response and thus, lead to a




reduction in the activation level of the response associated with the high probability prime
compared to the response associated with the low probability prime.

In Experiment 2 (manipulation of a conscious event), we assumed that adjustments in
the visuomotor system arose as the result of participants consciously adjusting the level of
readiness (or activity) of the more likely response. However, given the proposal discussed
above, we would also predict that conflict arising between sublirrﬁnal events may have
influenced performance. The prime pointing in the opposite direction of the high probability
response was followed by an incongruent mask more often than the prime pointing in the
same direction as the bias. Thus, more inhibitory signals would be associated with the
response in the opposite direction to the bias, possibly contributing to participants’ tendency

to respond faster in the high probability direction compared to the low probability direction.

5.7 Conclusion
' Our results indicate that participants cannot selectively modulate the impact of task

relevant subliminal information on action. Thus, in accordance with TDC accounts of
subliminal processing, we found that all subliminal stimuli within an established stimulus-
response set had an equivalent impact on performance. However, in contrast to the proposed
limits of unconscious processing put forth by the current TDC framework, we have
demonstrated that the visuomotor system can be modulated in response to manipulations in
stimulus events occurring outside of conscious awareness. For example, our results indicate
that (1) response tendencies can be varied such that participants are more inclined to initiate a
particular response as a result of an unconscious manipulation and (2) the overall ability of
subliminal stimuli to influence action can be modified when the relationship between

consciously and unconsciously triggered events is varied.
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5.8 Tables

Table 5.1. Total number of trials completed per prime-mask combination within each of the
four experiments. The first word (i.e. neutral, congruent, incongruent) indicates the
relationship of the prime with the subsequent mask. In Experiment 2, masks are designated
as high probability mask (displayed on 80% of all trials) or low probability mask (displayed
on 20% of all trials). In Experiment 3, masks are designated as congruent with high
probability prime (pointed in the same direction as the biased prime) or incongruent with
high probability prime (pointed in the opposite direction to the biased prime). In Experiment
4, the number of trials are provided for each experimental block (80% = 80% of all trials
congruent).




1el

Experiment 1 Neutral - Left Neutral - Right Congruent ~ Left Congruent — Right | Incongruent — Left | Incongruent —
Mask Mask Mask Mask Mask Right Mask
20 20 20 20 20 20

Neutral — High

Neutral — Low

Congruent — High

Congruent — Low

Incongruent — High

Incongruent — Low

Probability Mask | Probability Mask Probability Mask Probability Mask Probability Mask Probability Mask
40 10 40 10 40 10

Experiment 3 Neutral — Mask Neutral — Mask Congruent — Mask | Congruent—Mask | Incongruent — Incongruent —
congruent with incongruent with congruent with incongruent with Mask congruent Mask incongruent
high probability high probability high probability high probability with high with high
prime prime prime prime probability prime probability prime
30 30 240 30 30 240

Experiment 4 Congruent — Left Congruent — Right | Incongruent — Left | Incongruent -

Mask Mask Mask Right Mask

80% 96 96 24 24

50% 60 60 60 60

20% 24 24 96 96




Table 5.2. Mean RT (SE) in ms and mean percentage of errors completed (SE) per prime-
mask combination for each of the four experiments. The first word (i.e. neutral, congruent,
incongruent) indicates the relationship of the prime with the subsequent mask. In
Experiment 2, masks are designated as high probability mask (displayed on 80% of all trials)
or low probability mask (displayed on 20% of all trials). In Experiment 3, masks are
designated as congruent with high probability prime (pointed in the same direction as the
biased prime) or incongruent with high probability prime (pointed in the opposite direction to
the biased prime). In Experiment 4, results are provided for each experimental block (80% =
80% of all trials congruent).




eel

Experiment 1

Neutral - Left

Neutral - Right

Congruent — Left

Congruent — Right

Incongruent — Left

Incongruent — Right

Experiment 2

Neutral — High

Neutral — Low

Congruent — High

Congruent — Low

Incongruent — High

Mask Mask Mask Mask Mask Mask
Reaction time 345 (11) 351 (7) 331 (10) 333 (7) 389 (9) 388 (8)
Errors 1.0(0.7) 1.0(0.7) 1.5(0.8) 1.0(0.7) 6.5 (2.0) 9.0(1.9)

Incongruent — Low

Experiment 3

Neutral — Mask
congruent with

Neutral — Mask
incongruent with

Congruent — Mask
congruent with high

Congruent — Mask
incongruent with

Incongruent — Mask
congruent with high

Probability Mask Probability Mask Probability Mask Probability Mask Probability Mask Probability Mask
Reaction time 345 (13) 396 (12) 327 (10) 378 (15) 386 (10) 432 (12)
Errors 00 6.7 (1.9) 0(0) 2.5(1.8) 0.6 (0.4) 10.0 3.7)

Incongruent — Mask
incongruent with

Experiment 4

Congruent — Left
Mask

Congruent — Right
Mask

Incongruent — Left
Mask

high probability high probability probability prime high probability probability prime high probability
prime prime prime prime

Reaction time 358 (13) 341 (17) 335 (14) 317 (13) 390 (13) 362 (12)

Errors 0.6 (0.5) 0.2 (0.2) 0.1 (0.04) 0.1(0.1) 1.7 (0.7) 0.7 (0.4)

Incongruent — Right
Mask

80% - RT 360 (9) - 353 (9) 405 (9) 415 (9)
80% - Errors 1.3(0.4) 04 (0.2) 9.1(1.7) 6.0 (1.4)
50% - RT 366 (10) 353 (8) 400 (8) 412 (9)
50% - Errors 0.6 (0.3) 0.7 (0.3) 5.6 (1.0) 3.1(0.8)
20% - RT 367 (9) 358 (9) 397 (8) 409 (8)
20% - Errors 0.8 (0.4) 1.0 (0.6) 2.9 (0.9) 3.0(0.8)




5.9  Figures

/

28 ms

/

| Fixation 500 - 1000 ms
/

Figure 5.1. Temporal sequence of a typical experimental trial. Left and right arrows, as well
as a neutral stimulus, served as primes. Participants were instructed to make a response
based on the direction of the mask arrow (e.g. press a left key in response to a left arrow
mask and press a right key in response to a right arrow mask).
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Figure 5.2. Choice reaction times (RT) to the mask stimuli as a function of prime
congruency (congruent (denoted by a square symbol), incongruent (triangle) or neutral
(diamond) with respect to the mask displayed). (A) Experiment 1: Results are shown for left
and responses. (B) Experiment 2: Results are displayed according to the mask presented
(high probability mask: mask displayed on 80% of all trials, low probability mask: mask
displayed on 20% of all trials) (C): Experiment 3: Results are displayed according to the
mask’s relationship with the high probability prime (congruent: mask indicated the same
response as the high probability prime vs. incongruent: mask indicated the opposite response
to the high probability prime). (D) Experiment 4: Results are shown for congruent and
incongruent trials as a function of the proportion of congruent prime-mask trials displayed
within an experimental block (80% (square), 50% (diamond), or 20% (triangle)). (E) The
overall priming effect (congruency score) obtained in each of the four experiments (E1 =
Experiment 1, etc.). In Experiment 4, results are provided for each of the three experimental
blocks in which the proportion of congruent prime-mask trials varied (80%, 50%, or 20%
congruent). The congruency score was calculated as the difference in mean RT between
incongruent and congruent prime-mask trials. Error bars denote standard errors.
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Block 1 Block 2
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.
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RT Difference

Block 5

i | Lo

Figure 5.3. Data from Experiment 3, on trials in which the high probability prime was
displayed. Each bar represents the mean reaction time (RT) obtained on 10 consecutive
congruent or incongruent prime-mask trials (primary y-axis). The solid black line indicates
the difference between the two RT scores. The corresponding values are provided on the
secondary y-axis. Note: (1) in order to calculate these mean RT scores, trials in which
participants pressed the correct key were first separated according to prime-mask congruency
(i.e. congruent or incongruent trials in which the high probability prime was displayed)
within each experimental block. The first 10 trials within these categories were then
averaged together, then the second 10, etc. Due to the fact that participants performed a
number of errors and only 48 trials were displayed per each condition, mean RT are provided
for only four groups of 10 consecutive trials within each experimental block.
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CHAPTER 6
GENERAL DISCUSSION

The goal of the present research was to examine the properties of visuomotor
processing occurring in the absence of conscious awareness. Specifically, I wished to
investigate the extent to which subliminal processes could influence motor performance. In
order to examine unconscious visuomotor processing I presented stimuli through the
psychophysical procedure of metacontrast masking. Metacontrast masking is a form of
backward masking in which the visibility of a briefly displayed visual stimulus (the prime) is
greatly reduced when it is followed by a second visual stimulus (the mask) that closely fits
around the outer contours of the prime but does not touch it. Because the prime fails to be
processed up to the level of conscious awareness as a result of metacontrast masking, it is
assumed that one does not gain conscious access to the relationship between information
provided by the prime and the imperative mask stimulus (Jaskowski et ai., 2003). Thus, in
research employing metacontrast masking procedures, any influence the prime has on
performance arises as a result of unconscious visuomotor processing, enabling one to
examine the extent to which processing of unconscious information can contribute to motor

behaviour.

Two of the main findings from this research include: (1) unconscious visuomotor
processing can result in the modification of an overt response, such that a goal-directed
movement is adjusted in response to a subliminal stimulus and (2) the visuomotor system can
be modified in response to unconscious events. In this chapter I will outline how these
findings fit with current theories (and models) of subliminal visuomotor processing and
outline two possible mechanisms for how subliminal stimuli influence action. Within both |
visuomotor processing mechanisms put forth, I propose that the influence of a subliminal
stimulus on action is dictated by task constraints. However, before discuésing my results I

will first briefly assert that metacontrast masking did indeed prevent participants from

gaining conscious access to the presence of the prime stimuli.




6.1  Perceptual identification
At the end of each experimental session, participants were questioned on the stimulus

sequence displayed and asked to perform a Prime Identification task. In response to

questions regarding the stimulus sequence displayed, all participants reported the presence of
a single large arrow. Furthermore, no participant spontaneously reported seeing a prime

stimulus and when asked specifically to identify the primes in the Prime Identification task,

participants indicated they were merely guessing. These subjective reports were validated by

participants’ overall poor performance in the Prime Identification task. In general, perceptual

reports revealed that participants were unable to consciously identify the primes displayed.
Given that participants incorrectly reported the prime’s identity on the majority of trials in a

Prime Identification task, in which they were explicitly aware of the presence of the primes

and could focus all of their attention on attempting to identify which prime had been
presented, I am confident that any influence of the primes on performance arose as a result of

subliminal visuomotor processing.

6.2 Current explanations of the masked priming phenomenon

6.2.1 Metacontrast masking
While the focus of the current research is on the ability of subliminal stimuli to

influence action, it is important to note possible mechanisms for how (or why) a prime is
masked from conscious awareness, as associated processes will also be unavailable to guide
action. In the introduction (Section 1.3) I outlined the cortical re-entrant explanation of
metacontrast masking (Di Lollo et al., 2000; Enns and Di Lollo, 2000). According to Di
Lollo and colleagues’ cortical re-entrant processing model, conscious awareness arises when
there is a match between a descending code (representing a perceptual hypothesis) and
ongoing activity in lower visual areas. Thus, a prime is rendered “invisible” to the conscious
system as a result of the mask evoking a new pattern of stimulation in the primary visual
cortex, which does not match the cortical re-entrant processes signalling prime-related
information.

A second explanation put forth to explain why a prime is masked from awareness by
metacontrast is the dual-channel, sustained-transient view. According to the standard two-

channel view, a prime is rendered invisible as a result of mask-evoked activity entering the
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nervous system later in time (Weistein, 1975;.Breitmeyer, 1984). For example, the dual-
channel, sustained-transient approach to visual information processing suggests that the onset
of a stimulus results in the initiation of neural activity in two channels. In particular, activity
is simultaneously evoked in a sustained channel, involved in the relatively slow processing of
object features (i.e. brightness, colour, edges and figural details), and a transient channel,
involved in fast, coarse pattern processing which signals the spatial location or the change of
spatial location (motion) of a stimulus (Breitmeyer and Ganz, 1976; Breitmeyer and Ogmen,
2000). Thus, the two-channel view posits that the prime is masked by metacontrast due to
transient activity evoked in response to the mask stimulus which terminates processing of the
prime in the sustained channel at an early, pre—categorical level.

In keeping with the goals of the current research, I do not wish (and will not attempt)
to compare these two theories directly. Instead, it is worth noting that while both the cortical
re-entrant processing model (Di Lollo et al., 2000; Enns and Di Lollo, 2000) and the dual-
channel, sustained-transient view adequately explain the inability of the prime to be
processed up to a conscious level, the standard dual-channel sustained transient approach
fails to account for the ability of a prime to influence motor responses to the mask (i.e. the
phenomenon of masked priming). As outlined in the introduction, and demonstrated through
the results obtained in Studies 1 through 4, primes influence motor responses in accordance
with their identity (e.g. reaction time to a left arrow mask is faster when the mask is preceded
by a left prime arrow compared to a neutral prime). From these results it is evident that the
identity of the prime is established on some level, and hence mask activity does not interrupt
prime processing at an early, pre-categorical stage. Thus, based on motor performance to the
mask stimuli and research revealing the necessity of re-entrant (or feedback) connections
from higher to lower visual areas for visual consciousness (see Sillito et a., 1994; Hupe et al.,
1998; Lamme and Roelfsema, 2000; Lamme et al., 2002; Ro et al., 2003), I propose that
primes are masked from awareness as a result of a mismatch between a descending code and
processes occurring in early visual areas (i.e. the cortical re-entrant processing explanation).

Furthermore, and more important to the goals of the current research, I assume that the
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feedback connections to early visual areas necessary to form a conscious representation are

not required in order for a prime to influence action.’”

6.2.2 Masked priming
The ability of a subliminal stimulus to influence response selection has been

repeatedly demonstrated in metacontrast masking reaction time (RT) paradigms (see Taylor
and McCloskey, 1990, 1996; Neumann and Klotz, 1994; Dehaene et al., 1998; Ansorge et al.,
2002; Schmidt, 2002; Kunde et al., 2003; Vorberg et al., 2003; Breitmeyer et al., 2004). In a
typical metacontrast masking RT task, participants are instructed to press a left or right key,
with the left or right index finger respectively, according to the identity of a visible target
(mask) stimulus. For example, participants may be instructed to press the left key when a left
arrow is presented and a right key in response to a right arrow. Unbeknownst to the
participants, the target masks are preceded by a subliminal prime stimulus. Responses to the
mask (as measured by RT) are faster when the mask is preceded by a congruent prime (i.e. a
prime indicating the same response) compared to a neutral stimulus. In contrast, if the mask
is preceded by an incongruent prime (i.e. a prime indicating the opposite response), RT to the
mask is slower compared to the same neutral stimulus. Thus, metacontrast masking RT
paradigms give rise to a perception-action dissociation. Specifically, motor responses are
influenced by a prime stimulus that is not consciously perceived. ‘

Having established that motor responses can be influenced by subliminal stimuli,
researchers next turned their attention to exploring the mechanism by which this influence
arises. In investigating possible mechanisms, researchers have focussed their attention on
perceptual and response-related prime processing. For example, researchers have questioned
if the influence of a prime on action is governed by (1) associated perceptual processes which
enable the identification of the mask to be facilitated under conditions in which the prime and
mask are congruent and (2) prime-related activation which may begin to bias response
tendencies. Based on results from current research, it appears that prime-related processing
influences performance at both perceptual and response-related levels. For example, Bodner

and Dypvik (2005) have demonstrated that primes facilitate sensory processing of the

? Feedback connections concerning prime-related activity to early visual areas are absent in the dual-channel,
sustained-transient view of metacontrast masking and consequently, unavailable to guide action.




subsequent mask stimulus. In their task, Bodner and Dypvik (2005) instructed participants to
categorize target numbers as odd or even (i.e. odd number, press a left key versus even
number, press a right key). In addition to finding an overall congruency effect, results
indicated an additional benefit in RT (i.e. the fastest RT) on trials in which the prime and
mask were identical compared to when the prime and mask indicated the same response was
required (i.e. 1-1 versus 1-3) (see also Bodner and Masson, 1997). In accordance with these
results, Koechlin and colleagues (1999) found that RT was faster on trials in which the prime
and mask were perceptually identical compared to when they were the same on a conceptual
level (i.e. 1-1 versus 1-one).

To find support for subliminal visual processing influencing performance at the level
of response activation, researchers have turned to masking studies providing
electrophysiological indices of motor-related cortical activation during the reaction time
interval (see Deheane et al., 1998; Eimer and Schlaghecken, 1998; Leuthold and Kopp, 1998;
Jaskowski et al., 2003). In general, this work has demonstrated that the visuomotor
processing of a prime within the established stimulus-response set leads to the activation of
the corresponding motor response. For example, Leuthold and Kopp (1998) derived the
lateralized readiness potential (an index of selective motor preparation), from
electrophysiological (EEG) activity recorded during a metacontrast masking experiment in
which participants made speeded left or right hand responses to the location of the target
stimulus. These authors showed that in addition to obtaining the expected congruency effects
in reaction time, the time-course and shape of the readiness potential waveforms were
indicative of the masked primes activating the corresponding response at the level of the
motor cortex.

While behavioural evidence suggests that prime-related processing influences
performance due to both perceptual and response-related activity, current theories put forth to
explain the influence of subliminal primes on action have primarily focused on the ability of
subliminal stimuli to influence response-related stages. In fact, even before
electrophysiological evidence was available, Neumann and colleagues (Neumann, 1990;
Neumann and Klotz, 1994), proposed the theory of Direct Parameter Specification (DPS).

According to DPS, unconscious visuomotor processing influences performance as a result of

a subliminal prime stimulus activating an associated response. Due to the nature of the




stimulus sequence presented in the current research (e.g. in Studies 1 through 4, the primes
and masks were both directional arrows and two task relevant stimuli were mapped to two
corresponding responses) and the results obtained (e.g. Study 1: the primes took over control
ofa goal—directed action), I will discuss my results in accordance with theories founded on
the assumption that subliminal stimuli influence performance due to response-related activity
(i.e. the theory of DPS and the Action Trigger Hypothesis (Kunde et al., 2003; Kiesel et al.,
2007)). . .
The theory of DPS (Neumann, 1990; Neumann and Klotz, 1994) and the Action
Trigger Hypothesis (Kunde et al., 2003; Kiesel et al., 2007) adopt a top-down contingency
(TDC) framework to explain the ability of subliminal stimuli to influence action. For
example, both theories propose that the ability of a subliminal stimulus to influence motor
performance is dependent on one’s intentions. Specifically, Neumann (1990) and Kunde and
colleagues (2003) suggest that participants establish a stimulus-response mapping, based on
instructions provided. This mapping (e.g. mapping a left arrow stimulus to a left response
and a right arrow stimulus to é right stimulus), creates appropriate release conditions or
“action-triggers” for task-defined response alternatives. At the start of each trial, the action-
triggers are activated and waiting for the last visual parameter to uniquely specify the
required response (i.e. indicate hand). If an external event matches one of the release
conditions, the corresponding response is activated without requiring conscious mediation.

TDC accounts of subliminal processing further suggest that a task relevant prime has
an automatic influence on performance. For example, if an incoming stimulus is within the
established stimulus-response mapping it will evoke a specific response in an immediate
fashion (see Ansorge et al., 2002). In other words, the proposed impact of subliminal
information on action can be described as conditionally automatic (Bargh, 1992).

While the majority of results obtained from metacontrast masking RT paradigms
support current TDC accounts of subliminal visuomotor processing and electrophysiological
evidence clearly indicates that a prime is processed up to the level of the motor cortex, the
notion of a task relevant prime influencing performance by activating an action trigger is
rather vague. Furthermore, current TDC accounts of subliminai visuomotor processing do
not indicate‘how a response actually comes to be initiated. From results obtained in

metacontrast masking RT tasks, it does not appear that an overt response is initiated in
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accordance with the identity of the prime, even when prime-related processing activates the
motor cortex. Thus, it is possible that motor activation by prime-related processing and the
influence of a prime on performance may be uncoupled.'”

The relationship between prime-related processing, activation at the level of the
motor cortex and response initiation is currently unclear. Perhaps a response is not initiated
as a result of prime processing because the corresponding activity in the motor cortex does
not achieve a motor activation criterion threshold. If this were the case, a response would
only be initiated after additional motor activation had accumulated (which in a prime-mask
sequence would involve processes associated with the mask stimulus). In support of the
notion of response initiation being mediated by a criterion threshold at the level of the motor
cortex, results obtained by Gratton and colleagues (1988) indicate that the occurrence and
accuracy of a response can be predicted by examining motor related activity (see also Hanes
and Schall, 1996). In the task employed by Gratton and colleagues (1988), participants were
instructed to make a response based on the identity of a central letter, diéplayed within a
sequence of 5 letters (e.g. HHHHH, HHSHH). Gratton and colleagues (1988) found that a
response was emitted when motor response activation (as measured by the LRP) had
achieved a particular fixed level. In other words, the amplitude of the LRP at the time of
response onset was constant, regardless of the time at which a response was initiated.

A second plausible explanation regarding the inability of prime-related processing to
result in the initiation of a corresponding overt response in metacontrast masking RT
paradigms involves the presence of a decision module. For example, priming effects
triggered by subliminal primes may not be generated directly at the level of the motor cortex
but rather exert their influence through a general-purpose decision module which sends é
“signal” (i.e. neural activation) to the motor cortex regarding the response to be initiated.
This proposed explanation for why a response is not initiated as a result of prime processing

is very similar to the motor activation threshold mechanism described previously. However,

19 Minelli and colleagues (2007) have recently demonstrated activation of the motor cortex in the absence of an
overt response. In their task, participants were instructed to simply indicate the presence of a visual stimulus.
The stimuli were presented above (suprathreshold), at, or below (subthreshold) the psychophysical detection
threshold. In addition to finding a LRP for suprathreshold stimuli, Minelli and colleagues also found a reliable
LRP for subthreshold stimuli, to which participants did not respond. Thus, activation of the motor cortex does
not always lead to an overt physical response, suggesting that activity in the motor cortex and the initiation of a
response may be uncoupled (see also De Jong et al., 1990).
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in this instance, a response is not emitted until a signal from the decision module is released.
Thus, there is an additional visuomotor processing reqﬁirement which is not present in the
motor activation threshold explanation. "

The notion of a decision module dictating response tendencies is consistent with
research examining performance to both conscious and unconscious stimuli. For example,
Bichot and colleagues (1996) have demonstrated that while neurons in the frontal eye field of
monkeys (FEF: a cortical area that responds to visual stimuli and controls purposeful eye
movements), can show selectivity for task relevant stimuli at a very early onset (~80 ms)
after extensive training, this enhanced processing does not facilitate saccade latencies
compared to control conditions.

Furthermore, results obtained by Shlaghecken and colleagues (2003) in a
metacontrast masking RT paradigm also reveal that activity in the motor cortex may not be
responsible for the influence of a prime on action. Schlaghecken and colleagues (2003),
applied 1 Hz repetitive transcranial magnetic stimulation (rTMS) over the left motor or left
premotor cortex before requiring pérticipénts to complete a metacontrast masking RT task.
In previous research, slow frequency rTMS applied over motor cortex has been shown to
reduce motor cortex excitability (as reflected by motor evoked potentials) (Chen et al., 1997).
In support of this finding, Schlaghecken and colleagues (2003) found that RT was
significantly slower after the application of rTMS compared to control conditions. However,
and more importantly to the current discussion, priming effects were not influenced by the
rTMS. Specifically, RT was still faster on congruent trials cémpared to incongruent trials
and the overall impact of the primes on performance did not change with application of
TMS. This finding, demonstrating that priming effects are not influenced by the inhibition
of cortical motor neurons, implies that priming effects may be generated at an earlier stage of
visuomotor processing.

In accordance with evidence suggesting that a prime’s effect may be independent of
activity at the level of the motor cortex, Vorberg and colleagues (2003) have put forth an
Accumulator Model of Priming (AMP). In general, the AMP is consistent with the tenets of
TDC accounts of subliminal processing (i‘.e. a task relevant prime influences action in a
conditionally automatic manner). But, in contrast to TDC accounts, Vorberg and colleagues

(2003) assume that a primes’ influence on performance is mediated by a general-purpose
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decision module. In the AMP, Vorberg and colleagues (2003) model the two response
alternatives as “accumulators”. The accumulators are established based on instructions
provided and each accumulator collects neural evidence for stimuli mapped to its respective
response. For example, if a right arrow is mapped to a right response, neural evidence will
collect in the right accumulator while a right arrow is residing in a sensory buffer. Vorberg
and colleagues (2003) suggest that both primes and masks are equally effective at driving the
accumulators and a response is initiated as soon as the accumulated neural evidence for one
response versus the other exceeds a critical threshold value.!!

The distinction between the AMP proposed by Vorberg and colleagues (2003) and
response activation as outlined within TDC accounts of subliminal visuomotor processing is
very subtle. Both frameworks suggest that the influence of a prime on performance arises
due to response-related activity. In TDC accounts a prime activates a corresponding
response by directly releasing an action-trigger, while the AMP proposes that a prime begins
to influence responses by providing activity to a decision module. It is tempting to combine
the two frameworks and place the proposed “accumulators” at the level of the motor cortex.
However, due to the uncertainty of the relationship governing prime-related activity at the
level of the motor cortex and the initiation of an overt response, I will keep the decision
module as separate from motor cortex when beginning to discuss my results and refer to
prime-related response activation as providing input to a corresponding accumulator. In
addition, at present, I will assume the primes influence performance in the conditionally
automatic manner put forth by current TDC accounts. For example, a prime within the
established stimulus-response mapping provides a set amount of neural evidence to its
associated accumulator and a response is initiated as soon at the difference in response
alternatives (as measured by the difference in neural evidence) reaches a criterion threshold

value.

' Although not stated explicitly by Vorberg and colleagues (2003), I assume that when they refer to response
initiation in the AMP model, this indicates that a signal has been sent to the pre-motor and/or motor cortex
regarding the action to be completed. The corresponding response is then carried out in accordance with the
decision signal arising from the “accumulators”.




6.3  Finding 1: Subliminal visuomotor processing can take over the control of a goal-
directed movement

To explore the extent to which unconscious visuomotor processes can influence
performance I modified typical masked priming procedures, such that the critical prime-mask
sequence was displayed during the execution of an already-initiated goal-directed pointing
movement (Study 1 and Study 2). Participants were given a fixed movement goal, to
complete a rapid movement to a center target location.  On the majority of trials, a neutral
prime-neutral mask sequence was displayed, cuing participants to continue to point to the
center target. On the remaining trials, the neutral mask was replaced with a directional arrow
(left or right). The directional mask was the signal for participants to modify their pointing
movement so that their finger landed in either the left or the right eccentric target location,
according to the direction indicated by the mask. The masks were preceded by neutral or
directional arrow primes. In accordance with TDC accounts of subliminal priming I
hypothesized that the primes would influence performance in a similar manner to that
observed in metacontrast RT tasks (i.e. as demonstrated in the Response Selection task of
Study 1 (Section 2.3)). For example, the primes would begin to bias response tendencies,
such that earlier modifications would be observed in trajectories in response to the mask
when the mask was preceded by a congruent prime compared to a neutral or incongruent
prime. Furthermore, the time of trajectory modification would also differ between the
neutral and incongruent prime-mask trials, with earlier adjustments in trajectories from the
center target observed on trials in which a neutral prime was displayed.

As predicted by TDC accounts, I found differences in the time of trajectory
modifications depending on the prime-mask sequence displayed. Participants were much
faster to modify their movements in the direction specified by the mask on congruent trials
compared to any other prime-mask combination. However, in contrast to TDC predictions,
detailed kinematic analysis of the finger in motion revealed that movement trajectories to the
center target were modified on-line first in response to the invisible prime and then if
necessary, in response to the visible mask. For example on incongruent trials, trajectories
were first modified from the center target in the direction specified by the prime. Initial

deviations in trajectory were then corrected in response to the mask, approximately 56 ms

later (a time corresponding to modifications observed in the neutral prime-directional mask




trials and equal to prime-mask onset asynchrony). These results reveal that visuomotor
processing of a subliminal stimulus can take over the control of a visually guided action.
Moreover, the results indicate that the ability of a subliminal stimulus to influence
performance depends on task constraints. In other words, response-related activity due to
subliminal visuomotor processing does not have the same automatic influence on
performance between tasks (as proposed by TDC accounts of subliminal visuomotor
processing). For example, while the primes may begin to bias response activation in a key
press RT task, participants’ responses (overt) are almost always consistent with the identity
of the mask (typical accuracy greater than 95%, as reported in Studies 1 and 4). In contrast,
in a pointing task, the first recorded responses (trajectory deviations) are observed in the
direction of the prime, regardless of the relationship of the prime with the subsequent mask.
Thus, participants in an RT situation appear to wait until they identify the mask before
committing an overt response, while when faced with a pointing task, participants adjust a

goal-directed action as a result of prime processing.

6.3.1 Accumulator model of priming
In attempt to explain these findings within an accumulator model of priming (i.e.

adaptedb from Vorberg and colleagues” AMP (2003)), I propose that the criterion threshold
necessary to initiate a response is set at a lower level in a pointing task compared to a key
press RT task. In fact, the threshold value is set at a low enough level that prime-related
activity exceeds the criterion and a response is initiated in accordance with the identity of the
prime. The lowering of the criterion threshold in the pointing task consequently eliminates
response competition from arising between prime and mask related activity as a prime
evoked response is already initiated before the mask begins to exert an influence. After a
response is initiated according to the identity of the prirﬁe, the corresponding activation
returns to baseline levels, allowing the next stimulus (the mask) to be processed without any
interference. _

The proposal of a fluctuating threshold difference that is dependent on task
constraints accurately predicts the results obtained in Study 1 and explains why the primes do
not influence performance in the automatic manner proposed by current TDC accounts.

However, the claim of a fluctuating threshold difference is based on the pattern of
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performance across two very different tasks, in which the sensitivity of the measurements
varied greatly. For example, in the RT task, I recorded participants’ final overt responses,
whereas in the pointing task, I continually monitored the ability of the primes to influence
movement (a potentially more sensitive measure of performance). Perhaps if a more
continuous measure of performance had been employed in the key press RT task (e.g.
electromyography (EMG) or force transducers), results would have indicated that the primes
evoked responses at the level of muscle activation and a similar pattern of results to that
observed in the pointing task would have been obtained. In other words, results in the key
press task would have revealed prime related response activation before the response was
completed in accordance with the mask. Thus, based on the results from Study 1, it is
unclear if the difference in the impact of subliminal stimuli on performance between the two
tasks arises due to modifications in the visuomotor system due to task constraints (i.e.
response initiation versus on-line control), or whether the results merely reflect différences in
the sensitivity of measurement employed.

The results obtained in Study 3 and Study 4 (Experiment 2) begin to resolve this
issue. In these tasks I manipulated the probability of completing a movement in a specific
directioﬁ. For example, in Study 3, participants were instructed that on the majority of
pointing trials in which they were to modify their movement to the center target, they would
most often have to complete their point to the left (or right) eccentric target. Similarly in
Study 4 (Experiment 2), participants were instructed that on the majority of trials a left arrow
would be displayed and they would be required to press the left key. Results in the pointing
study revealed that participants modified their trajectories in the direction of the prime only
when it pointed in the more probable response direction. In contrast, both directional primes
had a similar influence on performance in the key press RT task. Thus, in the pointing task,
which potentially employs a more sensitive measure of prime-related activity, we do not
observe an influence of the primes on action under certain conditions (e.g. when the prime
indicates the less likely response is required), whereas in the RT key press task, employing a
less sensitive measure of performance, we observe an influence of all subliminal stimuli on
action. The discrepancy between these patterns of results compared to Study 1, indicates that

the visuomotor system is indeed modified as a result of task constraints and hence, the results
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obtained in Study 1 do not reflect differences in the sensitivity of the measurements
employed.

In attempt to model the findings of Study 3 and Study 4 (Experiment 2) within an
accumulator model of priming, I begin with the assumption that the criterion threshold
necessary to initiate a response would have been set at a lower value in the pointing task
compared to the RT key press task. I next examine how participants performed on trials in
which the neutral prime was displayed under conditions in which a directional mask (and
hence a particular response) was biased. In both the pointing and RT tasks, participants were
faster to initiate a response in the more probable direction compared to the alternative, less
likely response. These results could not have arisen due to differences in subliminal
visuomotor processing, as the same neutral prime preceded both directional masks. Instead,
these results imply that participants were more willing to commit a response in the more
probable direction. In accordance with these findings, similar results have been obtained in
choice reaction time studies exploring the relationship of probability events on responses to
visible stimuli (see LaBerge et al., 1969; Blackman, 1972; Hawkins et al., 1973; Heurer,
1982). In order to explain these findings, researchers have proposed that a higher-probability
response is prepared prior to stimulus onset (Bertelson and Barzeele, 1965; Laming, 1969;
Miller, 1988; Gehring et al., 1992). ‘

In keeping with the notion of advanced preparation, I propose that participants
selectively adjust the activation level associated with a particular response based on the
instructions provided. For exémple, ifa participaht is instructed that on the majority of trials
a right response will be required, the neural activity associated with the right accumulator is
increased before the trial has even begun. This predisposition for the right response, pre-sets
the system to favour the more probable response at the time of prime presentation (i.e. the
difference in response activation between the accumulators is weighted to favour the more
likely response). Because of this initial activation, my accumulator model (with a fluctuating
motor activation threshold) predicts that movements will be initiated earlier to the right than
the left when the masks are preceded by a neutral prime (or even when presented alone).

Furthermore, this threshold difference between the two accumulators at the time of
stimulus onset could potentially impact the influence of left and right primes on responses.

For example, in the pointing task there is the possibility that prime-related processing may no
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longer be able to achieve the criterion threshold. Specifically, on trials in which the prime
points in the less likely response direction, additional activation would be required to
counteract participants’ intentional bias before a response could be initiated. The neural
activity associated with the prime pointing in the less likely response direction would not
achieve this threshold level before input from the mask began to activate its associated
response, and hence, responses would not be initiated in the direction indicated by the prime.

With respect to the RT task, because the threshold for response activation is set at a greater

 threshold difference, advanced preparation may not change the ability of the primes to

influence performance (compared to baseline conditions in which the two directional masks
are displayed with equal probability). In this instance prime-related processing traverses the
system and begins to activate its associated responses. However, neural activity associated
with the mask would still be required in order to achieve the criterion threshold. Thus, the
directional primes would have a similar influence on performance, regardless of their

relationship with the directional mask (model illustrated in Appendix B).

6.3.2 Visuomotor processes engaged
The predictions of the new accumulator model (in which the motor activation

threshold fluctuates depending on task constraints) are consistent with the results obtained in
Studies 1, 2 and 3. The demands of the task (response selection versus on-line control)
appear to modulate the threshold value required before a response can be initiated. An |
intentional bias can then increase the baseline level of readiness or activity associated with a
particular response, dictating the potential influence of subliminal stimuli on action.
However, there is another possible explanation for why the ability of the primes to influence
performance differs between our two tasks. This second explanation is closely related to
Accumulator Model of Priming put forth in Section 6.3.1, in that I still assume that a specific
amount of response activation must be collected in order for a response to be initiated.
However, in this second explanation of how primes influence action, I do not assume that
input to the “accumulators” arises due to the same visuomotor processes in both tasks (which
[ imply in the Accumulator Model of Priming, Section 6.3.1). Instead, I propose that the

demands of the task change the visuomotor processing stages engaged prior to response

 initiation. Specifically, task constraints modify the influence of subliminal stimuli on
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pérformance by changing the sources of input required by the accumulators in order to
initiate a response.

In previous research employing metacontrast masking RT paradigms, it has been
suggested that unconscious processihg of masked primes could be a signature of the
operation of the dorsal visual stream (see Eimer and Schlaghecken, 1998; Jaskowski et al.,
2003; Schmidt, 2002). For example, prime processing is mediated by the dorsal stream and
influences performance directly by activating a response at the level of the motor cortex. As
outlined in Study 2, Section 3.1, I do not believe that exclusive dorsal stream processing can
be held accountable for the influence of primes on action observed in all metacontrast
masking RT paradigms performed to date. However, results obtained from Study 2 indicate
that the processing of a prime for action can be mediated by the dorsal stream under certain
task conditions. In Study 2, participants completed the same goal movement performed in
Study 1. However, in contrast to Study 1, the movement was completed in a time-frame in
which it would have been under dorsal stream guidance. Thus, any adjustments in trajectory
observed would have been mediated by the dorsal stream (see Pelisson et al., 1986;
Desmurget et al., 1999; Pisella et al., 2000). In Study 2, we still observe deviations in the
direction of the prime, indicating that processing within the dorsal stream can be responsible
for a prime’s influence on action when participants are required to modify a goal-directed
movement. These results reveal that neural activation collecting within the motor cortex due
to processes occurring in the dorsal visual stream is responsible for the influence of a prime
on action (i.e. the sources of input leading to response initiation include processes occurring
in the dorsal visual stream and motor cortex).

While processing in the dorsal stream appears to account for the ability of primes to
influence performance in a direct mannér in the pointing tasks, I propose that distinct
processes are engaged during a key press RT. Specifically, I maintain my position that
responses in the key press RT task are not mediated exclusively by processes occurring in the
dorsal visual stream. Thus, in order for a response to be initiated in a key press task I suggest
that responses are governed by processes occurring in the dorsal visual stream, as well as
possible processes in the ventral visual stream and/or frontal cortex. In support of this

proposal, it has been shown that masked stimuli influence responses in metacontrast masking

RT key press tasks under conditions in which the response is defined by semantics (Dehaene




et al., 1998; Kunde et al., 2003) or proper shape recognition (Neumann and Klotz, 1994) —
stimulus attributes processed within the ventral stream (Goodale and Milner, 1992; Milner
and Goodale, 1995). ,

Furthermore, while traditional accounts of visual processing suggest that processing
within the ventral stream gives rise to conscious awareness (Goodale and Milner, 1992;
Milner and Goodale, 1995), it is well documented that areas in the ventral stream can be
activated even when stimuli are blocked from awareness (see Marshall and Halligan, 1998;
Rees et al., 2000, 2002). For example, Rees and colleagues (2002) recorded activity in
category-specific (face) neurons (located within the ventral stream) in a patient suffering
from visual extinction. Even in conditions in which the patient failed to perceive the
stimulus at a conscious level, Rees and colleagues (2002) still found activation of the
category-specific neurons. Finally, it has been shown that corresponding object- or category-
selective neurons in the ventral stream can be activated within 150-170 ms (see Bentin et al.,
1996; Thorpe et al., 1996; Liu et al., 2002; Large et al., 2004) and that activity in the frontal
cortex can begin to reflect a participant’s decision approximately 150 ms after stimulus onset
(Van Rullen and Thorpe, 2001). Reaction times observed in metacontrast masking key press
RT tasks are typically in the range of 350-450 ms (see Ansorge et al., 2002; Vorberg et al.,
2003; Cressman ét al., 2006). Given the time of response initiation compared to task relative
activity at various levels of the cortex, it would seem that there is time for input from ventral
and frontal cortex to influence performance. Thus it is plausible (and I suggest probable) that
the influence of the primes on performance in key press RT tasks arises due to visuomotor

processes occurring in a distributed cortical network.

6.3.3 Additional considerations
I have put forth two possible mechanisms in order to explain the difference in patterns

of results observed between the key press RT tasks compared to the pointing tasks, in which
participants were to modify their movements on-line. In the first explanation I assume that
the primes are processed in a similar manner up to the level of response activation (i.e. to an
“accumulator”). At this point the influence of the primes on performance differs between the
two tasks due to a fluctuating activation threshold that is modified depending on task

constraints. In the second explanation I suggest that the ability of a prime to influence

156



performance is governed by visuomotor processing stages engaged prior to response
initiation. In the pointing task the primes influence performance directly due to processes
occurring in the dorsal stream. In contrast, the key press RT task engages processes within a
distributed cortical network (i.e. the dorsal and ventral stream, as well as the frontal cortex).

In both explanations, I have discussed the difference in patterns of results obtained
between the two tasks as arising due to the phase of movement in which participants are to
comblete their responses (i.e. response initiation versus response execution). However, the
two tasks differ along other dimensions as well. For example, the number of effectors
involved and the ability of participants to modify initial responses differed between the two
tasks. In the pointing tasks, participants used oniy one limb to make a response and the
movement was continuous in nature, such that any initial errors could be corrected on-line.
In contrast, in the masking RT paradigms employed in the present set of experiments (and
those which have been used in typical metacontrast masking key press RT paradigms),
participants were required to make a discrete response by pressing a left or right key with the

‘left or right index finger, respectively. Thus, perhaps it is not differences in the phase of
movement completed that gives rise to the varying influence of primes on performance, but
the number of effectors involved or the nature of the movement itself.

The current research does not allow me to explore the relationship between these
variables (i.e. (1) response execution versus response initiation, (2) 1 versus 2 effectors used
within the task and (3) continuous versus discrete task) or possible roles they may play in
dictating the different visual processes involved in prime processing. However, as outlined
in Study 2 (Section 3.4), recent work indicates that perhaps it is not the phase of the
movement that determines either the level of the activation threshold or the cortical areas
involved in visuomotor processing, but rather the number of effectors involved (see Schmidt,
2002; Adam and Pratt, 2004; Appendix A). For example, Adam and Pratt (2004) have
recently demonstrated that in a precue RT task, the number of effectors within the response
set determines the pattern of results. Based on their findings, Adam and Pratt (2004) suggest
that single-effector (i.e. pointing) and multiple-effector (i.e. key press) tasks are controlled by
different mechanisms. Perhaps these different mechanisms reflect changes in an activation

threshold or the ability of processing within areas of the cortex to influence behaviour, as I

have discussed in Sections 6.3.1 and 6.3.2, respectively.




Or maybe it is the nature of the task that governs how subliminal information is
processed for action. In accordance with this proposal, Schall and Bichot (1998) have put
forth that the decision rule governing response initiation adapts to the opportunities and
demands of the current task. Furthermore, Schall and Bichot (1998) propose that responses
following short reaction times tend to reflect the outcome of an averaging decision, whereas
responses following longer RT reflect a winner-take-all strategy. To support their claim they
draw on results obtained from Groh and colleagues (1997) and Salzman and Newsome
(1994), who recorded the nature of eye movements in monkeys under conditions in which
area MT (area V5: middle temporal, responsible for detecting‘motion signals) was
electrically stimulated. In the task by Groh and colleagues (1997) monkeys were required to

“track slowly moving light spots. They found that the pattern of eye movement responses
reflected input from both the velocity signal generated by the microstimulation and the
velocity signal derived from the visual stimulus (i.e. a vector average decision). In contrast,
Salzman and Newsome (1994) found that when monkeys performed an 8-alternative forced
choice direction of motion judgement, responses reflected a “winner-take-all” decision
process. For example, the monkeys indicated that the direction of motion was either in the
direction of the visual stimulus or in direction indicated by the microsfimulation.

Although the results discussed in this section do not reveal the mechanism by which
subliminal stimuli influence action, it is evident that task demands will influence how a
stimulus is procéssed for action. Research is currently being conducted in order to explore
the exact role the following variables - (1) response execution versus response initiation, (2)
number of effectors and (3) continuous versus discrete task - play in dictating how a
subliminal stimulus is processed for action. At present, I propose that different processes are
engaged when a prime is presented within a metacontrast masking key press RT task
compared to when it is presented during the execution of a goal-directed movement (either in
accordance with an accumulator model (Section 6.3.2) or the visuomotor processing stages
engaged (Section 6.3.3)). Furthermore, I suggest that in metacontrast masking key press RT

tasks, an additional integration threshold value must be achieved before a response can be

Initiated.




6.4  Finding 2: The visuomotor system can be modified in response to unconscious
events

The results of the pointing studies (discussed in Section 6.3: Finding 1) indicate that
subliminal stimuli do not have an automatic influence on performance, as proposed by the
top-down contingency framework, and modeled by Vorberg and colleagues’ (2003)
accumulator model of priming. Instead, the influence of subliminal stimuli on action appears
to be dependent on the nature of the task to be completed (e.g. key press RT task or pointing
movement). However, these results do not rule out the possibility that within a specific task,
top-down contingency accounts of subliminal priming correctly assume that task relevant
stimuli evoke a particular response, in an automatic fashion. In order to explore this
possibility, I examined the ability of subliminal stimuli to influence performance within a
task, when the prime-mask sequence was manipulated.

Specifically, in Study 4 1 examined the roles played by conscious intention,
unconscious stimulus processing, and more importantly, the potential interaction between the
two in a metacontrast masking key press RT task. Similar to the RT tasks discussed in
Section 6.2.2, participants completed a choice RT task in which they were instructed to press
a left or right key in response to a left or right arrow respectively. Four separate RT tasks
were completed in which the stimulus events displayed were manipulated at either a
conscious or an unconscious level. Experiment 1 established the impact of subliminal primes
on responses to the mask stimuli when the prime-mask sequence was displayed in a typical
metacontrast masking RT task. Hence, results obtained in this task were used as a
comparison to evaluate possible changes in performance due to experifnental manipulations.
In Experiment 2, I manipulated participants’ expectations (i.e. intentions) regarding the
upcoming response by instructing participants that a particular directional mask would
appear on the majority of trials. In the third experiment I manipulated an unconscious event
by biasing a particular directional prime, such that it was displayed on the majority of trials.
Finally, in the fourth experiment, I modified the relationship between conscious and
unconscious events by altering the proportion of trials in which the prime and mask were
congruent.

From the results obtained in Study 4, it is evident that subliminal stimuli do not evoke
a response in accordance with top-down contingency accounts of subliminal priming

(Neumann, 1990; Neumann and Klotz, 1994: Kunde et al., 2003; Kiesel et al., 2007), even
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within a task. For example, results from Study 4 reveal that although the impact of a specific
subliminal stimulus cannot be selectively modulated in a task in which two stimuli are
mapped to two response effectors, performance patterns in general (i.e. the visuomotor
system) will adjust in response to manipulations of conscious and unconscious events. In
particular, I found that visuomotor processing can be modified such that responses to a
particular mask are initiated faster than the alternative response when the prime-mask
sequence is manipulated at a conscious (Experiment 2) or unconscious level (Experiment 3).
In addition, I found that the impact of subliminal stimuli on action can be modulated in
response to changes in the relationship between conscious and unconscious events
(Experiment 4). For example, when the prime accurately predicts the upcoming response on
the majority of trials, it will have a greater influence on performance compared to when it is
followed by an incongruent mask on the majority of trials (i.e. indicates the incorrect
response). Thus, TDC accounts incorrectly assume that unconscious processes are restricted
to activating a corresponding response. Instead, as demonstrated in Study 4, it is evident that
the relationship between information provided by the prime and the imperative mask
becomes available to the system (on some level) and leads to modulations in subliminal

visuomotor processing.

6.4.1 Accumulator model of priming
It is possible that the modifications of the visuomotor system, as demonstrated by

participants’ performance in Study 4, can be reflected at the “accumulator” level. Thus, I can
still model the present results within my version of the accumulator model of priming, while
making the following assumptions: (1) in a key press RT task, stimulus-response links are
established for the two possible response alternatives, regardless of the probability of
completing a particular response, (2) there is no modulation in how a prime is processed up
to the level of response activation (i.e. up to level of providing input to an accumulator), and
(3) aresponse is initiatéd when the difference in neural evidence between the accumulators
achieves a constant threshold value for a particular response (e.g. a key press response). |
briefly outlined in Section 6.3.1, that the findings obtained in Study 4, Experiment 2 could be
explained by participants selectively preparing the more probable response prior to stimulus

onset. This advanced preparation pre-sets the system to favour the higher probability
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response at the time of prime presentation (i.e. the difference in response activation between
the accumulators is weighted to favour the more likely response). Thus, because of this
initial activation, the criterion threshold would be achieved earlier on trials in which the more
probable response was to be completed, regardless of the prime displayed.

The results obtained in Study 4, Experiment 3, in which a single directional prime
was displayed on the majority of trials (biased prime), also indicated that participants were
more willing to initiate a particular response. Specifically, participants were faster to initiate
the response opposite to the one indicated by the biased prime. To account for this
observation, I propose that the system was modified in a similar manner to Experiment 2,
such that the activation level of the response opposite to that indicated by the biased prime
was higher at the time of stimulus onset. Finally, to explain the results of Experiment 4,
within the accumulator model and assumptions put forth, I propose that the gain of the
system was modulated depending on the proportion of congruent prime-mask trials
displayed. For example, when the prime and mask were congruent on 80% of the trials, the
overall gain of the system was increased allowing incoming activity to have a great influence
on performance. In contrast, in the experimental block in which only 20% of the prime-mask
trials were congruent, the system was downregulated, such that prime-related processing
could not influence performance to as great an extent as when the prime and mask were
congruent 80% of the time.

The predictions of my proposed version of the accumulator model, guided by my
assumptions, are consistent with both reaction times obtained and trends in error
performance. However, it is also plausible that the visuomotor system may have been
modified before the level of response activation or in a different manner at the level of
response activation, and the present results still predicted (i.e. assumptions 2 and 3 may be
false). For example, the visuomotor system may have been adjusted to facilitate prime-
related processing within other areas of the cortex, enabling resulting processes to have a
greater impact on the associated response. In support of this notion, Jaskowski and
colleagues (2003) have recently demonstrated that in conditions in which a prime and mask
are congruent 80% of the time, prime-related activity at the level of the motor cortex

(measured by LRP) is enhanced compared to conditions in which the prime and mask are

congruent only 20% of the time (see also Barcelo et al., 2000). In addition, it is possible that




the criterion threshold necessary to initiate a response could be modified selectively
depending on the probability of a particular response being committed. For example, as a
consequence of instruction, the threshold criterion required to initiate a more probable
response may be set at a lower level compared to the less likely response alternative. This
adjustment within the visuomotor system (at the level of the accumulators), would still
predict faster RT in response to the more probable response and allow both directional
primes to have a similar influence on performance.

To summarize, the results obtained in Study 4 demonstrate that it is possible to model
the two stimulus-response alternatives in metacontrast masking RT key press tasks as
accumulators, in which a set difference in activation levels between the two response
alternatives is required in order to initiate a response. However, future experiments are
required in order to determine the intricacies of the assumptions of the proposed accumulator
model and explain how a response comes to be initiated. At present I suggest that the
visuomotor system can be modified at the level of response activation (i.e. at the level of the
accumulators) and will now outline a possible mechanism for how adjustments in the system

arise as a result of unconscious visuomotor processing.

6.4.2 The influence of context on performance
In Experiments 1, 3 and 4 of Study 4, participants were required to press the left and

right keys equally often. However, even though participants were given similar instructions
across these three tasks, performance patterns in Experiments 3 and 4 differed from the
baseline conditions of Experiment 1. In Experiment 3, in which a particular directional
prime was presented on 80% of all trials (high probability prime), results indicated that
participants began to favour a particular response. Specifically, participants were faster (and
more willing) to initiate responses to the mask pointing in the opposite direction to the high
probability prime. In Experiment 4 response patterns changed when the proportion of
congruent prime-mask trials was manipulated. For example, when the prime and mask were
congruent on 80% of all trials, the primes had a greater influence on performance compared
to when the prime and mask were congruent on only 20% of all trials.

In attempt to explain how these different results arose across experiments in which

the same overt responses were required (e.g. left and right key presses were completed with




equal probability), it is necessary to examine the relationship between the prime and mask (as
the only difference between these experiments was the ability of a prime to correctly predict
the upcoming response). In Experiment 3, a specific directional prime was displayed on the
majority of trials. Thus, because left and right masks were presented with equal probabilit’y,
the high probability prime was followed by an incongruent mask on a large portion of trials.
In contrast, due to the fact that the second directional prime was displayed so infrequently, it
was followed by an incongruent mask on a much smaller portion of trials. In Experiment 4,
the proportion of trials in which a prime was followed by a congruent mask was manipulated
directly and varied between experimental blocks (80%, 50% or 20%). Thus, when
participants were completing the 80% congruent block, the two directional primes were
followed by congruent masks on the majority of trials.

Within my version of an accumulator model of priming, I have illustrated the system
as resolving conflict arising between prime and mask evoked response activation by mask
processes compensating for prime-induced activity. Specifically, the mask processes inhibit
(overwrite) prime-induced activation, and then begin to activate an associated response. In
order to account for the results obtained in Study 4, I propose that inhibitory activity can
accumulate in the system at the level of response activation. The accumulation of these
inhibitory signals arising due to subliminal conflicts, results in modifications in the
visuomotor system, in the absence of top-down intentional guidance. Specifically, as
outlined in Section 5.6, I propose that these inhibitory signals accumulate over time as a
result of response competition arising between prime and mask related motor activation and
modulate the system at the level of response activation (i.e. the accumulators). Hence, the
ability of the primes to influence performance is subject to interference due to changes in the
system arising without conscious awareness. For example, in Experiment 3, there would be a
greater accumulation of inhibitory activity with the response associated with the biased
primes. Thus, responses completed in this direction would be completed at a greater latency
compared to the alternative response. In Experiment 4, increased levels of inhibitory activity
would collect for both left and right responses when the proportion of congruent trials was

only 20% compared to 80%, modifying the impact of both directional primes on

performance.




In accordance with my suggestion that the visuomotor system is modified due to
inhibitory signals accumulating over a sequence of trials, previous experiments have
demonstrated that changes in performance can arise due to contextual modulations. For
example, Sturmer and colleagues (Sturmer et al., 2002; Sturmer and Leuthold, 2003) have
demonstrated that in a typical Simon task (described in Section 1.2.1) in which participants
are required to make a response based on the Shape of a stimulus, the influence of stimulus
location on performance is dependent on the immediately preceding trial (see also Durston et
al., 2002). Specifically, the location of the stimulus influences performance only on trials
preceded by corresponding trials (i.e. a trial in which the responses evoked by the location of
the stimulus and the identity of the stimulus are congruent). If the preceding trial is a non-
corresponding trial (i.e. a trial in which the responses evoked by the location of the stimulus
and the identity of the stimulus are incongruent), there is no interference arising from
location-based coding. To account for these findings, Sturmer and colleagues (Sturmer et al.,
2002; Sturmer and Leuthold, 2003), propose that the unconditional (automatic) route which
codes stimulus location is subject to modulation and is suppressed after trials in which a
conflict has arisen between location- and stimulus-based coding.

It is unclear if the ability of participants to modify their performance as demonstrated
by Sturmer and colleagues (Sturmer et al., 2002; Sturmer and Leuthold, 2003), arises due to
top-down, intentional suppression of the “automatic” location-based channel or reflects
changes in the system occurring in the absence of conscious mediation. In a Simon task, the
stimuli are visible and available to the conscious system. Thus, it is possible that participants
may gain access to stimulus evoked response tendencies and modify the system accordingly
in response to consciously perceived conflicts. In line with this proposal, and in contrast to
my suggestion that the visuomotor system can be modulated as a result of events arising in
the absence of conscious awareness, recent work employing metacontrast masking RT
paradigms suggests that intention is necessary in order to modulate the visoumotor system,
and hence the impact of subliminal stimuli on performance.

For example, Kunde (2003) has demonstrated that priming effects can only be
modulated under conditions in which a conflict between primé and mask evoked responses
are consciously perceived on the previous trial. In his task, participants were presented with

an arrow prime-mask sequence and instructed to initiate a response based on the direction of
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the arrow mask. Within the sequence, Kunde (2003) manipulated the visibility of the prime.
For example, on some ftrials participants were aware of the prime and hence, its relationship
to the subsequent mask, while on other trials the prime was masked from conscious
awareness. Kunde (2003) found that under certain conditions prime-induced response
activation could be temporarily suppressed. Specifically, the influence of the prime on
performance was suppressed on trials following those in which participants consciously
experienced a conflict between the prime and mask induced responses (i.e. incongfuent trials
in which the prime had been visible). If a conflict arose without awareness (i.e. incongruent
trials in which the prime was masked from awareness), the influence of the prime on
performance was not modulated on the subsequent trial (see also Appendix C).

Finally, Jaskowski and colleagues (Jaskowski et al., 2003; Wolbers et al., 2006) have
also highlighted the role of conscious awareness in modulating the visuomotor system. In a
similar experiment to my Experiment 4 (Study 4), Jaskowski and colleagues (2003)
manipulated the proportion of congruent prime-mask trials displayed. In accordance with the
results of Experiment 4, Jaskowski et al. (2003) found that the primes had a greater impact on
performance when the prime and mask were congruent 80% of the time compared to when
only 20% of all trials were congruent. However, in contrast to my explanation of the system
adapting as a result of the accumulation of inhibitory signals, Jaskowski and colleagues
(Jaskoski et al., 2003; Wolbers et al., 2006) proposed that participants strategically made
adjustments in the system as a result of monitoring overt error frequency. For example,
participants monitored their error performance and modified the system in order to ensure
that they reacted as quickly as possible while maintaining a low number of errors. In the
instance when the proportion of congruent trials was 80%, these adjustments allowed for
information from the prime to be readily carried to motor areas where it activated its
corresponding response. In contrast, when only 20% of the trials were congruent, subliminal
information was not allowed to influence motor processes to as great an extent.

While the results of Study 4 are in accordance with the results discussed above (i.e.
indicate that the influence of subliminal stimuli on performance can be modulated depending
on the context of the sequence presented), my explanation is not. In Section 5.5, I have
outlined why the adjustments in performance observed in Study 4 are difficult to reconcile

with the notion of an intentional modification of the visuomotor system. For example, my
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results indicate that changes in performance can arise after a limited number of trials, in
which participants commit very few errors. Furthermore, the present results suggest that the
system can be modulated in a more specific manner than proposed by Jaskowski and
colleagues (2003). Specifically, I have found that that a particular response can be
preferentially prepared (activated) as a result of presenting a specific directional prime on the
majority of trials. Finally, this is the first study to systematically compare the roles played by
conscious intention, unconscious stimulus processing, and more importantly, the potential
interaction between the two to an established baseline performance. Thus, based on the
present results I propose that adjustments in the visuomotor system, which lead to changes in
the ability of subliminal stimuli to influence performance, can occur without conscious

awareness (see also Bodner and Masson, 2003).

6.5 Final considerations

6.5.1 Visuomotor signals in rapid chase
Schmidt and colleagues (Schmidt et al., 2006; Vath and Schmidt, 2007) have recently

proposed the notion of a rapid chase model to explain the influence of stimuli presented in
'metacontrést masking RT tasks on performance. According to Schmidt and colleagues
(Schmidt et al., 2006; Vath and Schmidt, 2007), prime and mask signals traverse the
visuomotor system in a feedforward manner and independently activate a corresponding
response. As a demonstration of this phenomenon (i.e. prime and mask signals activating a
corresponding response in a sequential manner), Vath and Schmidt (2007) independently
manipulated the intensity of the prime and mask colours, as well as prime-mask onset
asynchrony in a metacontrast masking task in which participants were required to make a
speeded response according to mask colour. Results revealed that the effect of the primes on
response activation (as measured by LRP) was independent of the characteristics of the
subsequent mask (i.e. intensity of mask colour or time of presentation). Furthermore,
responses to the mask were time-locked to the characteristics of the mask, indicating that
processes associated withvthe prime and then the mask independently activated the motor
system (i.e. without interference). In accordance with these results, Schmidt and colleagues

(Schmidt et al., 2006; Vath and Schmidt, 2007) define two successive stimuli (i_.e. the prime

and mask) as engaging in a rapid chase if (a) the response is initiated in accordance with the




first prime stimulus, (b) the response is influenced by the mask stimulus before completion,
and (c) the response to the first stimulus is initially independent of the second stimulus.

The results from the pointing studies (Studies 1 and 2) demonstrate that the rapid
chase criteria put forth by Schmidt and colleagues (Schmidt et al., 2006; Vath and Schmidt,
2007) to explain how primes and masks influence performance can also be reflected at the
level of motor output. For example, I found that participants modified their goal directed
movements first in the direction of the prime and then, if necessary, corrected initial
modifications in response to the visible mask that followed (at a time equivalent to prime-
mask onset asynchrony). However, if we look at results from Study 3, in which participants
adopted an intentional bias, the motor output does not reflect the prime and mask signals
behaving in a rapid chase manner across all trials. Specifically, I found that participants
modified their trajectories in the direction of the prime only when it pointed in the more
probable response direction. On trials in which the prime indicated the less likely response,
one modification in trajectory was observed - in the direction specified by the mask. Do
these results indicate that the prime and mask signals were not engaged in a rapid chase
under these task conditions?

In attempt to explain the results of Study 3, I proposed that prime-related activity
traversed the visuomotor system in a similar manner, regardless of its relationship with
participants’ intentional bias (discussed in Section 6.3.1). The influence of a particular prime
on performance was then dictated by the current state of the system. Thus, this explanation
of the present results still assumes that the prime and mask signals were processed in a rapid
chase manner, fighting sequentially for control of the movement. While I acknowledge that
this is only a possible explanation for the results obtained in Study 3, it does raise the
possibility that the criteria put forth by Schmidt and colleagues (Schmidt et al., 2006; Vath
and Schmidt, 2007), for determining if stimuli are processed in a rapid chase manner, may be
too stringent. For example, perhaps the role of intention and the state of the visuomotor
system needs to be included on some level in Schmidt and colleagues’ (Schmidt et al., 2006;
Vath and Schmidt, 2007) rapid chase model.

The pointing results also call into question the assumption that the influence of the

“prime stimuli on performance arises due a single feedfoward sweep of activation. For

example, based on the ability of primes and masks to activate responses in a sequential




manner as outlined in the rapid chase model, and the onset times of prime-related LRP (~200
ms after prime onset), Schmidt and colleagues (Schmidt et al., 2006; Vath and Schmidt,
2007), have proposed that motor activation in response to prime processing is primarily due

to the first wave of visual activity that travels through the system in a rapid, feedforward

sweep. In its strictest sense, a feedforward sweep refers to the sequential activation of

posterior to anterior visual processing areas free of intracortical feedback information (see
Lamme and Roelfsema, 2000).

While the majority of the pointing results meet Schmidt and colleagues’ (Schmidt et
al., 2006; Vath and Schmidt, 2007) rapid chase criteria, based on the present data I cannot
determine if the prime-related responses I observed arose due to a single feedforward sweep
of activation. Feedback mechanisms in early visual areas can be very rapid (Bullier, 2001,
Girard et al., 2001) and there are many feedback and recurrent connections within the visual
system (Van Essen et al., 1992). Furthermore, as outlined in Section 6.3.1, activation at the
level of the motor cortex can be decoupled from response initiation. Thus, if we examine the
latency of prime-related deviations observed (approximately 220 ms), a true measure of the
prime’s influence on performance, results from the pointing studies suggest that there may
have been time for feedback loops to have an influence on preformance. For example, from
Lamme and Roelfsema’s (2000) meta-analysis of single-cell cortical response studies, the
primary motor cortex can be activated within 150 ms of stimulus onset in response to a
feedforward sweep of activation. If we add 20-25 ms to this estimate (time required to
activate a motor evoked potential (MEP) in the distal upper limb muscles, Ray et al., 2002),
we find that 70 ms need to be accounted for. Thus, it is possible that this additional time

would allow for visual feedback processing loops to influence performance - which may be a

requirement in order for a response to be initiated.

In general, the present data conform to the notion of prime and mask signals
traversing the visuomotor system in a rapid chase manner. Furthermore, results from the
pointing studies do not discount the possibility that prime-related activity is carried through
the visuomotor system and activates a response in a feedforward manner, as I recognize that
additional time may be required in order for response activation to accumulate before a

response can be initiated. However, this additional time would also allow for possible

feedback connections to have an influence on performance. Thus, at present, based on the




results obtained in the pointing studies and in accordance with the explanation of how (or
why) primes are masked from awareness (Section 6.3.1), I suggest that feedback connections
may be required in order to initiate a response. However, these feedback connections would

not involve feedback loops to early visual processing areas.

6.5.2 The choice of arrows as stimuli
Jaskowski and colleagues (discussed in Jaskowski and Verleger, 2007) have recently

demonstrated that larger priming effects are observed when participants are required to make
a response based on the direction of a target arrow compared to situations in which responses
are dictated by stimulus shape (i.e. square or diamond). In their priming sequence, three
stimuli were presented in rapid succession; a prime, followed by a mask, and then a target —
to which participants were to make a response. In contrast to the priming effect observed in
the present research, this type of stimulus sequence, in which a mask is presented between
prime and target onset, gives rise to an inverse priming effect (or negative compatibility
effect, see Eimer and Schlaghecken, 1998). For example, RT is shorter and fesponses more
accurate when the prime and target indicate opposite responses are required (incongruent
trial) compared to trials in which the prime and target indicate the same response is required
(congruent trial). Furthermore, the impact of the prime on performance (i.e. the magnitude of
the inverse priming effect) is modulated depending on the stimulus sequence displayed.
Specifically, the prime has the greatest influence on performance when the primes and targets
are directional arrows and the mask is formed by overlaying the two target arrows (Jaskowski
and Przekoracka-Krawczyk, 2005; see also Lleras and Enns, 2004, 2006).

To account for the superior ability of arrow stimuli to influence performance,
Verleger et al. (submitted; discussed in Jaskowski and Verleger, 2007) suggest that arrows
are “special”. In accordance with this proposal, recent evidence in reaction time tasks
indicates that the processing of an “endogenous,” meaning-based arrow cue leads to the
automatic activation of a corresponding response. For example, Hommel et al. (2001) and
Kingstone et al. (2003) have shown that visible arrows are capable of producing reflexive
shifts of attention when they are presented centrally and known to be spatially non-

predictive. In both studies the reflexive shifts in attention produced reaction time benefits for

stimuli presented at the “cued” location.




Thus, a final point of consideration regarding the current results concerns the ability
to extend the present findings to indicate how unconscious information is processed for
action, in general. In all four studies, I examined the properties of visuomotor processing
occurring in the absence of awareness by monitoring participants’ responses to a stimulus
sequence consisting of directional arrows. Based on these results I have proposed potential
mechanisms to explain how subliminal stimuli (in general) are processed for action.
However, it is possible that the present results are restricted to situations in which arrow
stimuli are displayed. For example, modifications in movement trajectories may not be
observed when the response is dictated by a more endogenous stimulus feature (e.g. the
colour, shape or semantics of the mask).

The current results do not allow me to address this issue directly. However, it is
important to note that the results obtained in the baseline RT task (see Study 4, Experiment
1) are similar to findings obtained when the prime and mask share the same location
(Ansorge et al., 2002), shape (Neumann and Klotz, 1994), colour (Schmidt, 2002; Breitmeyer
et al., 2004) and semantics (Dehaene et al., 1998; Kunde et al., 2003). Furthermore, Schmidt
and colleagues (Schmidt, 2002; Schmidt et al., 2006; Vath and Schmidt, 2007) have recently
demonstrated that trajectories can be influenced by colour stimuli presented below the
threshold of conscious awareness in a similar manner to that observed in the current research.
As well, in a task in which participants were instructed to make a “free” choice to a centrally
presented neutral cue by pressing either a left or a right key, Schlaghecken and Eimer (2004),
found that subliminally presented prime arrows did not influence free-choice performance.
For example, participants completed left and right responses equally often, regardless of the
direction of the prime pointing arrow. It was only in blocks of trials in which neutral cue
trials were intermixed with right and left target masks, to which participants were required to
press the corresponding response key that the directional arrow primes began to bias “free”

choices. Thus, given previous results obtained in metacontrast masking paradigms and the

fact that all of the stimuli were presented at a central fixation in the present experiments, [ am




confident that the present findings can be generalized to indicate how the system responds to

processes occurring below the threshold of awareness. '

6.6  Conclusion
This research sought to examine the properties of visuomotor processing occurring in

the absence of conscious awareness. I found that (1) unconscious visuomotor processing can
result in the modification of an overt response, such that a goal-directed movement is
adjusted in response to a subliminal stimulus and (2) the visuomotor system can be modified
in response to manipulations of the prime-mask sequence presented at an unconscious level.
These results imply that subliminal stimuli are not processed in the conditionally automatic
manner put forth by current top-down contingency accounts of subliminal processing (see
Neumann, 1990; Neumann and Klotz; 1994; Kunde et al., 2003; Kiesel et al., 2007).
Specifically, subliminal primes within an established stimulus-response mapping do not
evoke an immediate and predicted response. Instead, the ability of a prime to influence
performance is determined by the state of the system, which is modified depending on task
constraints (e.g. stage of movement production and/or the ability of the prime to correctly
predict the upcoming response). These adjustments in the visuomotor system can be
mediated by intention but also arise due to events occurring in the system at an unconscious
level.

In order to explain the ability of subliminal stimuli to influence behaviour I have
proposed an accumulator model (adapted from Vorberg et al., 2003), in which adaptations to
the state of the system arising due to task constraints are reflected at the level of response
activation (i.e. at the accumulators). In this proposed mechanism, sources of input to the
accumulators (i.e. neural activation related to a particular response) are similar across tasks.
Activity collects in the accumulators until a criterion threshold, measured as the difference in
activation levels between the two response alternatives, has been achieved. This criterion

threshold can be modulated depending on the task to be completed. However, once the

12 1f the influence of subliminal stimuli, presented during a pointing task, on action is mediated by exclusive
dorsal stream processing, some stimuli (e.g. a response defined by semantics), may not lead to direct motor
activation.
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required criterion threshold has been achieved, a decision signal regarding the action to be
performed is released.

As a second explanation for how subliminal stimuli influence action I have put forth
that pointing tasks and key press RT tasks engage different visuomotor processing areas (i.e.
sources of input to the “accumﬁlators” depend on the task to be completed). Specifically, in
a pointing task the primes are mediated by processes occurring in the dorsal stream and
hence have a direct impact on action. In contrast, a response is not initiated in the key press
RT task until processes in a distributed cortical network have been engaged (e.g. the dorsal
and ventral visual streams, as well as the frontal cortex). These two explanations are put
forth merely as a proposal. The exact mechanism by which subliminal stimuli begin to
influence action still remains to be determined. Furthermore, while the present results have
demonstrated that unconscious processes can contribute to behaviour to a greater extent than
has previously been shown, I by no means suggeét that this is the limit to the ability of
unconscious processes to influence action. Perhaps future research will indicate that
Rothwell (opinion in Prochazka et al., 2000), is correct in suggesting that the only time we
are in moment-to-moment control of own actions is in the initial stages of learning a new task
(e.g. establishing action-triggers). The rest of the time (99% of our waking life), we do not

have voluntary control over our body and movements are performed in the absence of

conscious awareness.
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APPENDIX A

A.1  The Task
To determine if prime related activity can take over the control of motor responses in

a task that emphasizes response selection, we instructed participants to initiate a response in
the direction corresponding to an arrow mask (i.e. left or right). Participants (10 of the 11
participants tested in Study 2) began each trial holding a stylus with their right hand, such
that the stylus was positioned in the middle of a home position (circle with a 2 cm diameter,
raised approximately 5 mm from a level surface). An infrared-emitting diode was placed at
the tip of the stylus and 3D position was monitored using an OPTOTRAK (Northern Digital,
Waterloo, Ontario) motion analysis system (spatial resolution 0.01 mm). The tip of the
stylus was equipped with a microswitch that provided an analog signal indicating whether or
not the stylus was in contact with the surface of the display. The 3D position of the stylus
and the status of the microswitch were sampled at 500 Hz. Raw data from the OPTOTRAK
were converted into 3D coordinates and digitally filtered using a second order dual-pass
Butterworth filter with a low-pass cutoff frequency of 10 Hz.

On each trial a prime-mask sequence was displayed (see Chapter 2 — Response
Selection Task or Figure Al). Prime shapes (4 mm x 9 mm) consisted of left-pointing and
right-pointing arrows, as well as a neutral shape formed from the superimposition of the two
arrows. Masks consisted of larger (23 mm x 28 mm) versions of the same shapes as the
primes, with a central cutout. The outer contour of the prime stimuli fit exactly within the
inner contour of the central cutout of the masks. In all trials, primes were presented for 14
ms and the prime-mask stimulus-onset asynchrdny (SOA) was set at 56 ms. Masks were
presented at the same central position as the primes until the pointing response was complete
(approximately 250 ms).

In the current task, participants were instructed to react as quickly as possible to the
arrow mask by moving the stylus off the home position in the direction corresponding to the
mask displayed (e.g. left arrow mask displayed, movement was to be completed to the left of
the home positioh). There was no designated target position per se; however, participants

were further instructed that they were to complete the movement as quickly as possible by
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making contact with the surface supporting the home position. All prime-mask combinations

were displayed with equal probability and participants completed one block of 120 trials.

A.2  Analyses and Results
- The start of the movement was designated as the point in time at which the stylus

achieved a horizontal velocity greater than 5 mm/s and the end of the movement was
determined by the status of the microswitch placed on the tip of the stylus. Movements that
were completed in less than 50 ms or completed in the incorrect direction were excluded
from analyses (< 4% of all trials).

In order to establish movement responses, we examined path trajectories in the
horizontal direction of motion. For each trial, we obtained the maximum point achieved in
the trajectory in the horizontal direction opposite to that indicated by the mask. This value
was then subtracted from the start position of the corresponding trial. Figure A2 illustrates
the average displacement in the incorrect direction before movements were modified in the
direction specified by the mask. From these results it is evident that participants had to
correct for initial deviations in their trajectories only on trials in which the prime and mask
were incongruent and the prime indicated the response opposite to the mask. Thus, based on
these findings, it appears that movements were initiated in response to the prime.

To examine the characteristics of prime related responses, we categorized
incongruent prime-mask trials according to whether or not they had been initiated in the
direction specified by the prime. A trial was considered to have deviated in the incorrect
direction (i.e. initiated in the direction of the prime), if the magnitude of the initial deviation |
was greater than the average deviation achieved in the neutral trials + 2 standard deviations.
Based on this criterion we found that 31% of the incongruent prime-mask triais were initiated
in the incorrect deviation.

Having classified incongruent prime-mask trials according to theirvdireétion of
initiation, we next examined reaction time (RT), measured from the time of mask onset, and
movement time (MT) across the various prime-mask combinations (i.e. congruent, neutral,'
incongruent trials initiated in the direction of the prime, and incongruent trials initiated in the-

direction of the mask). Figure A3a displays mean RT and Figure A3b mean MT as a

function of prime-mask congruency. From these figures it is evident that the incongruent




trials, which began in the direction of the prime, were initiated faster and completed slower
than any other prime-mask trials. These observations were consistent with a 2 mask (left or
right) by 4 congruency (congruent, neutral, incongruent trials initiated in the direction of the
prime, and incongruent trials initiated in the direction of the mask) analysis of variance
(ANOVA) completed for both RT and MT. For example, with respect to RT, ANOVA
revealed a significant main effect for congruency (F(3,27) = 41.668, p < 0.001) and post hoc
analyses (Tukey’s HSD, p = 0.05) confirmed that incongruent trials initiated in the direction
of the prime had a faster RT than any other prime-mask combination. Congruent trials were
also initiated faster than incongruent trials initiated in the direction of the mask. In terms of
MT, ANOVA revealed that incongruent prime-mask trials initiated in the direction of the
prime, were completed slower than any other prime-mask combination, F(3,27) = 45.809, p
< 0.001.

Given that a number of incongruent prime-mask trials were initiated in response to
the prime, it is plausible that some of the congruent trials may also have been also initiated as
a result of prime related activity. In order to address this issue, we computed a frequency
distribution of RT achieved across the different prime-mask congruency combinations
(Figure A4). From Figure A4 it is evident that a proportion of congruent prime-mask trials
were initiated at a latency corresponding to the incongruent trials in which responses were
made to the prime. Thus, we assume that these congruent responses also arose due to prime
processing. Furthermore, in Figure A4, we observe a bimodal distribution for RT achieved
on incongruent trials. Fast RT on incongruent trials was observed when participants initiated
their movements in the direction of the prime, whereas slower RT was observed when
participants initiated their responses in the direction of the mask.

Finally Figure A3, displays the frequency distribution of RT achieved fof the same
participants when they were required to press a left or right key in response to the arrow
mask, as opposed to move a stylus. In contrast to Figure A4, RT for incongruent prime-mask
trials was not as fast as congruent trials and the majority of responses (> 97% overall) were

completed correctly (i.e. in response to the mask).
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A3 Conclusion
A prime can take over the control of a movement, even in a task emphasizing

response selection. From the results displayed above, it appears that in order for a response
to be initiated in accordance with the prime’s identity, the response must be initiated early.
Furthermore, there seems to be a greater chance of a prime taking over control of a
movement in response selection tasks in which only one limb is involved and the initial

movement can be corrected on-line.
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A4 Figures

/

Mask until MT

/

42 ms

/

Prime 14 ms

/

28 ms

/

Fixation 500 - 1000 ms
/

Figure Al. Temporal sequence of a typical experimental trial. Left and right arrows, as well
as a neutral stimulus, served as primes. Participants were instructed to make a response
based on the direction of the mask arrow (e.g. to move a stylus from a home position in the
direction of the mask arrow).
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Figure A4. A frequency distribution of RT. Results are displayed as a function of prime-
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incongruent prime-mask trials on which participants initiated their movements in the
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APPENDIX B

B.1  Accumulator model of priming
The following pages illustrate my proposed accumulator model (discussed in Section 6.3.1).

This model accurately predicts the results obtained in Studies 1 through 4.1

not part of action trigger set \{;;

action-trigger filter

matches action trigger set
Right Response

Left Response Right Response

Figure Bl. The two response alternatives are modeled as “accumulators,” which are
established based on instructions provided. Each accumulator collects neural evidence for
stimuli mapped to its respective response. For example, if a right arrow is mapped to a right
response, neural evidence will collect in the right accumulator while a right arrow is residing
in a sensory buffer.

13 These figures have been adapted from the originals designed by Dr. Romeo Chua.
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‘ left response release
‘ right response release

adjustable thresholds

threshold- _ _- threshold

threshold reached — right response released

RT task thresholds pointing task thresholds

Figure B2. (A) A response is released as soon as enough neural evidence has accumulated
that a threshold is achieved. (B) The threshold can be adjusted depending on task constraints
(e.g. more neural evidence must accumulate before a response is released in a RT task
compared to a pointing task).



A

pointing task

threshold reached — left response released

left response continues

threshold reached — left response released

threshold reached - right response released

Figure B3. (A) and (B) Input (and output) in a pointing task.
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RT task

threshold not reached — response not released

threshold reached — right response released

Figure B4. Input (and output) in a RT task.
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A

pointing task: biased left response

B

pointing task: biased left response

threshold reached — left response released

threshold reached — right response released

threshold not reached — response not released

Figure B5. Input (and output) in a pointing task in which the

left response is biased.
threshold reached — right response released
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A

RT task: biased left response

threshold not reached — response not released

threshold not reached — response not released

Figure B6. Input (and output) in a RT task in which the
left response is biased. threshold reached — right response released
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APPENDIX C

C.1  The Task
After completing Experiment 4, Study 4 (Section 5.5), 16 of the 24 participants

completed the Mask Response Time task a second time. At this point participants were

aware of the presence of the primes and instructed on the ability of the primes to accurately
predict the upcoming response. For example, at the start of each experimental block,
participants were told of the probability of a congruent prime-mask sequence being
displayed. Participants again completed the three experimental blocks; one in which the
prime and mask were congruent on 80% of all trials, another when the prime and mask were
congruent on 50% of all trials and a third block in which only 20% of the trials were

congruent. To complete the session they performed a second Prime Identification task.

C.2  Analyses and Results
Data were analyzed in a similar manner to Experiment 4, Study 4 (Section 5.5).

Mask Response Time Task. Mean correct reaction times (RT) for congruent and incongruent

trials are displayed as a function of probability distribution in Figure Bla. The difference in
RT between incongruent and congruent trials (congruency score) is displayed in Figure B1b.
Similar to the results obtained in Experiment 4, Study 4, results indicate a separation in
response patterns depending on the proportion of congruent trials displayed. Again, the
fastest mean RT was obtained on congruent trials in the experimental block in which the
proportion bf congruent trials was 80%. These results suggest that the ability of subliminal
events to correctly predict the upcoming response influenced the impact of the primes on
performance. '

Consistent with these observations, a 3 Probability Distribution (80%, 50%, 20%)
repeated measures ANOVA revealed a significant main effect, F(2,30) = 5.531, p = 0.01.
Post hoc analyses (Tukey’s HSD, p = 0.05) indicated that the primes had a greater impact on

performance, as demonstrated by a larger congruency score, in the block of trials in which

80% of the trials were congruent (; =52.7 ms = 18.9 SD) compared to when only 20% of

the trials were congruent (;C =38.0 ms = 12.3 SD). The differences in congruency scores




obtained in the present experiment are very similar to the results obtained in Experiment 4,

Study 4 (80% congruent: X =529 ms+ 152 SD; 20% congruent: X =40.7 ms + 15.8 SD).
Furthermore, performance patterns in terms of errors complefed in the present
experiment also correspond to participants’ performance in Experiment 4, Study 4 (see Table
B1). For example, on trials in which participants made an error, a 3 Probability Distribution

(80%, 50%, 20% congruent trials) x 2 Mask (left, right) x 3 Prime Congruency (congruent,
incongruent with respect to the mask) repeated measures analysis of variance revealed
differences depending on the probability distribution and prime congruency (Probability
Distribution: F(2,30) = 11.096, p < 0.001, Prime Congruency: F(1,15) = 33.738, p < 0.001,
Probability Distribution x Prime Congruency: F(2,30) = 10.683, p = 0.001). Specifically,
participants made the most errors on incongruent trials in the experimental block in which the
prime and mask were congruent 80% of the time. There was no difference in the number of
errors completed on trials in which the prime and mask were congruent, regardless of
probability distribution. Furthermore, the number of errors was independent of the mask

displayed (Mask: F(1,15) < 1).

Prime Identification Task. Chance performance in this task was 50% (given that directional

primes were displayed with equal probability). Mean accuracy collapsed across all prime-
mask sequence combinations was 56.5% + 8.1 (SD). This performance did not differ

significantly from the chance level of 50% at the p = .05 level (¢* = 0.250), or from the

performance of these 16 participants in the first Prime Identification task (; =553% + 8.6

(SD); t(15) < 1).

C.3  Discussion
Taken together, the results of the current investigation and Experiment 4, Study 4,

suggest that while the impact of a prime on action can be modulated depending on the
proportion of congruent prime-mask trials displayed, participants respond in a similar manner
regardless of whether or not they are aware of the primes and their relationship with the

subsequent mask. Thus, participants cannot strategically (consciously) modify the

visuomotor system in order to modulate the impact of unconscious processes on performance




in a RT task. These results are in contrast to results obtained when participants are aware of
the primes and the prime-mask sequence is manipulated such that the prime is visible (i.e. the
prime acts like a precue; Figure B2). For example, the eight remaining participants from

Experiment 4, Study 4, also completed the Mask Response Time task a second time. Like

the participants discussed in Appendix B, these participants were aware of the prime and its
relationship to the subsequent mask (i.e. the ability of the prime to correctly predict the
upcoming response). However, for these participants the prime was displayed for 994 ms
and prime-mask onset asynchrony was 1988 ms, making the prime clearly visible. For these
participants we observe that the prime’s influence on action was eliminated when only 50%
of the prime-mask trials were congruent. Furthermore, on the remaining trials participants
used the information conveyed by the prime to begin to prepare the most likely response (i.e.
the congruent response when the prime and mask were congruent on 80% of all trials and the

incongruent response when the prime and mask were congruent on 20% of all trials).
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C.4 Table

Table C.1. Mean RT (SE) in ms and mean percentage of errors completed (SE) per prime-
mask combination for the present experiment and Experiment 4, Study 4. The first word (i.e.
neutral, congruent, incongruent) indicates the relationship of the prime with the subsequent.
mask. Results are provided for each experimental block (80% = 80% of all trials congruent).




Appendix B - Present
Experiment

Experiment 4, Study 4

80% - Reaction Time

80% - Errors

50% - Reaction Time

50% - Errors

20% - Reaction Time

20% - Errors

80% - Reaction Time

80% - Errors

50% - Reaction Time

50% - Errors

20% - Reaction Time

20% - Errors

Congruent — Left
Mask

358 (9)
2.1(0.7)
371 (10)
1.0 (0.4)

379 (11)

2.7 (1.4) -

360 (9)
13 (0.4)
366 (10)
0.6 (0.3)
367 (9)

0.8 (0.4)

Congruent — Right

Mask
345 (11)
1.9 (0.5)
358 (11)
0.8 (0.4)
361 (10)

1.5(0.9)

353 (9)
0.4 (0.2)

353 (8)

0.7(0.3)

358 (9)

1.0 (0.6)

Incongruent — Left

Mask
416 (11)
11.3 (2.6)
416 (11)
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C.5 Figures
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Figure C1. (A) Choice reaction times (RT) on congruent and incongruent trials as a function
of the proportion of congruent prime-mask trials displayed (80% (denoted by a square
symbol), 50% (diamond), 20% (triangle)). (B) The overall priming effect (congruency score)
obtained for each of the three experimental blocks in which the proportion of congruent
prime-mask trials was varied (80%, 50%, or 20% congruent). The congruency score was
calculated as the difference in mean RT between incongruent and congruent prime-mask
trials. Error bars denote standard errors.
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Figure C2. Choice reaction times (RT) on congruent and incongruent trials as a function of
the proportion of congruent prime-mask trials displayed (80% (denoted by a square symbol),
50% (diamond), 20% (triangle)). The prime-mask sequence was manipulated such that the
prime was clearly visible. Errors bars denote standard error.
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