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ABSTRACT 
 

Inhibition of return (IOR) is an orienting phenomenon thought to promote efficient 
visual search by biasing attention, eye movements, or both, toward novel locations. 
When IOR is present, reaction times (RTs) are slowest at previously cued locations and 
monotonically decrease as the spatial offset between cue and target increases from 0° 
to 180°. Although the monotonic pattern of IOR is well established, based on a prior 
study of directionally selective neural adaptation effects, we had reason to believe that 
a non-monotonic pattern of RTs could be revealed when consecutive eye or arm 
movements were required from a common starting point in the centre-out IOR task. 
Specifically, if adaptation effects were present, we predicted that responses offset by 
90° would be faster than responses offset by either 0° or 180°. In five studies, we 
therefore examined the pattern of RTs for consecutive eye or arm movements offset by 
0°, 90°, or 180°. Consecutive responses were required from a common starting point 
and were prompted using either central arrowhead or peripheral onset stimuli. Study 1 
used four possible target locations and reveals evidence of adaptation and IOR with 
central and peripheral signals respectively. In Studies 2 and 3, we attempt to eliminate 
adaptation effects by allowing participants to fully prepare their response in advance of 
a response execution signal. Unexpectedly, IOR was observed, suggesting that 
adaptation effects may have delayed 180° but not 0° responses in Study 1. Studies 4 and 
5 replicated Study 1 but optimized the chances of observing IOR by presenting two 
rather than four target locations while retaining our ability to measure RTs at 0° and 90° 
or 0° and 180° offsets on different trials. The results of Studies 4 and 5 demonstrate 
evidence suggesting that IOR and adaptation effects can delay 0° and 180° responses 
respectively. Together, the results of the present thesis highlight the importance of (1) 
signal type (2) set size and (3) motor programming in determining the nature of the 
response bias(es) observed in the widely used centre-out task. 
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CHAPTER 1: INTRODUCTION 
 

The completion of most motor tasks rarely involves the execution of a single 

isolated movement. Rather, in everyday tasks ranging from reaching for one’s coffee 

cup to searching for a friend in a crowd, we engage in sequences of spatially directed 

movements [1–3]. For example, when reaching to grasp an object, it is common to first 

extend the arm before opening the hand to form an appropriate grip [4]. After 

successfully grasping, the arm may then flex and rotate at the shoulder and elbow 

before returning the object to the individual’s mouth, or alternatively, it’s desired 

location. This type of goal-oriented behavior requires that a variety of distinct 

functionally related movements be carefully planned and coordinated in both time and 

space [4,5]. Similarly, during visual search, it is normal to execute several distinct 

saccadic eye movements in sequence, to ultimately identify and fixate an object of 

interest [2,6]. Here, the coordination of successive eye movements is necessary to 

promote efficient and expedient visual search away from previously inspected locations 

and toward novel uninspected locations [2,6–8].  

While the temporal and spatial coordination of consecutive, functionally related 

movements is often necessary for the completion of goal-oriented behaviours [5], it is 

less clear if and how consecutive movements are coordinated when they are not 

planned as part of a functional action sequence [9]. However, because behaviour 

unfolds over time, the need to execute consecutive movements planned independently 

is common (e.g., pushing a button on the elevator, then reaching to your pocket for 
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your phone). Moreover, there are many ways in which the execution of a movement 

might affect future movements, independent from any shared functional relationship. 

For example, using proprioceptive or kinesthetic information about the position of a 

limb, the brain and spinal cord may bias movements away from a joint’s terminal range 

of motion and toward more neutral/central postures in order to prevent injury [10,11]. 

Here, the execution of a first movement extending a limb close to its terminal range of 

motion may create a preference for movements back to a more neutral vs. extended 

posture. Alternatively, the brain may bias movements toward neutral or central 

postures in order to optimize the control and coordination of future movements [12]. 

Interactions between consecutive movements might also emerge simply because the 

generation of movement is reliant on finitely available neural processing resources that 

might be subject to habituation or neural adaptation effects [13–17]. For example, if the 

execution of a spatially directed movement temporarily suppresses, adapts, or 

otherwise fatigues underlying neural processing resources [13,14], one might expect to 

observe a delay in the initiation of subsequent movements made in the same direction 

[cf. 15–17].  

Based on an interest in the possible coordination of consecutive but 

independently planned movements, the present dissertation explores whether the 

direction of an executed eye or arm movement can create spatiotemporal biases for 

subsequent movements made with the same effector system. If such bias exists, it could 

manifest in one or several aspects of the subsequent movement, for example, to slow 

reaction time (RT) or movement time, or to alter movement direction, trajectory, 
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endpoint, acceleration, or velocity [18–20]. However, given (1) the exploratory nature of 

the present work;  (2) the well-established use of RTs in mental chronometry for 

studying perceptual, attentional, and motor processing efficiency [21–23]; and, (3) the 

relative insensitivity of RTs to practice based effects in simple stimulus-response 

movement tasks [24], RTs were adopted as the dependent variable of interest herein. 

The present body of work was specifically focused on whether the direction of a 

discrete first movement could systematically result in different RTs for a second 

movement made in either the same or a different direction. Such a finding would 

suggest the presence of a basic motor processing bias generated by a prior movement 

and favoring the initiation of certain spatially directed movements over others. This area 

of study is of interest to better characterize the basic principles of motor control in the 

human motor system. A better understanding of how consecutive movements are 

spatially and temporally coordinated by the motor system may have significant 

implications, for example, in improving brain machine interfaces and the control of 

neuroprosthetics [e.g., 60,97], exoskeletons [e.g., 67], or within neuro-rehabilitation 

science more broadly [e.g., 13]. 

1.1 Encoding of Movement Direction 

One reason to believe RT biases could be generated by the execution of a prior 

spatially directed movement lies in the basic neurophysiology of the motor control 

system. The accurate control of upper limb movements requires a specification of the 

intended movement direction during motor programming. Underpinning the directional 

control of movement is the presence of neural populations that exhibit directional 
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preference in their firing rates found in pre-motor cortex (PMC) [29,30], primary motor 

cortex [31,32], and cerebellum [33]. These directionally selective neural populations 

have been well characterized in microelectrode studies of non-human primates and (1) 

are most active during the RT phase (i.e., after stimulus onset and before movement 

onset); and, (2) have efferent connections that ultimately control motor outputs [34–

37]. More recently, neuroimaging studies have confirmed functionally homologous 

direction encoding properties also exist in several areas of human sensorimotor cortex 

[13,14,37,38]. 

Direction-encoding neurons exhibit broad tuning profiles where the highest 

frequency of neural firing occurs when movements are planned in their preferred 

direction (PD) and progressively lower firing rates occur as movements are made at 

increasing angular offsets from their PD [12,32,33,40–44]. The most common tuning 

profile of direction-encoding neurons is unimodal with maximum firing rates at a 0° 

offset from the cell’s PD, half-maximal firing rates between a 30° and 90° offset from the 

PD, and minimal firing rates 180° opposite [44]. These broadly tuned but directionally 

selective neurons are found in a distributed manner throughout the motor cortex and 

cerebellum and the PDs of different cells are distributed across the 3-dimensional 

continuum of all possible movement directions [12,29,34,43,45].  

Given the breadth of tuning profiles in direction-encoding cells, changes in the 

activity of a particular neuron cannot predict or specify the direction of an upcoming 

movement [31]; however, the net activity of the directionally tuned population can 

[43,46]. Mathematically, the net activity of directionally selective neural populations can 
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be calculated by assigning vectors to individual cells, where the direction of the vector is 

defined by the PD and the magnitude of the vector is proportional to the firing rate of 

the cell prior to and during a particular movement. When the individual cell vectors are 

summed, the resulting population vector accurately predicts the direction of the 

upcoming movement [12,34,36,43].  

How might direction encoding influence the spatiotemporal relationship 

between consecutive movements? In an fMRI study Cowper-Smith et al. [13] used a 

variant of the centre-out task (Figure 1.1) requiring joystick responses to reveal evidence 

of directionally selective adaptation (i.e., reduction) of the BOLD response in several 

areas of human sensorimotor cortex when consecutive movements were repeated in 

the same direction [13]. During this task, after a target was indicated, participants 

executed a spatially congruent joystick response then relaxed their wrist which caused 

the joystick to return to centre. This type of joystick response is different than that 

normally required in the centre-out task, where after reaching to an indicated target, 

the participant must reach (and not simply relax their arm) in order to return to the 

central starting position. In short, these types of joystick responses only require the 

specification of a movement toward the indicated target, and not the specification of a 

return-to-centre movement1. As predicted by Cowper-Smith et al. [13] adaptation as 

                                                
 
1 The use of a joystick rather than reaching-localization response was chosen in order to (1) examine the 
breadth of directional tuning free from possible adaptation effects resulting from the return-to-centre 
movement; and, (2) reduce fMRI signal motion artifacts [113]. When using a joystick, the ulnar-lunate side 
of the wrist is placed at the base of the joystick. To indicate a particular direction, the top but not bottom 
of the joystick handle is deflected a short distance. After deflecting the top of the joystick and relaxing the 
hand, the hand returns to the central starting location where the ulnar-lunate side of the wrist and 
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measured by the fMRI BOLD response only occurred for consecutive responses offset by 

0° (i.e. when movements were made in the same direction), while a spatial offset of 90° 

or 180° between repeated movements did not reveal adaptation. 

 
 

 
 

Figure 1.1. Example stimulus configuration of the centre-out task commonly used to 
study both preferred direction coding and neural adaptation effects [13,31,32,36,39,47]. 
Consecutive movements are made from a common central starting location to localize 
equidistant targets that are distributed evenly along the circumference of a circle. 
Adjacent targets are distributed at equal angular offsets from the central location, 
allowing even sampling of the directional continuum within a particular movement 
plane. During the task, after localizing an indicated target (e.g., by moving toward, 
pointing at, or touching the target), the limb is returned to the central starting (or 
“home”) location before localizing the next indicated target. All target locations have an 
equal probability of being indicated and are randomly presented, thus making it 
impossible to predict the direction of a movement until it is signaled. A similar centre-out 
task has been widely used in reaction time studies focused on sensory, attentional, and 
oculomotor behavior [2,6,48,49], as described further below. 

 

                                                                                                                                            
 
joystick are neutrally anchored. Under these circumstances, after responding to the target stimulus, a 
directionally opposite motor signal is not required to return the wrist to centre. By contrast, when 
reaching-localization responses are required in the centre-out task, the entire hand and limb is moved in 
the direction of the target, then back to centre; under these circumstances, directionally opposed motor 
signals are required [c.f. 39].   
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In the context of the traditional centre-out response task used to study direction 

encoding (Figure 1.1), when localization responses are made to touch a first target 

(Movement 1), then return to centre (Movement 2), and finally to a second target 

(Movement 3), the aforementioned fMRI results [13] predict that neural adaptation will 

occur when the second target is at a 0° or 180° spatial offset from the first target. This is 

because both the 0° or 180° offset conditions require that Movement 3 is a repetition of 

a recently completed movement direction: either a repetition of the movement to the 

first target (movement 1), or a repetition of the opposite, return-to-centre movement 

(movement 2). By contrast, adaptation will be minimal for 90° offsets, when Movement 

3 is in a different direction from both Movement 1 and 2. As a result, if adaptation 

within direction encoding neurons can affect manual localization RTs, 90° responses 

should be faster than 0° and 180° responses (0°>90°<180°) in the centre-out task. 

If our predictions regarding the neural adaptation mechanism underlying the 

spatial relationship between consecutive reaching movements are correct, then a 

similar pattern of performance should be observed in the oculomotor system, where 

the distributed encoding of movement direction has also been demonstrated [50–53]. 

Like the reaching control system, the direction of saccadic eye movements are 

controlled by populations of directionally tuned neurons found throughout the 

oculomotor system, including within frontal and supplementary eye fields [26,50], 

posterior parietal cortex [54], cerebellum [55], and superior colliculus [51,52]. Also 

similar to the reaching control system, directionally tuned cells in the oculomotor 

system generally have broad tuning profiles with maximum firing rates at a 0° offset 
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from the cell’s PD, half-maximal firing rates between a 30° and 90° offset from the cell’s 

PD, and minimal firing rates 180° opposite [50,51,56]. Given the similarity in how 

movement direction is encoded between the reaching and oculomotor control systems, 

we suspected that if adaptation occurs during the centre-out task, it should be present 

regardless of whether consecutive saccadic or reaching-localization responses are 

required.  

Assuming that adaptation effects are associated with decreased neural firing 

rates [16], then within the context of the centre-out task, we predicted that RTs would 

be slowest in conditions where adaptation is expected (0° and 180° offsets) relative to 

those conditions where adaptation is not expected (90° offsets). Herein, the 

aforementioned prediction is referred to as the “Adaptation Hypothesis” (RTs will follow 

the pattern: 0°>90°<180°). Consistent with prior research, the Adaptation Hypothesis 

assumes that (1) directionally selective adaptation in motor cortex reflects deceased 

neural firing rates [16] and (2) that decreased neural firing rates in motor cortex are 

associated with delayed reaction times [57,58].  

While the centre-out task has been used in various forms to study direction 

encoding in primate and human sensorimotor cortex [12,13,24,31,39,42,44], a similar 

task has also been used in studies focused on the sensory, attentional, and motor 

processing behaviors associated with orienting and inhibition of return (IOR; see below) 

[2,6,49,59,60]. These IOR studies suggest several other ways in which RTs may be 

affected or spatially distributed when consecutive responses are required to visual 

stimuli in the centre-out task. Therefore, before establishing the precise task 
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parameters under which to study possible adaptation-based RT effects, it is important 

to review the ways in which sensory, attentional, and oculomotor processing might 

affect RTs in the centre-out task. 

1.2 Orienting and Inhibition of Return 

Orienting refers to a set of mechanisms resulting in the preferential sensory or 

attentional processing of certain input stimuli relative to others [61]. In basic cued 

orienting tasks, spatial attention is attracted to a location using a peripheral or central 

cue, and then a simple detection or saccadic localization response is made to a target 

that can appear in either the same or a different location as the cue [7,62,63]. In 

traditional studies of IOR, 2 target locations are typically arranged on either side of a 

central fixation point, similar to the configuration shown in Figure 1.22. For relatively 

brief stimulus onset asynchronies (SOAs; i.e., the time between the onsets of the cue 

and target is 200 ms or less), the general pattern observed in such tasks is a benefit in 

response speed or accuracy for targets presented at the location where attention was 

previously drawn by the cue as compared to the opposite, uncued location. This benefit 

is consistent with the general notion that attention facilitates sensory and motor 

processing. However, for longer SOAs (i.e., 300 ms or greater in young adults; [64]), the 

pattern reverses and performance tends to be poorer for stimuli at the previously 

attended location compared to the uncued location; summarizing the bias against 

                                                
 

2 In other studies of IOR, a variable number of cue and target locations are arranged at equal 
distances around a central fixation point, similar to the configuration shown in Figure 1.1. 
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orienting to previously attended locations, this paradoxical performance deficit was 

coined “inhibition of return” (IOR) by Posner, Rafal, Choate, and Vaughn [60].  

 
 
Figure 1.2. Typical stimulus configuration for the centre-out task commonly used to 
study orienting and inhibition of return (IOR). In the basic paradigm, attention, an eye 
movement, or both are attracted form the central square to one of the adjacent flanking 
squares by a first signal (S1). After S1, subjects are instructed to return their attention 
(and eyes, if they were moved) to the central square. A second signal (S2) is then 
presented, again indicating one of the flanking squares and participants are instructed 
to respond by pressing a spatially congruent button or moving their eyes to the signaled 
location. The reaction time (RT) for S2 is examined as a function of the angular offset 
between S1 and S2 directions, i.e., 0° (same previously signaled target) or 180° (different 
target). When IOR is present, 0° responses are slower than 180° responses. 

 
Since the original discovery of IOR, the phenomenon has been widely studied in 

an attempt to uncover both the mechanism(s) of IOR as well as its potential function(s). 

Emerging from this literature, and in particular, from studies examining RTs across a 

wider range of spatial offsets (e.g., using a stimulus array such as that shown in Figure 

1.1; also discussed further below in section 1.5), is the commonly held view that IOR 

functions as a visual search or foraging facilitator [2,6,7,65–67], biasing attention and/or 

future eye movements away from previously inspected locations [but see 68–70]. The 

putative mechanisms underlying IOR are nuanced and varied [71–76], however, the 

results reported in the literature generally indicate that two forms of IOR operate under 

different task circumstances: one that affects early (sensory/attentional) input 

processes, and another that affects late stage (oculomotor) output processes 
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[59,65,71,72,77–86]. As discussed further below, because the sensory/attentional form 

of IOR delays the processing of sensory input stimuli, when present, sensory/attentional 

IOR should delay any response type (e.g., saccadic or manual). By contrast, because the 

oculomotor form of IOR is thought to delay specifically saccadic outputs, when present, 

the oculomotor form of IOR should be revealed by saccadic but not manual responses 

[65,87, but see 59]. 

1.3 Sensory and Oculomotor IOR 

Many different task parameters have been used to elicit and measure the 

oculomotor and sensory/attentional forms of IOR respectively. Perhaps the most 

commonly manipulated variables are: (1) response type (manual button press or 

saccadic localization) and (2) signal type (central arrow or peripheral onset).  

To explore the importance of response and signal types in IOR, in their seminal 

paper, Taylor and Klein [59] tested for IOR in 24 different stimulus-response conditions 

(Figure 1.3). These conditions were derived from (1) all possible paired combinations of 

peripheral onset and central arrowhead signals and (2) three responses types (no 

response, an overt saccadic localization response, or a manual button press response). 

In each trial, participants were required to make one of the three response types to a 

first signal (S1), and either a saccadic or button press response to a second signal (S2). 

In considering the results of all 24 conditions, Taylor and Klein [59] put forward 

their “Oculomotor Hypothesis”, that two possible forms of IOR are dissociated based on 

the state (active or inactive) of the oculomotor system. The first form of IOR occurred 

because of inhibited sensory or attentional processing of a peripherally signaled location 
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(regardless of whether a central or peripheral S1 was used), which was inferred from the 

fact that when no eye movements were made (to S1, S2, or both; i.e., all conditions 

contained within the bold line in Figure 1.3), IOR was revealed only with peripheral, but 

not central, S2 stimuli.  In short, this form of IOR appeared to reduce the efficiency of 

sensory or attentional processing specifically in the spatial location of peripheral S2 

stimuli. The second form of IOR was revealed in almost all circumstances when a 

saccadic or manual motor response was required to S2, independent of signal type 

(peripheral or central). Taylor and Klein [59] concluded that this second form of IOR was 

dependent on the activation of the saccadic eye movement system and was observed 

provided an oculomotor response was made to either S1, S2, or both3. Moreover, the 

oculomotor form of IOR was thought to occur independently from inhibited sensory 

processes, because IOR in these conditions “did not depend on the nature of the S2 

stimulus, but instead, depended on having to produce a response in the same direction 

as signaled by S1” (Taylor and Klein, [59], p. 1652)4.  

                                                
 
3 Subsequently, Klein and Hilchey [114] refined the oculomotor hypothesis to state that the oculomotor 
machinery involved in specifically the generation of reflexive eye movements must be active to observe 
oculomotor IOR, an idea which was later empirically supported by Hilchey et al. [80]. Other theories have 
suggested that the execution of a saccade to S1 may be necessary to generate the oculomotor form of 
IOR [65]. Consistent with this prior work, the present thesis assumed the oculomotor form of IOR would 
be generated by the execution of a saccadic localization response to S1 [59,65,78,87,88]. 
 
4 If sensory/attentional and oculomotor IOR operate to serially slow (1) the processing of peripheral 
stimuli and (2) saccadic eye movements respectively, then according to additive factors logic [23], the 
magnitude of IOR (magnitude = 0°-180° RTs) should be larger when saccadic responses are required to 
peripheral versus central stimuli [59,65,72,87,90]. Consistent with this line of thinking, following a 
peripheral cue requiring no response, Abrams and Dobkin [90] observed a larger magnitude of IOR for 
saccades to peripheral versus central stimuli; however, Taylor and Klein [59] failed to replicate this 
observation. As a result, Taylor and Klein [59] concluded that when saccades are made, only the 
oculomotor form of IOR operates independent of signal type. Further research from Klein’s group [65,87] 
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Figure 1.3. The 24 stimulus – response combinations examined by Taylor and Klein [59]. 
Signal 1 (central or peripheral) could require no response, a manual button press, or a 
saccadic localization response. Signal 2 (central or peripheral) would require a manual 
button press or saccadic localization response. Filled in circles represent the stimulus-
response combinations that revealed significant IOR5; unfilled circles represent 
conditions where IOR was not statistically significant. The bold line enclosing stimulus-
response combinations that required no saccade to either S1 or S2 show conditions 
where IOR is considered sensory/attentional in nature (i.e., where IOR inhibited the 
processing of peripherally localized S2 stimuli). Inhibition of return observed in conditions 
outside of this bold line are considered motoric in nature and according to Taylor and 
Klein [59], are dependent upon the activation of the oculomotor system to respond to 
either S1 or S2. Numbers within each circle represent the magnitude of IOR (0°-180° 
reaction times) observed in each condition. 

   

                                                                                                                                            
 
later demonstrated additive effects of sensory/attentional and oculomotor IOR in the target-target task 
when consecutive saccades are required to peripheral but not central stimuli.  Correspondingly, the 
present thesis assumed that both sensory/attentional and oculomotor IOR may be present when 
peripheral (but not central) stimuli are used to prompt consecutive saccadic responses  [65,87]. 
 
5 The grey circle represents a stimulus-response combination in which delayed RTs were later shown to be 
an artefact of Taylor and Klein’s [59] study design which created a subthreshold response association 
between keypress responses and arrowhead stimuli. Without such an association, IOR is not expected to 
be generated by a central arrow requiring no response (see Hilchey et al. [115]) 
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Since the publication of Taylor and Klein’s (2000) study, several studies have 

converged on the idea that the two forms of IOR can be dissociated in part through the 

use of central versus peripheral signals [e.g. 59,65,77,84,87–90]. In summary, when 

consecutive peripheral stimuli are used, IOR can inhibit information received from a 

particular location in space (i.e., sensory/attentional processing) or an associated 

saccadic response (i.e., oculomotor processing); as a result, any observed IOR may be 

the result of combined sensory/attentional and oculomotor-based effects. If central 

stimuli are used however, any inhibition attached to a peripheral location could not 

disrupt the processing of the imperative stimulus, but oculomotor response-based 

inhibition is possible. Correspondingly, studies attempting to “isolate” the oculomotor 

form of IOR have used centrally presented stimuli to evoke directional responses, such 

as making a saccade to a target indicated by an arrow presented at fixation 

[29,91,92,103,107].  Finally, although a number of studies have revealed IOR using 

various manual responses (e.g., button presses and reaching localization responses 

[18,19,92–96]), these studies unanimously relied upon the use of peripheral signals, and 

therefore may have revealed sensory/attentional rather than the motor form of IOR. 

Furthermore, with few exceptions [73,81; addressed later], the consensus found in the 

IOR literature is that the motor form of IOR is tightly linked with and likely not found 

outside of the oculomotor system [2,6,19,59,64,65,81,85,97–99].  

1.4 The Spatial Distribution of IOR 

Whereas the term IOR has been loosely used [76] to describe both 

sensory/attentional and oculomotor phenomena affecting participant responses, 
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beyond the observation of slowed responses for previously signaled locations, the 

degree of similarity between the two forms of IOR remains unclear, in particular with 

respect to the pattern of RTs expected across unsignaled locations.  However, an 

analysis of the pattern of RTs across more than one unsignaled location (e.g., using a 

stimulus arrangement similar to that shown in Figure 1.1) may be important in 

understanding the possible mechanisms underlying IOR and how it ultimately shapes 

behavior. Moreover, studying the pattern of RTs across more than 2 possible target 

locations is important to test for the presence of other possible sensorimotor processing 

biases, e.g., the possible adaptation-based effects of interest herein. 

The spatial distribution of sensory/attentional IOR (i.e., when peripheral cues 

and targets are used, cf. 10-13) is now well characterized, and is associated with a clear 

monotonic relationship between response latency and the angular spatial offset 

between the first and second stimuli [2,6,63,75,100–105]. Specifically, the latency of a 

response to the second stimulus is greatest when it shares the same location as the first 

stimulus (i.e., a 0° offset), and decreases as the spatial offset between stimuli increases 

to 90°; thereafter, latencies may further decease or stabilize as the spatial offset 

increases to 180° (no reversal in the function can occur to satisfy the definition of 

monotonic). In other words, when sensory/attentional IOR is likely present, RTs across 

target locations typically follows the following pattern: 0° > 90° >/=180° [2,6,63,75,100–

104]. This monotonic pattern of RTs has been replicated using peripheral target stimuli 

across a wide range of possible target offsets (e.g., [2,100]) and in a large number of 

studies [2,6,63,75,100–105]. Surprisingly, the spatial topography of the putative 
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oculomotor IOR phenomenon, i.e., that expected when only central signals are used, 

has not been described with the same precision. In fact, previous studies of oculomotor 

IOR have explored only 0° and 180° offsets (e.g., as shown in Figure 1.2), finding that, 

like sensory/attentional IOR, response latencies are greater for 0° versus 180° 

conditions (e.g., [59,74,85,88]). Presumably, however, if the sensory/attentional and 

oculomotor phenomena are variations of the same basic process or mechanism (i.e., 

IOR), and if both forms of IOR serve a similar functional purpose such as the facilitation 

of visual search or foraging behavior [2,6,63,65], then their spatial distributions ought to 

be similar across a broader range of angular offsets between the first and second 

stimulus. 	

Emerging from the IOR literature, a simple 2x2 matrix can be constructed 

outlining the stimulus-response combinations traditionally used to reveal the sensory 

and oculomotor forms of IOR [59,65,78,87,88]. Several important observations should 

be made regarding this matrix. First, as indicated on the left side of the matrix, the 

hallmark pattern of IOR is well established and is consistently expected when either 

manual or saccadic responses are made to peripheral targets [2,6,63,75,100–104]. 

Second, as shown in the upper right cell of Table 1, previous research suggests the 

oculomotor form of IOR will occur when saccades are required in response to central 

arrowhead stimuli [29,91,92,103,107]. Notably, however, as discussed above, the spatial 

distribution of oculomotor IOR elucidated by central signals has not been previously 

established across more than 2 possible target locations (i.e., 0° and 180° offsets), 

leaving open the possibility that a pattern of RTs consistent with that predicted by 
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neural adaptation effects may be observed (0°>90°<180°). Finally, as shown in the lower 

right cell of Table 1, IOR is not expected for manual detection or localization responses 

when consecutive central signals are used, provided the oculomotor system is inactive  

[59,88].  This observation is important, because it provides a stimulus-response 

condition where possible adaptation-based effects can be studied independent of well-

established and expected IOR-based effects.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: The form of IOR (sensory or oculomotor) predicted by the IOR literature when 
the oculomotor system is active or inactive and either peripheral or central arrowhead 
stimuli are used for both S1 and S2. Note that the state of the oculomotor system would 
be considered active only if an eye movement was made in the direction of  S1 or S2 as 
the preparation of saccadic responses in the absence of saccadic movement execution 
does not reveal IOR [106]. Note that Table 1 assumes that when the oculomotor system 
is inactive, manual responses are instead required. Based on the above review of the IOR 
literature, IOR should not occur when central signals are used and manual responses are 
used. 

 

  Signal Type 

  Peripheral Central 

O
cu
lo
m
ot
or
 S
ys
te
m
 

Ac
tiv

e 

Sensory/Oculo-
motor 
 
Well established spatial 
topography of 
sensory/attentional IOR 
where RTs consistently 
follow the pattern: 0°	>	
90°	>/=180°	

 

Oculomotor 
 
Spatial topography of 
oculomotor IOR 
unknown; neural 
adaptation effects 
predict RTs will follow:	
0°	>	90°	<	180°.	
 

In
ac
tiv

e 

Sensory 
 
Well established spatial 
topography of 
sensory/attentional IOR 
where RTs consistently 
follow the pattern: 0°	>	
90°	>/=180°	
	

-- 
 
 
Neural adaptation effects 
predict RTs will follow:	
0°	>	90°	<	180°. 
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1.5 Competing Predictions: Oculomotor IOR or Adaptation? 

The original goal of the present dissertation was to explore whether behavioural 

correlates of neural adaptation could be revealed through an examination of RTs when 

consecutive eye or arm movements were required in the centre-out task. Of interest 

was comparing the pattern of RTs across more than 2 target locations when central 

versus peripheral stimuli instructed target responses for the first time. The second and 

related goal of the dissertation was to test opposing predictions regarding the spatial 

distribution of RTs for consecutive movements while assuming different underlying 

mechanisms might affect RTs: neural adaptation or IOR. 

To address these goals, throughout the dissertation, the pattern of RTs for 

consecutive saccades and manual-localization responses was examined across 4 

possible target locations using both peripheral and central stimuli.  If IOR was present, 

we expected to observe the well-established monotonic pattern of RTs (0°>90° 

>/=180°). By contrast, if adaptation-based effects were present, as discussed earlier, we 

expected to observe fastest RTs for 90° offsets and relatively slower RTs for 0° and 180° 

offsets (0° > 90° < 180°; the Adaptation Hypothesis). 

It is important to note that the centre-out task with four possible target locations 

was used in order to (1) control movement starting point; and (2) directly test whether 

evidence of both IOR and neural adaptation can be revealed within the widely used 

centre-out paradigm. The first point is important given that RTs can vary as a function of 

movement starting point, for example, depending on the eccentricity of the eye or arm 

relative to a central fixation point or midline [19,107]. The second point is important 
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because observing evidence of an adaptation-based motor response bias would both 

challenge the idea, proposed by Taylor and Klein [59], that a single form of IOR can 

account for the pattern of RTs observed in the in the centre-out task (e.g., when eye 

movements are required) and further, demonstrate the importance of examining RTs 

across more than two target locations offset by 0° and 180° in the centre-out task, as is 

common in the IOR literature6.  

1.6 Outline of the Present Thesis 

In Study 1 (Chapter 2) [108], the traditional centre-out paradigm was used to 

measure RTs for consecutive eye and arm movements as a function of their angular 

offset from the direction of a prior movement made with the same effector. Participants 

were presented with either consecutive peripheral or central arrowhead signals. When 

peripheral signals were used, we expected to replicate the hallmark pattern of 

sensory/attentional IOR (0° > 90° >/= 180°). However, when central signals were used, 

we expected to “isolate” possible motor based effects from sensory/attentional IOR 

[59,65,87,88] which inhibits the processing of peripheral target locations. If our 

Adaptation Hypothesis was correct, we anticipated a pattern of slowed RTs for 

conditions where adaptation was present (0°>90°<180°) when central signals were 

                                                
 
6 While the centre-out task was deemed most appropriate for the purpose of the present thesis, it does 
come with some limitations. Most notably, the centre-out task requires that between S1 and S2 
responses, a return-to-centre movement is required. As a result, three movements are made on each 
trial, and a return-to-centre movement always intervenes S1 and S2. While returning to centre is 
important to control movement starting point, other paradigms, including free visual search [2,6] the 
‘random walk’ paradigm [107,116] may be useful for examining the pattern of RTs without the return to 
centre movement. As discussed later, the use of these more ecologically valid paradigms may be 
warranted to explore additional questions related to the present thesis. 
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used. On the other hand, if IOR was present, we expected to observe the hallmark 

monotonic pattern of RTs (0°>90°>/=180°). The pattern of RTs observed with central 

targets (0°>90°<180°) was consistent with the Adaptation Hypothesis, while as 

expected, the pattern of RTs observed with peripheral targets replicated the well-

established spatial topography of IOR (0°>90°>/=180°).  

Given that adaptation-based effects would by definition delay motor preparation 

processes (e.g., in PMC) [34–37], we were interested in whether we could eliminate the 

adaptation effect by allowing participants sufficient time to fully program their 

response, thus overcoming any possible adaptation effects. Such a finding would be 

consistent with an adaptation-based explanation of Study 1 and help to narrow down 

the possible range of neural mechanisms explaining the non-monotonic pattern of RTs 

observed. In Studies 2 and 3 (Chapters 3 and 4 respectively) [109,110] we therefore 

designed a paradigm allowing participants to fully prepare their saccadic or manual 

localization response in advance of being signaled to execute the movement. 

Consequently, any observed RT bias must be the result of motor execution processes 

rather than earlier sensory, attentional, or motor planning (e.g., adaptation) based 

processes. To our surprise, although the pattern of RTs supporting our original 

Adaptation Hypothesis was at least partially eliminated, we observed the hallmark 

pattern of IOR (0° > 90° >/= 180°) [109,110]. This result suggested that an IOR-like 

pattern of RTs can emerge as a late-stage motor execution bias when possible motor 

programming biases (such as those potentially caused by neural adaptation) are 

overcome. 
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While the results of Studies 2 and 3 were intriguing, the unique study design 

might have introduced an artifactual form of response inhibition due to the requirement 

to actively inhibit the execution of a prepared movement prior to the imperative 

stimulus. In Study 4 (Chapter 5), we therefore repeated the experimental paradigm used 

in Study 1 while using only 2 rather than 4 target locations [111] and focusing on arm 

movements. On separate trials, the target locations varied between 90° or 180° offsets, 

both of which were possible in Studies 1-3. This design was intended to maximize our 

chances of observing IOR (not seen in Chapter 2 with central signals), which is most 

commonly studied using 2 target locations. Observing IOR in Study 4 would (1) suggest 

that two different spatial topographies of motor response bias are possible under 

different task circumstances (i.e., dependent on the set size of possible target locations); 

(2) alleviate concerns that the results of Studies 2 and 3 were due to an artifact of our 

study design (i.e. by demonstrating IOR can occur with central stimuli in our target-

target paradigm, without the use of a preparation signal); and, (3) reveal a motor form 

of IOR affecting reaching movements to central stimuli for the first time. Interestingly, 

independent of signal type, a unique pattern of RTs was observed (0°>90°<180°; 

0°>180°) where 0° responses were slowest (consistent with IOR), 180° responses were 

intermediate, and 90° responses were fastest (consistent with motor adaptation 

effects). 

In the final study of the present thesis (Study 5; Chapter 6), we repeated Study 4 

while requiring saccadic rather than manual localization responses. When peripheral 

stimuli were used, we predicted and observed the well-established pattern of 
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oculomotor IOR (0°>90°>/=180°). By contrast, and consistent with the presence of 

combined IOR and adaptation-based effects, when central signals were used, we 

replicated the pattern of RTs observed in Study 4 (0°>90°<180°; 0°>180°) with eye 

rather than arm movements. The results demonstrate multiple response biases can 

affect consecutive saccades in the center-out task and together with Studies 1 and 4, 

highlight the importance of examining RTs across more than two target locations in the 

target-target IOR paradigm. 

Many of the methods and ideas that led to the specific experiments contained in 

the present thesis came from the wealth of IOR literature. It therefore seemed prudent 

to frame the individual studies in the context of IOR for increased impact within the 

field. However, in returning to the original motivation for exploring possible adaptation-

based effects, within the General Introduction and General Discussion of the present 

thesis, some ideas and concepts have been refined to be more neutral with respect to 

IOR as a unifying theory or construct.  

Whether any of the RT biases observed in the present thesis reflect neural 

adaptation or IOR requires further investigation and in some cases may ultimately be a 

question of theory (e.g., related to the putative adaptive significance of IOR [2,6,7]) or 

construct (e.g., related to the defining circumstances under which IOR was originally 

discovered [80,112])7. Nonetheless, the results of the present thesis collectively suggest 

                                                
 
7 For consistency in writing and terminology, when 0° RTs are slower than 90° or 180° RTs, in the present 
thesis, the effect is generally labelled IOR. This approach is consistent with the typical “convention” in the 
field where IOR is used to loosely refer to the observation of slowest RTs for responses to previously 
signalled compared to unsignaled locations. Furthermore, when a preference for 90° RTs is observed, the 
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that (1) spatially defined RT biases can emerge from the simple execution of a prior 

movement made with the same effector; (2) that these RT biases can occur outside of 

the oculomotor system; and (3) that IOR-like motor biases can emerge from late-stage 

motor execution processes.  

 

   

 

  

                                                                                                                                            
 
effect is usually referred to as adaptation. The contribution of the present thesis to the literature is not 
related to the labels used to describe the response biases observed, but rather, is derived from the 
systematic investigation of RTs across four target locations in the target-target task when signal type, set-
size, and stage of information processing variables are manipulated [cf. 66]. 
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2.1 Abstract 

Spatial interactions between consecutive movements are often attributed to 

inhibition of return (IOR), a phenomenon in which responses to previously signaled 

locations are slower than responses to unsignaled locations. In two experiments using 

peripheral target signals offset by 0°, 90°, or 180°, we show that consecutive saccadic 

(Experiment 1) and reaching (Experiment 3) responses exhibit a monotonic pattern of 

reaction times consistent with the currently established spatial distribution of IOR. In 

contrast, in two experiments with central target signals (i.e., arrowheads pointing at 

target locations), we find a non-monotonic pattern of reaction times for saccades 

(Experiment 2) and reaching movements (Experiment 4). The difference in the patterns 

of results observed demonstrates different behavioural effects that depend on signal 

type. The pattern of results observed for central stimuli are consistent with a model in 

which neural adaptation is occurring within motor networks encoding movement 

direction in a distributed manner.  

2.2 Introduction 

In everyday tasks such as reading, driving, or eating, we engage in sequences of 

spatially directed movements. Whereas each movement might have an independent 

goal, the planning and execution of consecutive movements made with the same 

effector is likely to rely on overlapping spatial representations. As such, it is of interest 

to explore the spatial interactions that occur between movements made close together 

in time.  
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Such interactions have been explored extensively for orienting responses, in 

which participants respond to a target stimulus after a preceding cue stimulus. As 

initially described by Posner and Cohen [25], for cue-target onset asynchronies of 

approximately 300 ms (or more), responses are slower to targets appearing at cued 

versus uncued locations – a phenomenon later given the name ‘inhibition of return,’ 

(IOR) to reflect the selective bias against responding to previously signaled locations 

[26].  

Many different task parameters have been adopted in order to study IOR, 

however two commonly manipulated variables are: (1) response type (e.g. manual or 

saccadic) and (2) signal type (e.g. peripheral onset or central arrowhead) [20, 25, 26, 30, 

31, 39, 41]. Although the presence or absence of IOR has been studied across all 

possible combinations of these response and signal types [39]8, the spatial distribution 

of IOR, i.e. the pattern of RTs observed for targets that are presented at, intermediate 

to, or opposite the cued location, remains incompletely characterized for different 

signal types. In particular, although the spatial distribution of IOR is well established 

when peripheral stimuli are used [as described below; 3, 18, 19, 21, 23, 27-29, 36], the 

same cannot be said when central arrowhead stimuli are used. This is because previous 

studies using central signals have relied on the use of two target locations, typically 

aligned to the left and right of fixation [e.g. 15, 30, 39].  While these conditions enable 

                                                
 
8 It is important to note that Taylor and Klein used a choice-location discrimination task for their manual 
responses (i.e. where participants responded to different target locations with different spatially 
congruent buttons). The presence or absence of IOR has not been fully studied for other types of manual 
responses (e.g. simple detection or reaching-localization). 
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one to determine the presence and magnitude of an RT difference between the cued 

and uncued target locations, they do not enable a comprehensive analysis of the spatial 

properties of the putative IOR phenomenon. Therefore, previous work that has inferred 

the presence of IOR while using central signals and only two possible target locations, 

may have missed important data points regarding the spatial properties of the 

(putatively observed) IOR phenomenon. In particular, it remains unclear whether IOR 

experiments using central signals reveal similarly distributed behavioural effects to that 

observed with peripheral signals. 

Some lines of evidence provide reason to believe that different forms of IOR can 

be observed depending on the type of signal used to prompt responses. For example, 

some scholars have argued that peripheral and central stimuli can be used to reveal the 

sensory/attentional and motor forms of IOR respectively [e.g. 15, 20, 30, 31, 33, 38, 39, 

41; see 41 for a well-articulated description]. Specifically, when consecutive peripheral 

stimuli are used, IOR might inhibit either (1) information received from a particular 

location in space (i.e., sensory/attentional processing) or (2) the production of any 

required response (i.e., motor processing). In contrast, when central stimuli are used, 

any inhibition attached to a peripheral location cannot disrupt the processing of the 

imperative stimulus, but response-based inhibition is possible. Correspondingly, IOR 

observed with central stimuli might be considered to affect motor-based processes [15, 

20, 30, 31, 33, 38, 39, 41]. Notably however, other scholars have shown that late-stage 

attentional processes can be tied to the generation of motor responses [e.g. a 

movement of attention that immediately precedes the execution of an eye or arm 
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movement; 11, 35]; it is therefore possible that motor, late-stage attentional, or some 

combination of these processes are affected by IOR when central signals are used to 

prompt motor responses9.  

If different sensory/attentional and response-based forms of IOR can in fact be 

dissociated by signal type (at least in part), then given that the sensory/attentional and 

motor response systems represent space differently [depending on the stage of 

processing affected; cf. 4, 14, 25, 40, 41], it is possible that different spatial distributions 

of IOR will be observed depending on signal type. The spatial distribution of IOR 

observed with peripheral stimuli is associated with a clear monotonic relationship 

between response latency and the angular spatial offset between the first and second 

stimuli [3, 18, 19, 21, 23, 27-29, 36]: the latency of a response to the second stimulus is 

greatest when it shares the same location as the first stimulus (i.e., a 0° offset), and 

decreases as the spatial offset between stimuli increases to 180°. This monotonic 

pattern of IOR has been established by examining RTs across many different angular 

offsets ranging between 0° and 180°, although many studies have adopted 0°, 90° and 

180° offsets. As discussed earlier, the spatial distribution of RTs observed when central 

signals are used remains un-established. On one hand, if IOR is similar when peripheral 

and central stimuli are used [e.g. as suggested by previous research using only two 

                                                
 
9 If late-stage attentional processes that are tied to the execution of a movement are inhibited when 
central stimuli are used, they are nonetheless likely to be different from the sensory/attentional 
processes that are inhibited when peripheral stimuli are used. For example, when simple detection 
responses are required in cue-target tasks, IOR is only observed when peripheral, but not central target 
stimuli are used; this observation indicates that the presentation of the arrow alone is insufficient to 
reveal IOR, and moreover, that peripheral target stimuli can be used to reveal a spatially localized deficit 
in sensory/attentional processing. 
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target locations; 39] then one would expect to observe similar spatial distributions of 

RTs independent of signal type. On the other hand, if sensory/attentional and motor 

forms of IOR can be dissociated, at least in part by signal type, then it is possible that 

different spatial distributions will be observed when motor responses are instructed by 

central versus peripheral stimuli. 

Using variations of the traditional centre-out consecutive target paradigm 

(where participants respond to the first signal and then return to centre before 

responding to the second signal [e.g., 39]), we examined the pattern of RTs observed in 

four experiments when participants were required to make consecutive eye (E1 and E2) 

or arm (E3 and E4) movements to either peripheral (E1 and E3) or central (E2 and E4) 

stimuli (because consecutive responses are required, this task is referred to as a target-

target paradigm)10. We predicted that if signal type plays an important role in shaping 

the pattern of RTs observed, then the pattern of RTs observed should vary as a function 

of signal type but be relatively independent of the effector system used to respond. For 

the experiments involving peripheral stimuli, based on prior work [3, 18, 19, 21, 23, 27-

29, 36], we predicted a monotonic spatial relationship between RT and target-target 

spatial offset (0° > 90° >/= 180°; see the introduction to E1 for more details) for 

saccades (E1) and reaching movements (E3) alike. If the spatial topography of IOR (as 

traditionally defined) is insensitive to signal type, then one would expect to observe a 

similar monotonic spatial distribution of RTs across all offset conditions when central 

                                                
 
10 This type of target-target paradigm was previously used [39] to reveal IOR in all of the stimulus-
response combinations adopted presently (except when manual responses were required to consecutive 
arrowhead stimuli), across two target locations aligned to the left and right of fixation. 
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arrowhead signals (rather than peripheral onsets) were used to prompt responses. To 

anticipate the results, different spatial patterns of RTs were observed when peripheral 

and central signals were used to prompt consecutive responses respectively. These 

results are interpreted and discussed in the context of the possible mechanisms and 

functions underlying the observed RT patterns. 

2.1 Experiment One: Peripheral Target - Eye 

In E1 we aimed to extend the monotonic spatial pattern of IOR [cf. 3, 18, 19, 21, 

23, 27-29, 36], observed in previous cue-target studies to a target-target task that 

required participants to make two consecutive saccades to peripheral target stimuli. 

Previous cue-target studies revealed a monotonic pattern of RTs (0° > 90° >/= 180°), 

where (1) RTs are greatest at the cued location, (2) RTs drop off sharply as the cue-

target offset increases from 0° to 90°, and (3) RTs do not increase, but will either remain 

stable or continue to decrease slightly (both patterns fit the monotonic definition) from 

90° to 180°. Consistent with previous work examining the spatial distribution of IOR 

[e.g., 20, 29, 36, 40], we used four target locations (up, down, left and right of fixation) 

that allowed us to vary the degree of directional offset between the first and second 

stimuli from 0° (i.e., same direction) to 180° (opposite direction), in 90° increments. 

Confirmation of the monotonic IOR pattern in this paradigm was important, in order to 

subsequently compare the topography of RTs when central rather than peripheral 

signals were used in E2. 
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2.1.1 Method 

All experimental procedures were approved by the local research ethics board in 

the Department of Psychology and Neuroscience at Dalhousie University, and 

participants in all studies provided written informed consent. 

Participants. Nineteen (11 female, 8 male) undergraduate students participated 

in E1. All participants were recruited through the Department of Psychology subject 

pool at Dalhousie University. Participants were right handed, had normal or corrected-

to-normal vision and reported no history of visual, motor, or neurological abnormalities. 

Apparatus and Stimuli. Stimuli were displayed using Experiment Builder v1.3 

software (EyeLink II; SR Research, Mississauga, Ontario, Canada). Eye position was 

monitored with an EyeLink™II (SR Research, Osgoode, ON) eye-tracking system 

(sampling rate = 500 Hz; spatial precision <0.01; spatial accuracy <0.8 root mean square 

error). Calibration of the EyeLink II was carried out in the same horizontal viewing plane 

that was used to display the target stimuli.  Participants were seated at a viewing 

distance of approximately 58 centimeters from the screen.  

Stimuli consisted of a fixation circle 3.15° in diameter that was surrounded by 4 

equidistant peripheral placeholders (circles that were 2.5° in diameter; Figure 2.1). 

Placeholders were spaced 4.6 degrees away from fixation (measured from the centre of 

fixation to the centre of the placeholder) and were separated by 90° from each other 

(i.e., up, right, down, left). The outlines of the central fixation circle and peripheral 

placeholders were presented with a 4px weight on a 30-inch Elo touch screen LCD 

monitor (11.7 ms response time; Elo TouchSystems, Menlo Park, California, USA). 
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Procedure. The EyeLink®II system was calibrated using a 9-point routine. 

Participants practiced trials selected randomly from the main experiment until the 

successful completion of 8 consecutive trials. Participants were required to complete 

these trials without any error feedback, as described below. Trials consisted of two 

consecutive signals (S1 and S2) where the border of a peripheral placeholder 

temporarily changed from a 4px line-weight to an 8px line-weight. Participants were 

instructed to saccade to the target with the bolded outline. S1 and S2 indicated each of 

the four possible target locations with equal probability (0.25), creating a total of 16 

equally possible S1/S2 pairings. These pairings therefore signaled consecutive saccadic 

responses that were offset from each other by 0°, -90°, +90°, or 180. After practice was 

completed, each S1/S2 pairing was presented 12 times for a total of 192 trials which 

were divided into two runs of 96 trials separated by a short break. S1/S2 pairings were 

randomized on a trial-by-trial basis. 

The timing of stimuli within a single trial for E1 is shown in Figure 2.1. 

Participants were instructed to make a saccade toward and fixate the signaled targets as 

quickly and accurately as possible, and to return their eyes to centre upon display of the 

cue-back as well as after completing their S2 response. If participants did not respond 

within 1.5 seconds to S1 or S2, if they did not return their eyes to centre between S1 

and S2, or if they failed to maintain fixation during the fixation stimulus (immediately 

prior to S1 or S2), an error message was displayed, the trial was aborted, and was not 

recycled. Data from aborted trials were excluded from all subsequent analyses. Less 

than 5% of trials were aborted due to a slow response, a failure to return their eyes to 
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centre between S1 and S2, or a failure to maintain fixation. The key dependent measure 

for all experiments reported herein is the reaction time (RT) for the response to the 

second target in the sequence (i.e., S2 RT). 

Data Analysis. The description of data analyses here applies to all four 

experiments in the present paper. Trials with S2 RTs less than 100 ms (anticipation) or 

greater than 1000 ms (miss) were flagged during data processing and excluded from all 

analyses. Consistent with previous work [39], data were also flagged and excluded if the 

S1 response was greater than 500 ms. Trials in which participants moved their eyes to 

the wrong S2 target were flagged as directional errors. Directional error trials were 

eliminated from the main RT analysis but were tallied and analyzed to determine the 

possibility of speed-accuracy tradeoffs. The frequency of anticipation, miss, and 

directional errors out of the total trials (N = 192) accounted for less than 5% of trials. 

Because we were interested in demonstrating that the typical monotonic pattern 

of RTs observed previously in cue-target IOR studies (0° > 90° >/= 180° [3, 18, 19, 21, 23, 

27-29, 36]) also occurs in a target-target paradigm, mean RTs for S2 saccades were 

analyzed using a repeated-measures ANOVA (α = 0.05) with the sole factor of offset (i.e., 

the angular offset between S1 and S2: 0°, 90° or 180°). Note that +90° and -90° 

conditions were collapsed into a single 90° condition for the purpose of these analyses. 

Mauchly’s test was used to test the assumption of sphericity (α = 0.05); if sphericity was 

violated, the Greenhouse-Geisser correction was applied and adjusted degrees of 

freedom are reported. All offset conditions were compared using planned pairwise 

comparisons (α = 0.01), in order to determine if a monotonically declining pattern of RTs 



 

 42 
 

was observed. Directional errors within each offset condition (0°, 90°, or 180°) were 

analyzed to detect possible speed-accuracy trade-offs, in order to determine if a 

reduction in movement accuracy accompanied reduced reaction times. The frequency 

of directional errors in each offset condition was first used to calculate a percent error 

rate for each offset condition; a repeated measures ANOVA with the sole factor of offset 

was then conducted on these values. 
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Figure 2.1. Sequence of Stimuli. Example stimuli and sequence timing from a single trial 
when peripheral (E1 and E3) and central (E2 and E4) signals were used to prompt 
responses. Each trial began with a drift correction procedure that required the 
participant to press the space bar with their left hand while fixating within the fixation 
circle. The fixation array was then displayed for 500 ms after which the first signal (S1) 
was displayed for 300 ms. Following the offset of S1, fixation was displayed for 200 ms 
followed by a cue-back stimulus (change of the fixation circle outline from 4px to 8px 
weight) for 300 ms. The fixation array (with all circles in 4px weight) was again displayed 
for 1500 ms, providing ample time for participants to return their eye/arm to centre 
prior to the onset of the second signal (S2). The S2 stimulus was added for 300 ms, 
followed again by an inter-trial interval of 4 seconds during which the fixation array was 
displayed. Participants were instructed to maintain fixation throughout the trial. During 
each trial, participants were asked to make an eye or arm movement to touch the centre 
of the signaled targets as quickly and accurately as possible, and to return to centre 
upon display of the cue-back, as well as after completing their S2 response. The overall 
fixation array was present throughout each trial, thereby providing a stable stimulus 
background while S1, S2, and the cue back were overlain as described above. 
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2.1.2 Results 

Errors. Error rates were calculated independently within each offset condition. 

Directional errors were minimal and accounted for 0.27% (range = 0-1.6%, SD = 0.4%), 

0.78% (range = 0-2.1%, SD = 0.9%), and 0.33% (range = 0-1.5%, SD = 0.5%) of the total 

trials in the 0°, 90°, and 180° conditions respectively. Because error rates were less than 

1% in each offset condition, they were not analyzed further.  

Saccadic Reaction Time to S2. Saccadic S2 RTs are shown in Figure 2.2 

(“Peripheral - Eye”). A main effect of offset was observed, F(2,36) = 15.56, p < 0.001. 

Pairwise comparisons revealed slower RTs in the 0° relative to 90°, F(1,18) = 17.87, p < 

0.001, and the 0° relative to 180°, F(1,18) = 17.88, p < 0.001 offset conditions. Reaction 

times were not significantly different for the 90° and 180° offsets, F(1,18) = 0.43, p = 

0.52. 

Many previous IOR studies contained only two possible target locations to the 

left and right of fixation [e.g. 15, 30, 39]. To compare our results to these studies, we 

analyzed separately those trials where the S1-S2 responses were restricted to the 

horizontal (left or right), and vertical (up or down) axis. We further compared amongst 

each of the possible 90° offset combinations (up/right = upper right [UR], right/down = 

lower right [LR], down/left = lower left [LL], left/up = upper left [UL]) to determine if the 

overall faster S2 RTs for the 90° offset condition were attributable to specific target 

combinations. 

Zero-degree offset responses were significantly slower than 180° offset 

responses within both the horizontal, F(1,18) = 7.42, p < 0.05 and vertical F(1,18) = 



 

 46 
 

12.09, p < 0.005 axes. No differences in the magnitude of IOR (where magnitude of IOR 

= RTs for “same” S1 and S2 trials minus RTs for “different” S1 and S2 trials) were 

observed between any of the possible 90° offset combinations (UL, UR, LR, LL), F(3,18) = 

0.55, p = 0.65, indicating that the overall faster RTs for the 90° offset condition were not 

driven by any specific 90° S1/S2 combination(s).  

2.1.3  Discussion 

As predicted, the results of E1 extend the monotonic pattern of IOR (0° > 90° >/= 

180°) observed in previous cue-target studies using peripheral stimuli to a target-target 

task. The results from E1 were used as a baseline against which to compare the data 

from E2 in which central stimuli were adopted. 

2.2 Experiment 2: Central Target – Eye 

Experiment 2 mirrored E1 except the peripheral signals (S1 and S2) were 

replaced by central signals. Similar to E1, peripheral placeholders were continuously 

present in E2, ensuring that participants made responses that were metrically identical 

to those in E1, i.e. with a similar movement direction and amplitude. If the same spatial 

distribution of RTs is observed between E1 and E2, then it would be reasonable to 

conclude that IOR is similarly implemented independent of signal type. If markedly 

different patterns of RTs are observed between E1 and E2, it would suggest an 

important role of signal type. 
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2.2.1 Method 

Participants. Twenty (15 female, 5 male) undergraduate students participated in 

E2. All participants were recruited through the Department of Psychology subject pool 

at Dalhousie University. All participants were right handed, had normal or corrected-to-

normal vision and reported no history of visual, motor, or neurological abnormalities. 

Apparatus and Stimuli. The stimulus configuration and sequence were identical 

to those used in E1 except rather than using peripheral signals (i.e., bolded 

placeholders), eye movements were signaled to continuously present peripheral 

placeholders using arrowheads displayed at fixation (Figure 2.1). Arrows were 1.5 visual 

degrees in length and 0.5 degrees in width. 

Procedure and Data Analyses. The procedure was identical to E1 except that eye-

movement signals in each trial consisted of arrowhead stimuli presented at central 

fixation rather than peripheral stimuli. The protocol for RT and error data analyses were 

equivalent between E1 and E2. The frequency of anticipation, miss, and directional 

errors (all removed from subsequent analyses) accounted for less than 5% of trials. 

2.2.2 Results 

Errors. Directional errors accounted for 0.76% (range = 0-3.6%, SD = 1.0%), 1.3% 

(range = 0-5.7%, SD = 1.8%), and 0.89% (range = 0-2.6%, SD = 1.2%) of the total trials in 

the 0°, 90°, and 180° conditions respectively. No significant difference was observed in 

the directional error rates between offset conditions, F(2,38) = 2.68, p = 0.08.  

Saccadic Reaction Time to S2. Saccadic RTs are shown in Figure 2.2 (“Central - 

Eye”). A main effect of offset was observed, F(2,38) = 10.6, p < 0.001. Pairwise 
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comparisons revealed slower RTs for 0° relative to 90° offset conditions, F(1,19) = 50.1, 

p < 0.001 and for 180° relative to 90° offsets, F(1,19) = 8.8, p < 0.01. Reaction times were 

not significantly different for 0° and 180° offsets, F(1,19) = 1.2, p = 0.28. In order to 

compare the spatial distribution of IOR observed in E2 to that observed in E1, we 

conducted a 2x3 mixed ANOVA with factors of signal type (peripheral [E1] or central 

[E2]) and offset (0°, 90°, and 180°). Significant main effects of signal type F(1,18) = 31.3, 

p < 0.001, and offset, F(2,36) = 17.9, p < 0.001, were observed. Moreover, a significant 

interaction between signal type and offset was observed F(2,36) = 7.9, p < 0.001, 

indicating a difference in overall spatial topographies observed between experiments.   

The lack of difference between RTs for 0° and 180° offsets is inconsistent with 

Taylor and Klein’s [39] study which showed significantly slower RTs for 0° versus 180° 

offsets when consecutive eye movements were required. However, as discussed earlier, 

those authors employed a task with only two targets, on the left and right of fixation. 

Similar to E1, we therefore analyzed the 0° and 180° offset conditions for the horizontal 

and vertical axes separately. We further compared each of the 90° offset combinations  

(UL, UR, LR, LL) to determine if the overall faster S2 RTs observed could be accounted 

for by any particular 90° S1/S2 combination(s). 

Consistent with Taylor and Klein [39], within the horizontal axis, RTs were 

greater in the 0° compared to 180° offset condition, F(1,19) = 6.68. p = 0.018. Within the 

vertical axis however, RTs were not significantly different for 0° and 180° conditions, F(1, 

19) = 1.4, p = 0.25. No differences in the magnitude of IOR (magnitude = same S1/S2 

location RTs – different S1/S2 location RTs) were observed between any of the possible 
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90° offset combinations (UL, UR, LR, LL), F(1,19) = 1.7, p = 0.18, indicating that the 

overall faster RTs for the 90° offset condition were not driven by a specific combination 

of first and second saccade directions.  

2.2.3 Discussion 

The results of E2 demonstrate a distinct topography of RTs to that observed in 

E1, and indeed in all previous IOR research [3, 18, 19, 21, 23, 27-29, 36]. Unlike the 

monotonic pattern observed in E1 (0° > 90° = 180°), in E2 we observed a non-monotonic 

pattern of RTs where 90° offsets were faster than both 0° and 180° offsets. This 

empirical observation is important, because IOR is commonly defined by its spatial 

topography [3, 18, 19, 21, 23, 27-29, 36]; as such, the present result is inconsistent with 

the currently established spatial definition of IOR.  

Interestingly, when we grouped the data from E2 into 0° and 180° offset trials 

that were aligned with the horizontal and vertical axes, we found a significant difference 

between 0° and 180° offsets for the horizontal but not vertical axis. In contrast with the 

majority of previous research that has examined IOR across only two target locations 

aligned to the left and right of fixation, the results of E2 therefore highlight the 

importance of analyzing RT effects across multiple spatial locations aligned in different 

axes11. 

                                                
 
11 In the present experiments, we used a stimulus array consisting of targets aligned with the cardinal axes 
around a central fixation point, as is typical of many other studies. One consideration arising from this 
stimulus array relates to the possibility that targets on the horizontal meridian might be represented on 
opposite sides of the nervous system, whereas targets aligned with the vertical meridian might be 
represented bilaterally. Following this logic, 90° offset conditions would always involve a transition in 
control from a unilateral to bilateral representation, or vice versa. It is conceivable that this transition 
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One concern emerging from E2 is that the cue-back stimulus (which is aligned 

180° opposite S1) somehow generated IOR for S2 responses also offset by 180° [e.g. 

through consecutive stimulation of the retinotopic location encoding both the cue-back 

and the 180° target location; cf. 41]. We think this is unlikely for three reasons. First, the 

cue-back stimulus, which was present in both E1 and E2, did not produce IOR at 180° 

offsets in E1. Second, a previous unpublished study conducted in our lab was identical to 

E2, except that 8 target locations were possible, and no cue-back stimulus was used. In 

that experiment, the same non-monotonic pattern of RTs was observed, despite the fact 

that no cue-back stimulus was used. Third, as will be seen, in E4 participants made 

consecutive arm movements to central stimuli while keeping their eyes at fixation; as a 

result, the retinotopic position of the cue-back stimulus would not overlap with targets 

offset by 180°. However, both E2 and E4 reveal a similar non-monotonic pattern of 

results. 

                                                                                                                                            
 
might account for the decreased latency of movements in the 90° offset conditions as compared to 0° and 
180° conditions. This explanation is unlikely for several reasons. First and foremost, this line of reasoning 
would apply equally well to the tasks in E1 and E2, but these experiments yield different results with 
respect to the comparison of 0°, 90°, and 180° offset conditions. Nevertheless, in order to rule out 
concerns about the use of targets aligned with the horizontal and vertical meridia, we selectively analyzed 
target locations between those used in the present study (i.e., upper left, upper right, lower left and lower 
right), taken from a previous unpublished data set from our laboratory. The data arise from an experiment 
employing similar methods to E2 (i.e., consecutive saccades to peripheral placeholders were signalled by 
central arrows), but that used 8 target locations surrounding fixation, and that did not involve a cue-back 
stimulus. In order to address concerns about the different lateralization of targets on the horizontal and 
vertical meridian, comparisons were made for 0° and 90° offset RTs for targets within only the left 
hemifield (i.e., comparing RTs to the upper-left vs. lower-left target) or right hemifield (i.e., upper-right vs. 
lower-right). The same comparison was made when targets were located in different hemifields (i.e., 
upper-left vs. upper-right, and lower-left vs. lower-right). The difference in RTs between 0° and 90° offset 
conditions was very similar, regardless of whether the S1 and S2 targets were located in the same 
hemifield (magnitude of IOR = 10.1 ms) or different hemifields (magnitude of IOR = 10.8 ms), F(1,19) = 
0.27, p=.87.  
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The next two experiments were conducted in order to extend the results of E1 

and E2 to a different effector system. If signal type plays an important role in shaping 

the pattern of RTs observed, then the pattern of RTs observed should vary as a function 

of signal type but be relatively independent of the effector system used to respond. 
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Figure 2.2. Reaction Times. Mean saccadic reaction times to the second signal (S2) for 
Experiments 1-4 are presented on the Y axis with RTs for each offset condition (0°, 90°, 
and 180°) presented as separate bars. Experiment 1 (Peripheral – Eye) is shown in the 
upper left; Experiment 2 (Central - Eye) is shown in the upper right; Experiment 3 
(Peripheral - Arm) is show in the lower left; Experiment 4 (Central - Arm) is shown in the 
lower right. Conditions labelled with different letters (a, b, or c) are significantly different 
from each other. Error bars show within-subjects 95% confidence intervals, as described 
by Masson [22] using the Offset x Subject MSE term. H stands for horizontal axis; V 
stands for vertical axis. 
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2.3 Experiment 3: Peripheral Target-Arm 

In E3, we required consecutive reaching movements to peripheral stimuli.  If the 

use of peripheral stimuli is associated with the monotonic pattern of IOR, then a similar 

topography of RTs should be observed for E3 as compared to E1 (0° > 90° >/= 180°).   

2.3.1  Methods 

Participants. Sixteen (12 female, 4 male) undergraduate students participated in 

E2. All participants were recruited through the Department of Psychology subject pool 

at Dalhousie University. All participants were right handed, had normal or corrected-to-

normal vision and reported no history of visual, motor, or neurological abnormalities. 

Apparatus, Stimuli, Procedure and Data Analysis. The apparatus, stimuli, 

procedure and data analyses were equivalent between E1 and E3 except that 

consecutive arm movements were required instead of eye movements. Participants 

began each trial by placing their right index finger at central fixation; responses to S1, 

the cue-back, and S2 were the same as in E1 and E2 except that participants were 

required to localize each target (and the fixation circle for the cue-back movements) by 

moving their arm to touch each marked location with their finger. Throughout each trial, 

participants were required keep their eyes at fixation. Reaction times were collected on 

the same 30-inch Elo touch screen LCD monitor (Elo TouchSystems, Menlo Park, 

California, USA) used in E1 and E2, and were defined by the moment participants lifted 

their finger from central fixation (relative to stimulus onset). If participants failed to 

keep their eyes at fixation, an error message was displayed, the trial was aborted, and 

not recycled. Similar to E1 and E2, if participants did not respond within 1.5 seconds to 
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S1 or S2, if they did not return their finger to centre between S1 and S2, or if they failed 

to keep their finger at centre during the fixation intervals (immediately prior to S1 or 

S2), an error message was displayed, the trial was aborted, and was not recycled. Data 

from aborted trials were excluded from all subsequent analyses. Less than 5% of trials 

were aborted due to a slow response, a failure to return their finger to centre between 

S1 and S2, or a failure to keep the eyes at fixation.  The frequency of anticipation, miss, 

and directional errors (all removed from subsequent analyses) accounted for less than 

5% of trials. 

2.3.2 Results 

Errors. Directional errors accounted for 0.54%, 0.54%, and 0.71% of the total 

trials in the 0°, 90°, and 180° conditions respectively. Because error rates were less than 

1% in each offset condition, they were not analyzed further. 

Reaction Time to S2. Reaching RTs are shown in Figure 2.2 (“Peripheral – Arm”). 

A main effect of offset was observed, F(2,30) = 25.24, p < 0.001. Pairwise comparisons 

revealed slower RTs for 0° relative to 90°, F(1,15) = 58.14, p < 0.001 and 180°, F(1,15) = 

30.07, p < 0.001. Reaction times were marginally slower for 90° compared to 180° 

offsets, F(1,15) = 4.34, p = 0.055. 

Zero-degree offset responses were significantly slower than 180° responses 

within both the horizontal, F(1,15) = 18.84, p < 0.001 and vertical F(1,15) = 28.75, p < 

0.001 axes. No differences in the magnitude of IOR (where the magnitude of IOR = 

“same” S1/S2  RTs minus “different” S1/S2  RTs) were observed between any of the 

possible 90° offset combinations (UL, UR, LR, LL), F(3,45) = 0.38, p = 0.76, indicating that 
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the overall faster RTs for the 90° offset condition were not driven by any specific 90° 

S1/S2 combination(s).  

2.3.3 Discussion 

The results of E3 confirm that when consecutive arm movements are required to 

peripheral signals, the spatial topography of IOR is similar to the pattern of IOR 

observed in previous IOR tasks using peripheral stimuli [3, 18, 19, 21, 23, 27-29, 36]. 

Taken together, the results of E1 and E3 reveal for the first time that the monotonic 

pattern of RTs can be expected when a target-target task is used to prompt either 

consecutive eye or arm movements.  

2.4 Experiment 4: Central Target - Arm 

In E4, we required consecutive reaching movements to peripheral placeholders 

as signaled by central stimuli. If the pattern of RTs observed in E2 (0° = 180° > 90°) is 

related to the use of central stimuli, independent of the effector system used to 

respond, then a similar pattern of RTs should be observed in E4. 

2.4.1 Method 

Participants. Twenty (13 female, 7 male) undergraduate students participated in 

E4. All participants were recruited through the Department of Psychology subject pool 

at Dalhousie University. Participants were right handed, had normal or corrected-to-

normal vision and reported no history of visual, motor, or neurological abnormalities. 

Apparatus, Stimuli, Procedure and Data Analysis. The apparatus, stimuli, 

procedure and data analyses were equivalent between E3 and E4 except that rather 
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than using peripheral signals, arm movements were signaled using the same 

arrowheads used in E2 (Figure 2.1). The frequency of anticipation, miss, and directional 

errors (all removed from subsequent analyses) accounted for less than 5% of trials. 

2.4.2 Results  

Errors. Directional errors accounted for 0.42%, 0.24%, and 0.35% of the total 

trials in the 0°, 90°, and 180° conditions respectively. Because error rates were less than 

1% in each offset condition, they were not analyzed further. 

Reaction Time to S2. Reaching RTs are shown in Figure 2.2 (“Central – Arm”). A 

main effect of offset was observed, F(2,36) = 9.38, p < 0.001. Pairwise comparisons 

revealed slower RTs for 0° relative to 90°, F(1,18) = 16.03, p < 0.001 and 180° relative to 

90°, F(1,18) = 10.17, p < 0.005. RTs were not significantly different for 0° and 180° 

offsets, F(1,18) = 2.53, p = 0.13. In order to compare the spatial distribution of IOR 

observed in E4 to that observed in E3, we conducted a 2x3 mixed ANOVA with factors of 

signal type (peripheral or central) and offset (0°, 90°, and 180°). Significant main effects 

of signal type F(1,15) = 11.4, p < 0.051, and offset, F(2,30) = 15.9, p < 0.001, were 

observed. Moreover, a significant interaction between signal type and offset was 

observed F(2,30) = 6.7, p < 0.005, indicating a difference in overall spatial topographies 

observed between experiments. 

Within both the horizontal, F(1,18) = 2.44, p = 0.14, and vertical, F(1, 18) = .86, p 

= 0.37, axis, RTs did not differ for the 0° and 180° offset conditions. No differences in the 

magnitude of S2 RTs (magnitude = same RT – different RT) were observed between any 

of the possible 90° offset combinations (UL, UR, LR, LL; F(3,60) = 0.57, p = 0.63), 
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indicating that the overall faster RTs for the 90° offset condition were not driven by a 

specific combination of first and second movement directions.  

2.4.3 Discussion 

Like E2, significantly faster RTs were observed in the 90° offset condition relative 

to both the 0° and 180° offset conditions. Taken together, the results of E2 and E4 

reveal that the non-monotonic pattern of RTs observed occurs independent of the 

effector system used to respond. Moreover, the non-monotonic pattern of RTs appears 

to depend on the use of central signals.  

Previous work using central stimuli to examine manual responses to target 

locations aligned to the left and right of fixation have failed to observe IOR [e.g. 15, 39]. 

Consistent with those observations, we failed to observe a RT difference between the 0° 

and 180° offset conditions (in either the horizontal or vertical axis). Notably, E4 

demonstrates that a response bias does in fact exist for consecutive manual localization 

responses made to central stimuli; however, previous studies appear to have missed 

this observation due to their use of only two target locations offset by 180°.  

2.5 General Discussion  

Here we compared the pattern of RTs observed as a function of the angular 

offset between two consecutive eye or arm movement responses that were required to 

either peripheral or central signals. If IOR is present, the latency to initiate a saccade or 

reaching movement should be delayed by an amount of time that is related to its 

angular offset from a preceding movement [3, 18, 19, 21, 23, 27-29, 36]. In particular, 
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based on the current spatial definition of IOR, RTs should decrease monotonically as the 

angular offset between the first and second stimuli increases from 0° to 180° (0° > 90° 

>/= 180°). 

When peripheral stimuli were used to prompt either saccadic (E1) or reaching 

responses (E3), we replicated the monotonic pattern of RTs commonly observed in the 

IOR literature. In contrast, when we used central stimuli, we found a non-monotonic 

spatial topography of RTs for both saccades (E2) and reaching movements (E4), where 

responses were fastest for movements offset by 90° compared to either 0° or 180°.  

Defining IOR. The characteristics, possible mechanisms and functions, and 

indeed, the very definition of IOR is commonly debated with reference to the spatial 

distribution of RTs observed [3, 18, 19, 21, 23, 27-29, 36]. Notably however, this debate 

has occurred primarily in the context of experiments that used peripheral rather than 

central stimuli. The results of our experiments highlight the importance of examining 

the spatial topography of RTs and provide an important reference point for future 

theories and studies of IOR. Indeed, the present results may be useful in attempts to 

clarify the definition of IOR, a phenomenon that is loosely ascribed to reaction time 

differences observed by scholars [12]. In this regard, an important question will regard 

whether or not the non-monotonic topography observed presently can be classified as 

IOR. On one hand, the non-monotonic topography violates existing characterizations of 

IOR as a behavioural phenomenon that selectively biases responses away from 

previously signaled locations, for example to facilitate visual search [e.g. 18, 19, 21]. On 

the other hand, it might be possible to argue that different forms of IOR can have 
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different spatial distributions, (e.g. depending on signal type or other experimental 

manipulations), while being reconciled in other critical ways (e.g., if the different spatial 

distributions of RTs are implemented functionally, to prevent repetitive behaviours at 

different levels of sensorimotor processing). We anticipate that future research will be 

informative in this debate. 

Possible Mechanisms. What mechanisms might underlie the different spatial 

topographies of RTs observed? As mentioned in the general introduction, some scholars 

have suggested that IOR might affect response-based processes, (and in particular, 

motor-based processes), when central rather than peripheral signals are used [15, 20, 

30, 31, 33, 38, 39, 41]. The logic behind such claims rests on two interrelated 

observations. First, IOR is present when peripheral but not central targets follow a 

peripheral cue, and simple detection responses are required. This observation suggests 

that peripheral cues can generate a spatially restricted sensory processing deficit; 

notably, there is compelling neurophysiological evidence in support of this kind of IOR 

mechanism [4, 14]. Qualifying the first observation, IOR is present when either a 

peripheral or central target is used (regardless of cue type), provided a motor response 

is required to the target12. Taken together, these two observations converge on the idea 

that primarily response-based processes are be affected by IOR (where present), when 

central signals are used.  

                                                
 
12 IOR appears to be present regardless of signal type, provided a motor response is made to the target, 
and regardless of whether or not a response is made to the cue, with one exception. When a central cue 
is used, IOR is observed for central and peripheral targets provided a motor response (either manual or 
saccadic) is made to both the cue and target [39]. 
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If response-based processes (whether motor or late-stage attentional) are 

indeed isolated through the use of central stimuli, the range of possible mechanisms 

underlying the non-monotonic pattern of RTs in E2 and E4 is presumably limited to the 

neural mechanisms controlling the programming or execution of a response. Below we 

speculate a mechanism that can predict the pattern of results observed in E2 and E4. 

In an fMRI study of arm movements instructed by central stimuli, we found 

evidence of directionally selective adaptation (i.e., reduction) of the BOLD response in 

several areas of human sensorimotor cortex, when consecutive movements were 

repeated in the same direction. Notably, adaptation only occurred for consecutive 

responses offset by 0° (i.e. when movements were made in the same direction), while a 

spatial offset of 90° or 180° between repeated movements did not reveal adaptation 

[9]13. In the context of the centre-out IOR task adopted presently, our fMRI results 

predict that neural adaptation will occur in the 0° and 180° spatial offset conditions, 

because both conditions require the repetition of a recently completed movement – 

either a repetition of the movement to the first target, or a repetition of the opposite, 

return-to-centre movement. Given the relatively narrow tuning function for adaptation 

in most neurons (i.e., where movements offset by 90° show little to no adaptation [9, 

13]), our fMRI results predict that neural adaptation will be minimal for 90° offset 
                                                
 
13 It is well established that neurons in motor cortex show maximal firing rates for a particular ‘preferred’ 
direction [2, 5-7, 9, 13, 16, 17, 24, 32, 34] and a median tuning width (defined by the angular offset from 
the preferred direction that elicits half-maximal firing rates) of between 30° and 90°. The results of our 
fMRI study were predicted based on the simple idea that repeated movements offset by 0° degrees will 
engage the same subpopulation of neurons in motor cortex leading to neural ‘fatigue’ or adaptation. In 
contrast, adaptation should be less pronounced (or absent) for movements offset by 90° degrees or more, 
because different subpopulations of neurons are engaged for each movement. 
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conditions because the second target response is 90° away from both the first target 

movement and the return-to-centre movement. Assuming that adaptation effects 

revealed by fMRI are associated with decreased neural firing rates and therefore 

processing efficiency (e.g., where it takes longer to reach response threshold), one 

would predict an increased response latency for conditions associated with the 

presence of adaptation [24]. Indeed, the pattern of RTs observed in E2 and E4 are 

consistent with the neural adaptation mechanism described.  

The Relationship Between Adaptation and Reaction Times. The neural adaptation 

model proposed is attractive because it can parsimoniously explain the spatial 

topography of RTs observed in E2 and E414. Like any inference regarding the 

neurophysiological underpinnings of a behavioural phenomenon, the adaptation model 

relies on certain assumptions. The assumption that neurons encoding movement 

direction adapt following the execution of a single movement is well supported by fMRI 

research examining the control of movement direction in human motor cortex [9,13].  

This research has revealed the presence of directionally selective adaptation effects 

after the execution of a single movement. Indeed, the predominant tuning width of 

directional selectivity appears to be less than 90° [2, 9,13]; therefore, adaptation effects 

likely only occur within neurons whose preferred directions are within 90° or less of the 

produced movement. As a consequence, S2 movements offset by 90° or more should 

                                                
 
14 Given the similar direction-encoding properties of neurons associated with the control of reaching 
movements [26, 27, 31-33] and eye movements [34-39], one would expect similar adaptation effects in 
both effector systems. 
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engage neurons that were not adapted by the S1 or return-to-centre movement. Key to 

the adaptation explanation of E2 and E4 is the additional assumption that a reduction of 

firing rates causes a delay in the time taken to reach response threshold and 

corresponding RTs. This idea is supported by research revealing that movement RTs can 

be predicted from neural firing rates [1,8].  

Adaptation and Inhibition of Return for Consecutive Motor Responses. If 

adaptation effects are observed in participant RTs for consecutive movement responses, 

why are different spatial topographies of RTs observed when peripheral versus central 

stimuli are used, despite the fact that the movements required (to localize a peripheral 

placeholder) are the same in both cases? At least two options can explain this 

difference. First, it is possible that similar motor adaptation effects occur for both 

central and peripheral signals; however, in the case of peripheral stimuli, 

sensory/attentional effects (i.e., associated with detecting and processing spatial 

information about the target’s location) may also be present [4, 14]. Indeed, as 

demonstrated by Wang et al.  [41], the use of peripheral stimuli in a target-target task 

(i.e. where participants respond to both the first and second signal, as in the present 

study) is likely to engage both sensory and motor-based effects that operate on 

different stages of processing. It is therefore likely that the spatial topography of RTs 

observed is determined by some combination of sensory/attentional and motor-based 

effects when responses are made to peripheral stimuli. A second possibility is that 

responses to central and peripheral stimuli involve different populations of 

sensorimotor neurons and therefore result in independent adaptation effects. This is 
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possible if adaptation occurs at earlier rather than later stages of sensorimotor 

processing, as the later stages of motor output are likely shared by responses regardless 

of the eliciting stimulus. Future studies that pair central-peripheral and peripheral-

central targets might help to shed light on these possibilities.  

Spatial Attention and Motor Based Effects. As discussed, previous research has 

argued that motor-based effects in IOR may be isolated through the use of central 

rather than peripheral signals. This idea is well supported; however, it is important to 

note that certain alternatives to this explanation may exist. In particular, if one assumes 

a tight link between the deployment of spatial attention and the planning or execution 

of an eye or arm movement, e.g., where spatial attention is deployed to the target of 

the movement immediately prior to execution, then it is possible that a late-stage 

attentional effect is involved in the response biases observed, any time a movement is 

planned [11, 35]. Given the use of a target-target task in the present study (where 

responses were required to both S1 and S2), it is therefore possible that the response 

biases observed are somehow associated with this late-stage attentional process. 

Notably however, because the deployment of late-stage attention is likely similar 

independent of signal type (and rather, dependent on the planning or execution of 

movement), if such an explanation is possible, it is not immediately clear how it could 

account for the different spatial topographies observed between E1/E3 and E2/E4.  

Reaction Times in the Vertical and Horizontal Axes. An interesting result 

emerging from our study is a difference in the comparison of 0° and 180° RTs observed 

in the horizontal axis, when eye versus arm movements were elicited by central stimuli 
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(in E2 and E4 respectively). For eye movements, 180° offset responses were faster than 

0° responses in the horizontal axis; this did not occur in the vertical axis (180° was 

similar to 0°), and it did not occur for arm movements in the horizontal axis (180° was 

similar to 0°). We suspect that the presence of a 180° RT advantage for consecutive eye 

movements in the horizontal axis might arise from learned behaviours such as scanning 

the horizon or reading [37]. If this is the case, then given that the arm is not necessarily 

specialized for movements in the horizontal axis, one would expect similar RT effects for 

consecutive arm movements in both the vertical and horizontal axis (as seen in E4). 

These observations highlight the importance of examining RTs across target locations 

aligned in different movement axes. 

Motor IOR in the Reaching System. The presence of motor IOR in the reaching 

control system remains controversial, and some authors have concluded that motor IOR 

is restricted to the oculomotor system (e.g., Fischer et al.[15]). In Fischer et al.’s study 

[15], only 0° and 180° target offsets were considered and reaction times for reaching 

movements were reported to be similar, which is also true for the 0° and 180° offsets in 

the present investigation. Of course, in the present investigation, 90° offsets were also 

included and RTs in this condition were found to be faster in comparison to both 0° and 

180° offsets. Therefore, it is possible that Fischer et al. might also have observed some 

evidence of a spatially-tuned pattern of RTs in their experiment had additional spatial 

offsets been included. However, given that the pattern of RTs observed in the central-

target conditions of our study do not resemble the current monotonic spatial definition 
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of IOR, consistent with Fischer et al. [15], our study provides reason to question the idea 

that motor IOR can affect reaching responses to central stimuli. 

2.6 Conclusion and Future Directions. 

To our knowledge, the present study is the first to provide behavioural evidence 

of a non-monotonic pattern of RTs within a target-target IOR paradigm using central 

stimuli.  An important question for future studies will be to determine whether the 90° 

RT advantage has any adaptive value, or if it is merely an epiphenomenon of neural 

adaptation (or perhaps some other mechanism involved in the control of movement). In 

any case, the fact that 90° offsets exhibit a performance advantage (characterized by 

faster RTs) when central stimuli are used, suggests that future studies of IOR should 

include more than the traditional 0° (same) and 180° (different) spatial offset 

conditions. Given that the monotonic pattern of RTs [3, 18, 19, 21, 23, 27-29, 36] has 

only been revealed in a select range of experimental conditions that might produce IOR 

[39], it would be useful for future research to establish the topography of RTs under 

these different experimental conditions. Indeed, an examination of the spatial 

distribution of RTs under these different task circumstances may be informative with 

respect to the ongoing debate surrounding the mechanism and function of IOR and 

other potentially related response biases. Finally, it is important for ongoing research to 

establish the different task circumstances that reveal different topographies of RTs. For 

example, it might be the case that the pattern of results observed is inherently related 

to the use of a centre-out paradigm; future research interested in the mechanisms 
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underlying orienting behaviour should use variants of the present paradigm to further 

address this and related questions.  
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CHAPTER 3: SACCADIC INHIBITION OF RETURN CAN ARISE FROM LATE-
STAGE EXECUTION PROCESSES 

 

C.D. Cowper-Smith, G.A. Eskes, D.A. Westwood, Saccadic inhibition of return can arise 
from late-stage execution processes, Neuroscience Letters 531 (2012) 120–4. 
 

  



 

 72 
 

3.1 Abstract 

Inhibition of return (IOR) is thought to improve the efficiency of visual search 

behaviour by biasing attention, eye movements, or both, toward novel stimuli. Previous 

research suggests that IOR might arise from early sensory, attentional or motor 

programming processes.  In the present study, we were interested in determining if IOR 

could instead arise from processes operating at or during response execution, 

independent from effects on earlier processes. Participants made consecutive saccades 

(from a common starting location) to central arrowhead stimuli. We removed the 

possible contribution of early sensory/attentional and motor preparation effects in IOR 

by allowing participants to fully prepare their responses in advance of an execution 

signal.  When responses were prepared in advance, we continued to observe IOR. Our 

data therefore provide clear evidence that saccadic IOR can result from an execution 

bias that may arise from inhibitory effects on motor output neurons, or alternatively 

from late attentional engagement processes. 

3.2 Introduction 

Visual search is an adaptive function commonly engaged in everyday life.  

Searching a complex environment typically requires a sequence of eye movements to 

fixate and selectively attend to individual stimuli. However, in order for visual search to 

be most efficient, a mechanism that biases eye movements away from previously 

inspected stimuli, and toward novelty is helpful.  

Inhibition of return (IOR) is a phenomenon thought to underlie efficient search 

behaviour [11, 12] by biasing attention, eye movements, or both away from previously 
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inspected locations. Experimentally, IOR is commonly observed as increased reaction 

times (RTs) for responses made to a target stimulus presented in the same location as a 

preceding cue, compared to uncued locations, once attention is removed from the cued 

location (typically after approximately 300 ms from the cue onset) [15, 16].  

The mechanism underlying IOR remains poorly understood; however, previous 

research suggests that IOR could operate by attenuating [cf. 8, 23], and thereby slowing, 

neural processes that range between the level of early sensory/attentional [e.g. 19, 27] 

and late motor programming processes [e.g. 20, 27]. The stage of information 

processing affected by IOR is sensitive to task conditions; when participants are 

prevented from making eye movements (while making simple button press responses), 

IOR is likely to arise from sensory/attentional-based processes. However, when eye 

movements are required, IOR is likely to arise from motor-based processes ranging from 

saccadic response programming to initiation or execution (hence, this form of IOR is 

referred to as “saccadic IOR” herein) [10, 28]. Critically however, the possibility that 

saccadic IOR can occur as the result of processes operating at or during response 

execution has not been tested. 

If saccadic IOR operates by slowing motor programming processes, then delayed 

RTs must be attributed to a delay in processes that occur before the initiation of 

response execution. In contrast, if IOR is implemented as an execution bias (i.e. that 

directly slows orienting responses), then the delay in RTs must be attributed to a delay 

in either response programming or execution processes. In standard IOR tasks, it is 

impossible to determine the stage of information processing affected by IOR through an 



 

 74 
 

assessment of behaviour, because participants are simply instructed to respond ‘as 

quickly and accurately’ as possible to the onset of the target stimulus. Given that 

sensory/attentional, motor programming, and response execution processes are 

completed serially before RT can be measured, a delay in RTs could arise from delays in 

any of these processes; it is therefore unclear which processing stage(s) are delayed 

when IOR is present.  

In the present study we developed a paradigm to directly test whether IOR can 

arise from processes operating at or during response execution. In order to assess the 

presence of IOR, we required participants to make consecutive saccades (originating 

from a central fixation point) to targets specified by directional arrows presented at 

fixation [cf. the target-target paradigm used by Taylor and Klein, 28]; because eye 

movements were required, the saccadic form of IOR should be activated [28]. Given that 

IOR is a spatially defined effect, we measured RTs for the second saccade as a function 

of the angular offset between consecutive saccades. Consistent with previous research 

[2, 12, 17, 18, 26], if IOR was present, we expected RTs to be slowest for consecutive 

saccades that were offset by 0°, and fastest 180° opposite. Unlike previous studies using 

the target-target paradigm [e.g. 28], participants were informed of the required 

responses well in advance of the signal to initiate their response. We accomplished this 

by presenting a 100% predictive arrow at fixation that was surrounded by a red circle for 

between 700-1300 ms, when participants were instructed to prepare a saccadic 

response in the direction indicated. After this preparation time, the circle surrounding 

the arrow turned green, providing a signal for participants to execute their prepared 
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response as quickly and accurately as possible. Given that participants can detect, 

prepare, and execute a saccadic response to a central arrowhead within approximately 

400 ms, even when IOR is active [5, 28], it is fair to assume that 700 ms is sufficient to 

fully prepare an appropriate response in our task. Given that participants can 

completely prepare the required response and merely have to wait for a signal to 

initiate their response, all processes up to and including response programming are 

likely to be bypassed immediately before response production, leaving only initiation or 

execution processes to be affected by any IOR that might be operating. In other words, 

if IOR is observed in the present task, it cannot arise from slowed of sensory/attentional 

or motor preparation processes, because these processes should be completed prior to 

the initiation signal; rather, if IOR is observed, it has to arise from processes operating at 

response initiation, or during response execution.  

3.3 Materials and Methods 

Fifteen undergraduate students (9 female, 6 male) were recruited at Dalhousie 

University. Participants were right handed, had normal vision and reported no history of 

visual, motor, or neurological abnormalities. 

Eye position was monitored with an EyeLink™II (SR Research, Osgoode, ON) eye-

tracking system. The stimulus sequence and task are described in Figure 3.1. With the 

exception of 44 catch trials, two central arrowhead signals (S1 and S2) were presented 

on each trial that pointed toward one of the four possible target locations with equal 

probability (0.25). These pairings signaled consecutive saccadic responses offset from 

each other by 0° (i.e., previously cued location), 90°, or 180°. Each S1/S2 pairing was 
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presented 12 times and all pairings were randomized on a trial-by-trial basis. The central 

fixation circle was 3.15° (diameter) while the 4 peripheral placeholders were 2.5° in 

diameter. Placeholders were spaced 4.6° from fixation. 
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Figure 3.1. Example stimuli and sequence timing from a single trial. Participants were 
instructed to prepare a saccade in the direction indicated (for each prepare signal) and 
to execute the response as quickly and accurately as possible when the fixation circle 
turned from red to green.  
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Each trial began with an EyeLink drift correction procedure that required the 

participant to press the space bar with their left hand while fixating within the fixation 

circle that was always present throughout the trial.  After 500 ms, S1 (an arrow pointing 

at one of the four peripheral placeholders) was presented while the fixation circle 

simultaneously turned red for 700 ms, then green for 300 ms (i.e. a total of 1000 ms). 

Following the offset of S1, the fixation circle turned black (for 200 ms), and a cue-back 

stimulus (change of the fixation circle outline from 4 px to 8 px weight) was then 

displayed for 300 ms. After another 500 ms (during which fixation was displayed in black 

at 4 px weight), S2 was presented (i.e., another arrow was displayed, pointing at one of 

the four peripheral placeholders) and the fixation circle changed to red for 700-1300 ms 

(depending on the stimulus onset asynchrony [SOA]), then green for 300 ms, followed 

by S2 disappearance. As a consequence of the variable presentation time of the red S2 

signal (700, 1000, or 1300 ms), three different SOA times were possible: 2000, 2300, or 

2600 ms. The inter-trial interval was 4 seconds. For both S1 and S2, participants were 

instructed to prepare their eye movement while the fixation circle was red, and to 

execute the corresponding saccadic response when the fixation circle turned green. 

Consequently, in our task, in order to initiate a pre-programmed motor response, 

participants were merely required to detect a colour change at fixation. Participants 

were informed that the preparation signal (i.e., when fixation was red) was 100% 

informative. Participants were instructed to make a saccade toward and fixate the 

signaled targets as quickly and accurately as possible (following onset of the green 

circle), and to return their eyes to centre upon display of the cue-back as well as after 
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completing their S2 response. On catch trials, the S1 signal was displayed within a red 

fixation circle for 1300 ms that did not change to green; after 1300 ms, the inter-trial 

interval commenced. 

If participants did not respond within 1.5 seconds to the green circle surrounding 

each signal, if they did not return their eyes to centre between S1 and S2, or if they 

failed to maintain fixation during the fixation stimulus or when fixation circle was red 

(e.g. immediately prior to S1 or S2, and on catch trials), an error message was displayed, 

the trial was aborted and was randomly inserted (recycled) later in the experiment. Data 

from aborted trials were excluded from all data analysis. A total of 4.1% of trials were 

recycled due to a slow response, a failure to return their eyes to centre between S1 and 

S2, or a failure to maintain fixation. 

3.4 Data Analysis 

 Trials with S2 RTs less than 100 ms (anticipation) or greater than 1000 ms (miss) 

were flagged during data processing and excluded from analyses. Mean RTs for correct 

S2 saccades were analyzed using a repeated-measures ANOVA (α = 0.05) with the 

factors  offset (i.e., the angular offset between S1 and S2: 0°, 90° or 180°) and SOA (i.e., 

2000, 2300, or 2600 ms). Offset conditions were further compared using planned 

pairwise comparisons (α = 0.01).  

3.5 Results 

Errors. An average of 0.3% of trials were classified as anticipations (RT < 100 ms 

following onset of the green circle surrounding S2), and 0.4% as misses (RT > 1000 ms 
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following S2 onset). Participants did not make any wrong direction errors (i.e., did not 

look at unsignaled locations).  

Saccadic Reaction Times. Saccadic RTs are shown in Figure 3.2. Main effects of 

offset F(2,28) = 11.48, p < 0.001, η2p = 0.45 and SOA F(2,28) = 3.86, p < 0.05, η2p = 0.21 

were observed. No interaction between offset and SOA was observed, F(4,56) = 1.74, p 

= 0.16, η2p = 0.11. Demonstrating characteristic IOR, pairwise comparisons revealed 

slower RTs for the 0° relative to 90°, F(1,14) = 13.18, p < 0.005, η2p= 0.5 and 180°, F(1,14) 

= 12.5, p<.005, η2p = 0.47 conditions; 90° and 180° RTs were equivalent, F(1,14) = 0.36, p 

= 0.56, η2p = 0.03. Pairwise comparisons conducted on the different levels of SOA 

revealed significantly faster overall RTs for the 2300 ms SOA (x = 270.5 ms) compared to 

both the 2000 ms (x = 280.8 ms), F(1,14) = 5.42, p < 0.05, η2p = 0.28, and 2600 ms (x = 

281.1 ms), F(1,14) = 10.09, p < 0.01, η2p = 0.41 SOA. Equivalent overall RTs were 

observed for the 2000 and 2600 ms SOAs, F(1,14) = 0.002, p = 0.96, η2p = 0. 

In order to determine if participants prepared their responses prior to the 

initiation cue as instructed, saccadic RTs were compared to a previous version of this 

study (n = 19) using identical methods, but without pre-cueing of the required S1 and S2 

responses [5]. In other words, participants were not given the 700-1300 ms preparation 

signal, and the initial onset of the directional arrow was the signal to initiate the 

saccade. Under these task circumstances, participants were required to detect and 

interpret the direction of a central arrow, then select, initiate, and execute an 

appropriate motor response; in contrast, in the present study, participants were only 

required to detect a colour change (at fixation) in order to release a pre-programmed 
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motor response. In the present study, RTs could only therefore consist of (1) the time 

required detect the go signal plus (2) the time required to initiate a response. Saccadic 

RTs were an average of 105.2 ms faster in the present experiment F(1,14) = 64.95 p < 

0.001, η2p = 0.83.  

 
Figure 3.2. Saccadic reaction times to the second signal (S2) for each offset condition (0°, 
90°, and 180°). Within-subjects 95% confidence intervals were generated as described by 
Masson [13] using the Offset x Subject MSE term.  
 

3.6 Discussion 

If IOR occurs at the level of early sensory/attentional or motor programming 

processes, then by allowing participants to prepare their responses prior to execution, 

IOR should have been eliminated in our study. Surprisingly however, we observed the 

defining pattern of IOR, where responses were slowest at the previously cued 0° 

location relative to 90° and 180° offsets [2].   

The present data provide the first clear evidence that IOR can arise from 

processes operating at or during response execution. We note that Hooge and Frens 

[10] previously reported IOR (or as they called it, “inhibition of saccade return”) in a task 
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requiring participants to execute known sequences of saccades. However, as suggested 

by Hooge and Frens [10], their study left open the possibility that IOR arose from motor 

programming effects occurring between each individual saccade in the movement 

sequences utilized. In contrast, our study ruled out motor programming effects by 

ensuring that motor programming was complete prior to the execution of each 

individual saccade. 

What processes might be affected by IOR during response execution? Two main 

possibilities exist. First, it is possible that IOR operates to affect motor execution 

processes. If IOR is indeed implemented as a motor execution bias, there are very few 

neural substrates where IOR could be implemented. Given the established role of the SC 

in the programming of saccades [14], it appears that for IOR to be implemented as a 

motor execution bias, it would have to arise from effects on neural activity that is 

downstream, or efferent, from the SC. For example, it is possible that IOR emerged from 

inhibitory activity within output neurons of the reticular formation, the abducens nuclei, 

or the oculomotor nuclei, which are innervated by the SC and which relay pre-

programmed commands to the extraocular muscles [14]. These motor output neurons 

might be inhibited via projections from a centralized IOR mechanism [7], or 

alternatively, inhibition might originate from interactions between these output 

neurons. Further narrowing the possible substrates for IOR to operate as a motor 

execution bias, it appears unlikely that IOR could be implemented at the muscle level, 

e.g. as muscle fatigue, given the exceptionally high fatigue resistance of the extraocular 

muscles [9].  
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A second possibility is that IOR is implemented to affect attentional processes 

that are engaged specifically at the time of response execution. This idea is plausible if 

one assumes attentional processes are tightly coupled to oculomotor activity such that 

the allocation of attention can immediately precede and define the goal of a saccadic 

eye movement [cf. 6, 24]. A delay in the allocation of this late-stage attention would 

therefore be able to slow an otherwise programmed saccadic response. If late-stage 

attentional processes can account for the observed IOR, then the range of possible 

neural substrates underlying the observed inhibition is much larger, e.g., and may occur 

within posterior parietal cortex, prefrontal cortex, or within subcortical regions such as 

the SC [24]. 

While the present data cannot disentangle the two possibilities described above, 

we note the nature of the coupling between spatial attention and saccadic 

programming remains controversial, and several lines of evidence suggest that 

oculomotor programming both precedes and defines the spatial deployment of 

attention [1, 21, 25]. If this is the case, it appears unlikely that a shift of attention 

occurring at response initiation could account for the IOR observed, because attentional 

allocation would be pre-determined via motor programming. Regardless of the 

mechanism underlying IOR in our study, we note that our study is the first to reveal that 

IOR may operate on processes occurring at or during response execution rather than 

preparation. This observation is thus consistent with the notion of “saccadic IOR” but 

offers a significant departure from the theoretical framework applied in the design and 

interpretation of previous IOR studies. 
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Our analysis of SOA revealed overall fastest RTs for 2300 ms SOAs compared to 

both 2000 and 2600 ms SOAs. Given that the SOA was determined by the variable 

presentation time assigned to the S2 preparation signal (700, 1000, or 1300 ms), this 

result suggests some limited variability in overall RTs as a function of the preparation 

time allotted to participants. The absence of an interaction between SOA and offset 

direction shows that equivalent IOR was revealed regardless of preparation time, 

demonstrating that responses were well within the inhibitory stage of IOR; this 

observation provides further support that responses were made within a relatively 

stable range of SOA values that each tap into the IOR processes observed.  

Consistent with the putative function of IOR, the execution bias observed 

presently may contribute to the facilitation of efficient visual search [11, 16], at least 

when saccadic responses are generated from a common starting point. We suspect 

however, that during natural search behaviour, IOR may arise from effects on more than 

one stage of information processing [cf. 3], and that collectively, different varieties of 

IOR are likely to contribute to the functional operation of the gaze control system. In 

other words, while we reveal IOR at or during response execution, our study does not 

rule out the possibility that other forms of IOR can operate under different task 

circumstances. Future research should therefore examine the contribution of execution 

biases, in addition to earlier sensory/attentional and motor preparation effects, in 

search behaviour. Given the adaptive value of IOR in search, it may be interesting to 

determine if a late-stage execution bias is similarly observed in other species that 

exhibit IOR like behaviour during search [e.g. 4]. Finally, the present paradigm may be 
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useful not only for ongoing studies of IOR, but also as a tool for studying the coupling 

between attention and motor execution processes. 
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CHAPTER 4: MOTOR INHIBITION OF RETURN CAN AFFECT PREPARED 
REACHING MOVEMENTS 

 
C.D. Cowper-Smith, G.A. Eskes, D.A Westwood, Motor inhibition of return can affect 
prepared reaching movements, Neuroscience Letters 541 (2013) 83–86. 
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4.1 Abstract 

Inhibition of return (IOR) is a widely studied phenomenon that is thought to 

affect attention, eye movements, or reaching movements, in order to promote orienting 

responses toward novel stimuli. Previous research in our laboratory demonstrated that 

the motor form of saccadic IOR can arise from late-stage response execution processes. 

In the present study, we were interested in whether the same is true of reaching 

responses. If IOR can emerge from processes operating at or around the time of 

response execution, then IOR should be observed even when participants have fully 

prepared their responses in advance of the movement initiation signal. Similar to the 

saccadic system, our results reveal that IOR can be implemented as a late-stage 

execution bias in the reaching control system. 

4.2 Introduction 

Inhibition of return (IOR) refers to a delay in responding to visual targets 

appearing in a location previously occupied by a cue or another target and is typically 

observed when the time between the onset of the two stimulus events is greater than 

approximately 300 ms. Early accounts of the phenomenon ascribed IOR to the presence 

of an inhibitory mechanism that discourages the return of eye movements, spatial 

attention, or both to recently attended locations, perhaps to increase the efficiency of 

visual search behavior [8,10,21]. 

Further research indicated that a motor form of IOR can be observed 

[4,7,13,14,19,21], for example, when consecutive responses are signaled by central 

stimuli, an observation that cannot easily be explained by sensory or attentional 
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mechanisms [6,18,19,21]. Using central stimuli, the motor form of IOR has been 

reported for saccadic eye movements [e.g., 14, 19, 20] and more recently, reaching 

movements (See Study 4 below; [3]). While evidence for IOR is usually based on reaction 

time (RT), this measure alone cannot reveal the stage at which IOR arises in the 

stimulus-response sequence. 

In a recent experiment with saccadic eye movements [4], we demonstrated that 

the motor form of IOR can arise from processes operating at or around the time of 

response execution; even when participants could prepare a saccadic movement in 

advance, the execution of that response was delayed when it was preceded by a 

saccade in the same direction compared to a saccade in the opposite direction. 

Although the motor form of IOR can arise from late-stage execution processes within 

the saccadic control system, it remains unclear whether IOR can be similarly 

implemented at this late stage within the reaching control system. This question is 

important for gaining a clearer understanding of the mechanism(s) underlying IOR. For 

example, if IOR operates as a late-stage execution bias only within the oculomotor 

system, it would suggest the presence of a relatively specialized or unique mechanism 

designed to influence eye movements; alternatively, if IOR can operate as a late-stage 

execution bias in multiple effector systems, it would suggest the presence of a more 

generalized mechanism. In the present investigation, we therefore examined whether 

motor IOR can be observed in late-stage response execution processes when reaching 

rather than saccadic responses are required. If IOR was present, we expected to observe 

the defining pattern of IOR, where responses are slowest in a previously signaled 



 

 92 
 

location (0° offset), but relatively faster when offset by 90° or 180° [2]. Such an 

observation would show, for the first time, that motor IOR can arise at or during late-

stage execution processes within the reaching control system. Our experimental 

paradigm replicated that of Cowper-Smith et al. [4], with the only exception that 

reaching rather than saccadic responses were required. 

4.3 Methods 

Seventeen undergraduate students (13 female, 4 male) were recruited at 

Dalhousie University. Participants were right handed, had normal vision and reported no 

history of visual, motor, or neurological abnormalities. 

The methods for the experimental paradigm were presented by Cowper-Smith et 

al. [4]. The present study replicated these methods exactly, except that consecutive 

reaching responses, rather than saccadic responses, were required. The sequence of 

stimuli and task are presented in Figure 4.1. 

With the exception of 44 catch trials, two central arrowhead signals (S1 and S2) 

were presented on each trial that pointed toward one of the four possible target 

locations with equal probability (0.25). These pairings signaled consecutive reaching 

responses offset from each other by 0°, 90°, or 180° . Each S1/S2 pairing was presented 

12 times and all pairings were randomized on a trial-by-trial basis. For both S1 and S2, 

participants were instructed to prepare their reaching movement while the fixation 

circle was red, and to execute the corresponding reaching response when the fixation 

circle turned green. At response execution, participants were instructed to reach and 

touch the signaled targets as quickly and accurately as possible, and to return their 
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finger to centre upon display of the cue-back as well as after completing their S2 

response. Participants were informed that the preparation signal (i.e., when fixation was 

red) was 100% informative. On catch trials, the S1 signal was displayed within a red 

fixation circle for 1300 ms that did not change to green; after 1300 ms, the inter-trial 

interval commenced. Stimuli were presented, and reaching responses were recorded 

using a 30-inch Elo touch screen LCD monitor (Elo TouchSystems, Menlo Park, California, 

USA). Reaction times were defined by the moment participants lifted their finger off the 

screen relative to the onset of the execution signal, and the accuracy of reaching 

movement endpoints was monitored to ensure participants responses landed (i.e., 

touched) within the boundary of the indicated target location. 

An error message was displayed, the trial was aborted and was randomly 

inserted (recycled) later in the experiment if participants: (1) moved their eyes outside 

of central fixation; (2) did not respond within 1.5 seconds to the green execution signal 

(with a reaching response); (3) did not return their finger to centre between S1 and S2; 

(4) failed to keep their index finger within the boundary of the centrally marked fixation 

location before the green execution signal was presented, (i.e., prior to S1 or S2, and on 

catch trials) or (5) failed to point and touch within the boundary of the indicated target. 

Data from aborted trials were excluded from all data analysis. 
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Figure 4.1. Example stimuli and sequence timing from a single trial. Each trial began with 
an EyeLink drift correction procedure that required the participant to press the space bar 
with their left hand while maintaining fixation within the fixation circle that was always 
present throughout the trial. After completing the drift correction, participants were 
instructed to place the index finger of their right hand within the central fixation circle. 
After 500 ms, S1 (an arrow pointing at one of the four peripheral placeholders) was 
presented while the fixation circle was red (preparation signal) for 700 ms, then green 
(execution signal) for 300 ms. Following the offset of S1, the fixation circle turned black 
(for 200 ms), and a cue-back stimulus (change of the fixation circle outline from 4px to 
8px weight), reminding participants to return their finger to centre, was then displayed 
for 300 ms. After another 500 ms (during which fixation was displayed in black at 4px 
weight), S2 was presented (i.e., another arrow was displayed, pointing at one of the four 
peripheral placeholders) within the fixation circle that was first red (preparation signal) 
for 700–1300 ms (depending on the stimulus onset asynchrony [SOA]), then green 
(execution signal) for 300 ms, followed by S2 disappearance. As a consequence of the 
variable presentation time of the red S2 signal (700, 1000, or 1300 ms), three different 
SOA times were possible: 2000, 2300, or 2600 ms. The intertrial interval was 4 seconds. 
For both S1 and S2, participants were instructed to prepare their reaching movement 
while the fixation circle was red, and to execute the corresponding reaching response 
when the fixation circle turned green. Between trials, participants were instructed to rest 
their right arm on the desk.  
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4.4 Data Analysis 

Trials with S2 RTs less than 100 ms (anticipation) or greater than 1000 ms (miss) 

were flagged during data processing and excluded from analyses. The frequency of 

aborted trials, anticipation, miss, and directional errors accounted for less than 5% of 

trials. Mean RTs for correct S2 reaches were analyzed using a repeated-measures 

ANOVA (α = 0.05) with factors of offset (i.e., the angular offset between S1 and S2: 0°, 

90° or 180°) and SOA (i.e., 2000, 2300, or 2600 ms). Offset conditions were further 

compared using planned pairwise comparisons (α = 0.01). 

4.5 Results 

Errors. Only one participant made one wrong direction error (i.e., reached to an 

unsignaled location). 

Reaction Times. Reaching RTs are shown in Figure 4.2. Main effects of offset, 

F(2,32) = 26.2, p < 0.001, η2p = 0.62 and SOA were observed, F(1.2,19.2) = 5.7, p < 0.05. 

No interaction between offset and SOA was observed, F(2.4,39.5) = 2.09, p = 0.13. 

Revealing characteristic IOR, pairwise comparisons revealed slower RTs for the 0° 

relative to 90°, F(1,16) = 29.7, p < 0.001, η2p = 0.65 and 180° , F(1,16) = 35.5, p < 0.001, 

η2p = 0.69 conditions; 90° and 180° RTs were equivalent, F(1,16) = 1.4, p = 0.26, η2p = 

0.08. Pairwise comparisons conducted on the different levels of SOA revealed 

significantly faster over all RTs for the 2300 ms SOA (x = 368.3 ms) compared to both the 

2000 ms (x = 383.2 ms), F(1,16) = 10.2, p < 0.01, η2p = 0.38, and 2600 ms (x = 383.4 ms), 

F(1,16) = 21.4, p < 0.001, η2p = 0.57, SOA. Equivalent overall RTs were observed for the 

2000 and 2600 ms SOAs, F(1,16) = 0.001, p = 0.97, η2p = 0. The differences observed in 
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RTs as a function of SOA is consistent with that observed by Cowper-Smith et al. [4]. 

Given that SOA was defined by the variable preparation time before the S2 execution 

signal, this result reflects variability in overall RTs as a function of the preparation time 

allotted to participants. Critically, that no interaction was observed between SOA and 

offset demonstrates that equivalent IOR was observed independent of preparation 

time. 

In order to determine if participants prepared their responses prior to the 

initiation cue as instructed, reaching RTs were compared to a previous version of this 

study (n = 19) using identical methods, but without pre-cueing of the required S1 and S2 

responses [5]. In our previous study, participants were not given the 700-1300 ms 

preparation signal, and the initial onset of the directional arrow was the signal to initiate 

a reaching response. Under these task circumstances, RTs were made up of the time to 

detect and interpret the direction of a central arrow, then select, initiate, and execute 

an appropriate reaching response; in contrast, in the present study, RTs were made up 

of the time to detect a color change (at fixation) plus the time required to execute a pre-

selected motor response. In other words, because a motor response was pre- 

programmed, the time to select a motor response should not be included in the 

observed RTs. Consistent with pre-programming of motor responses, reaching RTs were 

an average of 70 ms faster in the present experiment F(1,15) = 49.7 p < 0.001, η2p = 0.77. 



 

 98 
 

 

Figure 4.2. Manual reaction times for responses to the second signal (S2) in each offset 
condition (0°, 90°, and 180°). Within-subjects 95% confidence intervals were generated 
as described by Masson [11] using the Offset × Subject MSE term. 

4.6 Discussion 

Following the logic outlined by Cowper-Smith et al. [4], the motor form of IOR 

could in principle arise from processes occurring relatively early (prior to execution) or 

late (at or around the time of execution) in the transformation of a central stimulus into 

an action. Allowing participants to prepare a response prior to the signal to respond 

should eliminate IOR if it is due to relatively early processes; thus, like our previous 

study of saccadic eye movements, the results of the present study support the 

conclusion that motor IOR for reaching movements can be implemented by processes 

operating at or around the time of response execution. 

What neural substrates might produce IOR during response execution in the 

present study? The exact timing and neural locus defining the onset of motor execution 

(i.e., when a motor program has been fully specified by motor programming) is a 

question that is open to debate. One view is that motor execution processes commence 
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once a motor program is fully specified and sent as an impulse signal to the spinal cord. 

From this perspective, our results suggest that IOR could arise from inhibitory activity 

operating within, or efferent from corticospinal projection neurons that innervate both 

interneurons and motoneurons throughout the spinal cord [9]. These motor output 

neurons could be inhibited via projections from a centralized IOR mechanism, or 

alternatively, from interactions between these output neurons.15 While we refrain from 

making any strong conclusions regarding the precise neural locus of IOR in the present 

study, it is clear that the IOR observed presently arises at or during response execution 

rather than response programming.16 This conclusion is based on the evidence 

(described earlier) that motor responses were in fact pre-programmed in the present 

study; assuming this is the case, it follows that only response execution processes can 

be affected by IOR. Notably however, the response execution processes affected by IOR 

in the present study could include both purely motor or alternatively, late-stage 

attentional processes that might be inherently linked to the execution of a motor 

program. The possible mechanisms underlying the observed IOR are described further 

below. 

                                                
 
15 It is further unlikely that IOR emerged from muscle fatigue effects; given that prior to the S2 response, a 
movement was made to both the S1 location, and 180◦ opposite (in order to return to centre), if fatigue 
effects were present, one would expect them to affect both 0◦ and 180◦ response directions. 
 
16 Although a movement can be prepared in advance of an execution signal, this preparation must be 
maintained up until response execution [e.g. 1]. In light of the evidence presented that motor preparation 
is indeed complete prior to execution in the present study (i.e., overall faster RTs when participants are 
given a preparation signal compared to similar task conditions without a preparation signal), it is unlikely 
that the maintenance of preparatory activity can account for the IOR observed. 
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Taking the results of the present study together with our prior observation of a 

similar late-stage execution bias for saccadic eye movements is informative regarding 

the possible mechanisms underlying the putative motor form of IOR observed. In 

particular, the observation of a similar effect in both the oculomotor and reaching 

system suggests three possibilities: first, there might be distinct, but similarly operating 

mechanisms within each motor system. Second, a common (or central) mechanism 

might be implemented to similarly affect the behavioural output of both systems [cf. 

16]. A third alternative is that if attentional processes are engaged immediately prior to 

response execution – regardless of which motor system is activated [cf. premotor theory 

of attention, 15, 17] – then IOR could arise from a delay in the deployment of this late-

stage attentional process. 

Regardless of the mechanism posited, the observation that IOR-like phenomena 

can emerge from late-stage execution processes raises questions surrounding the 

functional and adaptive significance of this type of IOR. For example, it is commonly 

argued that the IOR phenomenon exists to influence future actions, in order to reduce 

the likelihood of repetitive actions [8,10,12,13,21]. However, a mechanism operating at 

the level of response execution alone could not achieve this purpose because it would 

merely delay the implementation of a chosen action and not discourage it from being 

selected in the first place [cf. 20]. Consequently, rather than serving the function of 

discouraging repetitive actions in the future, we argue that the form of IOR observed in 

the present study might simply be an epiphenomenon, e.g., arising as a by-product of 

the processes engaged in the execution of a prior movement. If, however, under real-
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world circumstances, the observed execution bias operates simultaneously with other 

mechanisms, it is possible that a delay in execution RTs may be somehow useful for 

influencing action, e.g., by allowing a competing response to occur. 

While the present study reveals that a pattern of RTs resembling IOR can arise at 

or during manual response execution, it does not rule out the possibility that other 

forms of IOR operate under different task circumstances. It will be interesting for future 

research to explore whether the motor form of IOR can arise during motor preparation 

rather than execution. Further examining questions like these will be useful for gaining a 

better understanding of how movement sequences are coordinated across different 

levels of response processing. 
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5.1 Abstract 

Inhibition of return (IOR) is a spatial phenomenon that is thought to promote 

visual search functions by biasing attention and eye movements toward novel locations. 

Considerable research suggests distinct sensory and motor flavors of IOR, but it is not 

clear whether the motor type can affect responses other than eye movements. Most 

studies claiming to reveal motor IOR in the reaching control system have been 

confounded by their use of peripheral signals, which can invoke sensory rather than 

motor-based inhibitory effects. Other studies have used central signals to focus on 

motor, rather than sensory, effects in arm movements but have failed to observe IOR 

and have concluded that the motor form of IOR is restricted to the oculomotor system. 

Here, we show the first clear evidence that motor IOR can be observed for reaching 

movements when participants respond to consecutive central stimuli. This observation 

suggests that motor IOR serves a more general function than the facilitation of visual 

search, perhaps reducing the likelihood of engaging in repetitive behavior. 

5.2 Introduction 

Responses to visual targets are faster when preceded by a visual cue in the same 

location, provided that the two stimulus events are separated by approximately 150 ms 

or less. For longer cue-target asynchronies however, this relationship reverses, such that 

responses are slower for previously cued locations [30]. The reversal in reaction times 

(RTs) at longer cue–target intervals, coined inhibition of return (IOR) by Posner, Rafal, 

Choate, and Vaughan [31], is generally thought to reflect a mechanism that promotes 
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efficient foraging and visual search behavior by preventing attention and eye 

movements from returning to previously inspected locations [22,40,41]. 

At least two forms of IOR can be observed, depending on task conditions: one 

that slows the detection of spatially localized sensory inputs and another that slows the 

generation of motor outputs to target stimuli [1,7,11,13,15,17,20,24,27,39,44]. 

Although IOR is commonly studied in relation to oculomotor responses (i.e., saccades), 

the phenomenon has also been explored using various other manual responses, such as 

keypresses and reaching movements. Indeed, many studies have reported IOR for 

reaching movements [4,19,21,29,32,37,42,45,46]. Importantly, however, all of these 

studies used peripheral targets to assess the presence of IOR. 

When peripheral stimuli are used, IOR can be associated specifically with the 

detection of sensory information originating from the inhibited location 

[12,15,16,30,36,39,43]. To the extent that a particular response depends upon the 

detection of a peripheral stimulus, it would not be surprising to detect a sensory form of 

IOR in that response, regardless of the specific effector used. As a consequence of using 

peripheral targets to study IOR for reaching movements, it is therefore unclear whether 

previous studies have demonstrated a specifically motor form of IOR (i.e., a specific bias 

against preparing reaching movements to a target location) or, instead, a more general 

sensory form of IOR (i.e., affecting detection and/or processing of a target stimulus). 

This is an important theoretical distinction, because the demonstration of a specifically 

motor form of IOR for arm movements would cast doubt on the widely held view that 
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the primary function of the IOR phenomenon is to facilitate visual search, since the arms 

are not normally required for such searching. 

A small set of studies has focused on IOR for manual responses to targets 

signaled by central arrows [9,16,39], thereby avoiding concerns that IOR results from a 

spatially localized sensory processing deficit—that is, where the processing of sensory 

information is selectively delayed at or near the peripheral target location 

[12,15,16,16,30,36,38,39,44]17,18. Recognizing that central arrows can be used to probe 

for the presence of motor IOR, Fischer et al. [16] attempted to measure IOR for various 

types of manual responses instructed by either peripheral or central arrowhead targets. 

In both target conditions, participants were instructed to ignore an uninformative 

peripheral cue, which could occur in one of two locations, and then respond with one of 

four types of manual responses (simple or choice keypress responses and simple or 

choice reaching movements). Under similar cue–target conditions involving saccades 

rather than manual responses, Taylor and Klein [39] had previously demonstrated IOR 

for both central arrow and peripheral targets, arguing that peripheral cues could 

                                                
 
17 Although the presentation of a central arrowhead stimulus is capable of inducing what appear to be 
automatic shifts of attention [23,26,34], it is clear that IOR is generated independently of any such shift of 
attention per se [3,6,25,27,30]. 
 
18 If central arrowhead stimuli reveal IOR associated with a deficit in the speed of sensory or attentional 
processing, it should be reliably observed in studies requiring button press responses to detect the onset 
of central arrowhead target stimuli. However, in both cue-target and target-target studies using 
consecutive arrowhead stimuli, IOR is not observed with button press responses [39]. In contrast, when 
peripheral stimuli are used, IOR is reliably observed for button press responses (e.g., [2,30,39]). These 
observations unequivocally demonstrate that unlike peripheral onsets, central arrowhead stimuli are 
insufficient for revealing the sensory form of IOR. 
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generate a motor form of IOR in the oculomotor system that could subsequently be 

revealed using either peripheral or central arrowhead targets. 

Whereas Fischer et al. [16] observed IOR for all types of manual responses to 

peripheral targets, they found no evidence of IOR for central arrowhead targets for any 

type of manual response. The authors therefore concluded that the presence of IOR for 

manual responses in general—and for reaching movements in particular—is attributable 

to sensory rather than motor effects. By extension, all previous studies using reaching 

movements and peripheral targets could be demonstrating sensory, rather than motor, 

effects [4,19,21,29,32,37,39,42,45,46]. On the strength of their failure to observe IOR 

for manual responses to central arrowhead targets, Fischer et al. reached the strong 

conclusion that “motor-based IOR is restricted to the oculomotor system” (see Satel and 

Wang [36], for a similar conclusion). 

An alternative explanation for the lack of IOR observed by Fischer et al. [16] is 

that peripheral cues are insufficient to generate a motor form of IOR in the reaching 

control system, unlike the case for the oculomotor control system (e.g., [39]). It has 

been argued that peripheral cues automatically engage saccade preparation in the 

oculomotor system even if no movement is executed (cf. [33,39)). However, it is not 

clear that reaching movements are prepared in response to peripheral cues if there is no 

intention to execute a movement (for related arguments, see [10,21]). If the generation 

of a motor form of IOR requires activation in the relevant motor networks (cf. [18]), the 

mere presentation of peripheral cues might be insufficient to generate motor IOR in the 

reaching control system. 
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To generate—and reveal—motor IOR in the manual control system, it might be 

necessary to use a target–target paradigm in which manual responses are made to 

consecutive stimuli, in contrast to the more typical cue–target paradigm in which a 

response is made to only the second stimulus. Two studies we are aware of have 

examined whether motor IOR can occur for consecutive upper limb movements using 

target–target paradigms. In 2 of their 24 experimental conditions, Taylor and Klein [39] 

required participants to make lateralized keypress responses to two consecutive 

peripheral or central arrowhead stimuli and found IOR for peripheral targets but 

facilitation for central arrowhead targets. Consistent with the conclusions of Fischer et 

al. [16], these results suggest the presence of sensory, but not motor, IOR for manual 

responses. 

In contrast to the facilitation observed by Taylor and Klein [39], Cowper-Smith et 

al. [9] recently demonstrated IOR in a target–target task requiring reaching responses to 

consecutive arrowhead stimuli. In an effort to separate early- and late-stage motor 

processes, however, Cowper-Smith et al. [9] presented the central arrowheads (with 

100 % validity) 700–1,300 ms before the imperative signal to respond, thereby providing 

participants the opportunity to prepare their responses before executing them. This is 

quite unlike traditional IOR paradigms in which participants are required to respond to 

the central arrowhead stimulus immediately upon its presentation. Providing advance 

information about an upcoming response [9] might create a unique form of response 

inhibition due to the requirement to actively inhibit the execution of a prepared 

movement for some period of time prior to the imperative stimulus. Thus, it is unclear 
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whether the results obtained by Cowper-Smith et al. [9] would be found in a more 

traditional target–target paradigm in which participants make reaching movements 

immediately upon the presentation of central arrowhead targets. 

In the present study, we adopted a target–target IOR paradigm similar to that 

used by Taylor and Klein [39], but participants were required to reach and touch the 

indicated targets, rather than press spatially congruent keys. In Experiment 1 (E1), we 

used peripheral targets for the first and second stimuli; as was noted earlier, however, 

the use of peripheral stimuli can reveal IOR associated with the detection of visual 

information [16,39] or the preparation of a reaching response. In Experiment 2 (E2), we 

therefore used centrally presented arrowheads for both the first and second stimuli to 

eliminate the possibility of sensory IOR. The results of our experiments confirm that IOR 

can arise from motor-based processes in the reaching control system. 

5.3 Experiment 1: Peripheral Targets 

5.3.1 Method 

 
Participants. There were 21 participants (16 female, 5 male; mean age = 23.0) in 

E1. Participants were right-handed, had normal or corrected-to-normal vision, and 

reported no history of visual, motor, or neurological abnormalities. 

Apparatus and Stimuli. Stimuli were displayed using Experiment Builder v1.3 

software (SR Research, Osgoode, ON). Eye position was monitored (to ensure 

participants did not move their eyes during the trials) with an EyeLink II (SR Research, 

Osgoode, ON) eye-tracking system (sampling rate = 500 Hz; spatial precision < 0.01°; 
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spatial accuracy < 0.8° RMS error). Calibration of the EyeLink II was carried out in the 

same horizontal viewing plane that was used to display the target stimuli. Participants 

were seated at a viewing distance of approximately 58 cm from the screen. 

Stimuli, depicted in Figure 5.1, consisted of a fixation circle 3.75 visual degrees in 

diameter that was surrounded by two peripheral placeholders (circles that were 2.5 

visual degrees in diameter). Placeholders were spaced 6.0 visual degrees away from 

fixation (measured from the centre of fixation to the centre of the placeholder) and, on 

separate trials, were separated by angular offsets of either 90° or 180° (relative to 

central fixation); in other words, on each trial, placeholders were presented that 

occupied two of four possible positions: above, right of, below, or left of fixation. For 

two of the display configurations (horizontal and vertical), this created 0° and 180° 

offsets, while in the remaining four configurations (up–left [UL], up–right [UR], down–

left [DL], and down–right [DR]), this created 0° and 90° offsets. These different 

configurations were randomly presented throughout the experiment, but the 

configuration was stable within any given trial. The arrangement of stimuli allowed 

participants to place their limb in a constant position at the start of each trial, where 

their index finger touched the central fixation point, while their forearm was aligned at a 

45° angle, extending from the fixation point to the lower right corner of the screen. 

Because no stimuli were presented at a 45° offset, no target location was obscured by 

the participant’s hand or arm. The outlines of the central fixation circle and peripheral 

placeholders were presented with a 4px weight on a 30-in. Elo touch screen monitor 

(Elo TouchSystems, Menlo Park, CA). 
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Figure 5.1. Example stimuli and sequence timing from a single trial in Experiments 1 and 
2. Each trial began with a drift correction procedure that required the participants to 
press the space bar with their left hand while fixating within the fixation circle. The 
fixation array was then displayed for 500 ms, after which S1 was displayed for 300 ms. 
Following the offset of S1, fixation was displayed for 200 ms followed by a cue-back 
stimulus (change of the fixation circle outline from 4px to 8px weight) for 300 ms. The 
fixation array (with all circles in 4px weight) was again displayed for 1,500 ms, providing 
ample time for participants to return their arm to centre prior to the onset of S2. The S2 
stimulus was added for 300 ms, followed again by an intertrial interval of 4 s during 
which the fixation array was displayed. Participants were instructed to maintain fixation 
throughout the trial. During each trial, participants were asked to make an arm 
movement to touch the centre of the signaled targets as quickly and accurately as 
possible and to return their arm to centre upon display of the cue-back, as well as after 
completing their S2 response. Reaction times were defined as the difference in time 
between the onset of the target stimulus and the time when the finger was lifted from 
the screen 
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Procedure. On each trial, one of six different arrays (horizontal, vertical, UL, UR, 

DL, and DR) was presented. Each array was presented with equal probability (p = 0.167) 

in random order. During each trial, two consecutive signals (S1 and S2) were presented, 

where the border of a peripheral placeholder temporarily changed from a 4px line-

weight to an 8px line-weight. Depending on the stimulus configuration, this permitted 

different angular offsets between S1 and S2 (0° was possible in all configurations, 90° 

was possible in the UL, UR, DL, and DR configurations, and 180° was possible in the 

horizontal and vertical configurations); the angular offset between consecutive 

movements was the independent variable of interest. Participants were instructed to 

make an arm movement (without an accompanying eye movement) to touch the target 

with the boldened outline. On any given trial, S1 and S2 could appear at either 

placeholder with equal probability (0.5), creating four possible response combinations 

within each of the six stimulus arrays. Participants practiced trials selected randomly 

from the main experiment until the successful completion of 8 consecutive trials. 

Participants were required to complete these trials without any error feedback, as 

described below. During the main experiment (following practice), each display 

configuration was shown 40 times, for a total of 240 trials; participants were given a 

short break after completing 120 trials. 

The timing of stimuli within a single trial for E1 is shown in Figure 5.1 (see the 

left-hand sequence). If participants did not initiate a response within 1.5 seconds to S1 

or S2, if they did not return their arm to centre between S1 and S2, or if they failed to 

maintain fixation, an error message was displayed, and the trial was aborted and was 
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not recycled. Data from aborted trials were excluded from all subsequent analyses. 

Manual RTs were used as the dependent variable, as in previous IOR research, and were 

defined as the difference between the onset of the target stimulus and the time when 

the participants lifted their finger off of the screen. 

Data Analysis. The description of data analyses here applies to both experiments 

in the present article. Trials with S2 RTs less than 100 ms (anticipation) or greater than 

1,000 ms (miss) were flagged during data processing and excluded from all analyses. 

Consistent with previous work [39] data were also flagged and excluded if the S1 

response was greater than 500 ms. Trials in which participants moved their arm to the 

wrong S2 target were flagged as directional errors. Directional error trials were 

eliminated from the main RT analysis but were tallied and analyzed to determine the 

possibility of speed–accuracy trade-offs. The frequency of aborted trials, anticipation, 

miss, and directional errors accounted for fewer than 5% of trials. 

Mean RTs for S2 responses were analyzed using a repeated measures ANOVA (α 

= 0.05) with the sole factor of offset (i.e., the angular offset between S1 and S2: 0°, 90°, 

or 180°). The frequency of directional error trials within each offset condition (0°, 90°, or 

180°) was analyzed using a separate repeated measures ANOVA, again with the sole 

factor of offset. Mauchly’s test was used to test the assumption of sphericity (α = 0.05); 

if sphericity was violated, the Greenhouse–Geisser correction was applied, and adjusted 

degrees of freedom are reported. All offset conditions were compared using planned 

pairwise comparisons (α = 0.01). Because our experimental design allowed us to assess 

IOR across different stimulus configurations, we analyzed 0° and 180° responses that 
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were made when stimuli were stimulus configurations aligned in the vertical and 

horizontal axes separately. We further analyzed 0° and 90° responses within each of the 

possible 90° offset configurations (UL, UR, DL, DR). 

5.3.2 Results 

Errors. Error rates were calculated independently within each offset condition. 

Directional errors were minimal and accounted for 0.19%, 0.25%, and 0.12% of the total 

trials in the 0°, 90°, and 180° conditions, respectively. No significant difference was 

observed in the wrong-direction error rates between offset conditions, F(2,40) = 1.21, p 

= 0.31. 

Reaction Time to S2. Manual RTs for 0°, 90°, and 180° offset conditions are 

shown in Figure 5.2. A main effect of offset was observed, F(2,40) = 43.42, p < 0.001. 

Pairwise comparisons revealed longer RTs for 0°, relative to 90°, F(1,20) = 57.78, p < 

0.001, and 180°, F(1, 20) = 40.21, p < 0.001. RTs were significantly shorter for 90°, as 

compared with 180°, offsets, F(1,20) = 12.1, p < 0.005. 

Zero-degree responses were significantly slower than 180° responses within both 

the horizontal, F(1,20) = 31.53, p < .001, and vertical, F(1, 20) = 10.32, p < 0.005, axes. 

Zero-degree responses were significantly slower than 90° responses within all 90° offset 

quadrants [UL, F(1,20) = 28.7, p < 0.001; UR, F(1, 20) = 26.8, p < .001; DL, F(1, 20) = 31.8, 

p < 0.001; and DR, F(1,20) = 38.7, p < 0.001]. 
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5.3.3 Discussion 

Consistent with previous research using peripheral signals [2,39] the results of E1 

reveal an RT advantage for both 90° and 180°, relative to 0°, responses. As was 

expected, this result confirms that IOR can be extended to a target–target task requiring 

consecutive reaching responses (rather than button press responses; [39]), where 

participants point toward and touch the indicated target locations. Due to the use of 

peripheral stimuli in E1, the IOR observed in reaching movements could be due to 

inhibition operating at the level of sensory or motor processing. In E2, we therefore 

used central arrowhead stimuli to focus selectively on motor processing to determine 

whether a uniquely motor form of IOR can be observed for reaching movements 

[16,36,38,39,44]. 

5.4 Experiment 2: Central Targets 

In E2, we extended the results of E1 by replacing the peripheral signals with 

central arrowhead signals. As was discussed in the general introduction, because 

responses to central arrowhead stimuli do not require participants to detect a visual 

stimulus in a potentially inhibited peripheral location, IOR observed with central 

arrowhead signals is considered the result of motor, rather than sensory-based, effects 

[16,36,38,39,44]. 

5.4.1 Method 

Participants. There were 29 participants (19 female, 10 male; mean age = 22.4) 

in E2. The same exclusion criteria were used as in E1.  
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Apparatus Procedure and Data Analyses. The apparatus was identical to that 

used in E1. The procedure was identical to that in E1, except that arm movement signals 

on each trial consisted of two consecutive arrowhead stimuli presented at fixation, 

rather than two consecutive peripheral stimuli. The arrowhead stimuli were 3×1.5 visual 

degrees in size, which ensured that the ends of the arrow were large enough to be 

viewed, below the participant’s finger at fixation. The sequence of stimuli and their 

respective timing are shown in Figure 5.1 (see right-hand sequence). The protocol for RT 

and error data analyses was equivalent between E1 and E2. Fewer than 5 % of trials 

were aborted due to a slow response, a failure to return the arm to centre between S1 

and S2, or a failure to maintain fixation. 

5.4.2 Results 

Errors. Directional errors accounted for 0.98%, 0.5%, and 0.25% of the total trials 

in the 0°, 90°, and 180° conditions, respectively. A significant difference was observed in 

the wrong-direction error rates between offset conditions, F(2,58) = 7.1, p < 0.005. 

Pairwise comparisons revealed significantly more wrong-direction errors for 0°, relative 

to 180°, F(1, 28) = 15.34, p < .001, and the effect approached significance for 0°, relative 

to 90°, F(1, 28) = 3.8, p = 0.06. No difference was observed for the error rates between 

90° and 180°, F(1, 28) = 2.9, p = 0.1, although the effect was marginal. 

Reaction Times. Manual RTs for 0°, 90°, and 180° offset conditions are shown in 

Figure 5.2. A main effect of offset was observed, F(2,56) = 30.34, p < 0.001. Pairwise 

comparisons revealed longer RTs for 0°, relative to 90°, F(1,28) = 49.18, p < 0.001, and 

180°, F(1,28) = 10.36, p < 0.001.   
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Zero-degree responses were significantly slower than 180° responses within both 

the horizontal, F(1, 28) = 7.28, p < 0.01, and vertical, F(1, 28) = 9.06, p < 0.01, axes. Zero-

degree responses were significantly slower than 90° responses within all 90° offset 

quadrants [UL, F(1, 28) = 38.0, p < 0.001; UR, F(1, 28) = 39.6, p < 0.001; DL, F(1, 28) = 

23.4, p < 0.001; DR, F(1, 28) = 34.8, p < 0.0001]. 

  



 

 120 
 

	

	

 
 
Figure 5.2. Manual reaction times to the second signal (S2) for Experiments 1 and 2 are 
presented on the Y axis with RTs for each offset condition (0°, 90°, and 180°) presented 
as separate bars. Experiment 1 is shown on the left; Experiment 2 is shown on the right. 
Conditions labelled with different letters (a, b, or c) are significantly different from each 
other. H stands for horizontal axis; V stands for vertical axis. 

5.4.3 Discussion 

We previously demonstrated a motor form of IOR for reaching movements in a 

target–target task using central arrowhead stimuli [9]; however, in that study, 

participants were provided with advance information about the direction of the 

required movements, which may have created a unique inhibitory effect due to the 

requirement to refrain from responding until an imperative stimulus was presented. In 

E2, using a traditional target–target reaching task in which participants responded at the 

onset of the central arrowhead stimuli, we observed clear evidence of motor IOR: 

Reaching RTs were longest for 0°, as compared with both 90° and 180°. Similar to E1, 

and consistent with our prior observations with both eye and arm movements [9], 90° 

RTs were shorter than both 0° and 180° RTs. These findings demonstrate that, unlike 

lateralized keypress manual responses [39], motor IOR can be observed in the reaching 
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control system when responses are made to both the first and second target stimuli. 

These results therefore challenge the notion that the motor form of IOR is restricted to 

the oculomotor system [20,33,39,44].  

If motor IOR can be revealed for reaching movements, why have previous 

studies that used superficially similar methods [e.g., 16,39] failed to detect it? As we 

proposed earlier, the lack of IOR observed by Fischer et al. [16] in their peripheral-

cue/central-arrowhead-target experiments (conditions that have the potential to reveal 

motor IOR if it exists) could be accounted for if their use of a peripheral cue was 

insufficient to generate IOR within the upper limb motor system, perhaps because such 

stimuli do not automatically engage the preparation of reaching plans. Assuming that 

the generation of motor IOR relies on the prior engagement of a relevant motor 

program toward the cued location, one would not expect to observe IOR for arm 

movement responses to S2, unless a prior arm movement program was generated 

toward the S1 location. In other words, our results suggest that motor IOR affecting arm 

movement responses depends on the use of tasks that ensure the generation—and 

perhaps, execution—of arm movement programs to both the first and second target 

stimuli. 

Taylor and Klein [39] required participants to press spatially congruent keys to 

indicate the targets indicated by consecutive central arrowhead stimuli, yet the results 

did not reveal IOR but, rather, facilitation: Keypress responses were, in fact, faster when 

preceded by the same keypress response, as compared with a different response. In 

Taylor and Klein’s [39] study, participants used one finger for each response key and did 
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not reach to the key from a common starting position. Moreover, the keys were on a 

keyboard that was spatially separated from the visual display. In short, the manual 

responses in the study were fundamentally different from actual reaching movements in 

which a single limb is used to reach from a starting location to touch the real location of 

a visual target. In other words, the results of the present study suggest that motor IOR 

in the upper limb control system depends on the use of a localization response that is 

directed toward the indicated location. This idea is not surprising, given that the 

analogous form of motor IOR for saccadic responses is typically revealed using saccadic 

localization responses directed toward the target location [20,30,32,39]. Indeed, a 

common interpretation of motor IOR within the oculomotor system is that motor IOR 

inhibits saccadic responses directed toward a location that was previously specified by 

an oculomotor program [22,28,39]. 

Notably, in E2, participants made significantly more wrong-direction errors when 

signaled to make an S2 response that was offset by 0° from S1. The increased number of 

wrong-direction errors for 0° S2s suggests that on some trials, participants preferentially 

responded toward the different (rather than same) target location when it was offset by 

180°. Taken together with the delayed RTs for 0° responses, this pattern of errors is 

consistent with an IOR mechanism that decreases the efficiency of information 

processing [cf. 47] during the generation of motor programs toward the 0° location. 

It is worth noting a potential bias in the 90° results reported in E1 and E2, arising 

from the unbalanced distribution of stimuli within the visual field. Specifically, in the 90° 

conditions, the placeholder stimuli create a net increase in visual stimulation within the 
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visual quadrant in which the two possible reaching movements will occur. This alone 

could facilitate the programming of movements in the 90° conditions, particularly if one 

assumes that the preparatory state of the manual control system can be affected by the 

alignment of static visual stimuli (e.g., via some visuomotor transformation). However, 

this possibility seems unlikely, because we recently demonstrated shorter RTs for eye 

and arm movements offset by 90° in a target-target task when central, but not 

peripheral, stimuli were used and when the arrangement of stimuli was balanced across 

the visual field (by using four target locations arranged around fixation on all trials; [9]). 

Taken together, these results suggest that the shorter 90° RTs are a feature of motor-

based inhibitory effects in target–target tasks.  

5.5 General Discussion  

By removing sensory effects associated with the use of peripheral stimuli in 

previous experiments [e.g., 4,19,21,29,32,37,42,45,46], as well as the preparatory 

interval given to participants by Cowper-Smith et al. [9], the results of our study allow us 

to confidently conclude that motor IOR can be implemented within the reaching control 

system and dismiss a popular view that motor IOR is restricted to the oculomotor 

system. This observation is important because it undermines two major pillars of 

existing IOR theories. First, observing motor IOR in the reaching system demonstrates 

that the mechanisms of IOR are not limited to sensory or oculomotor processes (a 

commonly held assumption; e.g., [5, 16,20,43,44]. Second, motor IOR in the reaching 

system is inconsistent with the presumed function of IOR as a visual search facilitator. 
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Specifically, while motor IOR might facilitate visual search when implemented 

within the oculomotor system, our result suggests that it might serve a more general 

function across a variety of motor systems that have little to do with search behavior. 

One possibility is that motor IOR exists to help prevent the motor system from falling 

into a cycle of repetition that might often be counterproductive for goal-directed action 

(e.g., if such repetition deterred the programming or execution of different 

movements). Another possibility, discussed below, is that motor IOR is merely an 

epiphenomenon arising from neural adaptation within motor control networks that 

encode movement direction in a distributed manner. While both possibilities can 

account for the presence of motor IOR in multiple motor systems, they are not 

incompatible with the idea that preventing the repetition of movements to old locations 

would support efficient searching behavior in the context of oculomotor systems 

[22,40,41]. 

It is noteworthy that RTs were shortest for responses offset by 90°, relative to 

both 0° and 180°, because such a pattern is consistent with the presence of neural 

adaptation within motor networks encoding direction in a distributed manner. Briefly, 

direction encoding units exhibit tuning profiles that are characterized by maximum 

neural firing rates in a preferred direction that decline to half-maximal rates for 

movements offset by approximately 90° [8]. Following the execution of an arm 

movement, neurons encoding the corresponding movement direction can become 

adapted or fatigued – that is, where their peak firing rates are temporarily reduced for 

subsequent movements in the same direction [cf. 8,14]. Assuming that a reduction in 
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peak firing rates leads to a delay in the time taken to reach response threshold, 

movements that are made in the same direction as a previous movement (0°) will be 

slower than those made in the opposite direction (180°), with a graded influence for 

intermediate spatial offsets. Applying these principles to our task requirements allows 

relatively simple predictions to be made regarding the pattern of RTs expected. Before 

executing a response to S2, participants made two movements: one to the indicated S1 

location and one 180° opposite in order to return to centre. Each movement will create 

maximal adaptation within neurons with preferred directions in the 0° and 180° 

directions and relatively less adaptation within neurons preferring directions in the 90° 

directions. Consequently, RTs should be shortest for S2 movements offset by 90° from 

the S1 movement. 

If adaptation effects are present for both the 0° and 180° offset conditions, why 

are RTs nonetheless slower in the 0°, as compared with the 180°, condition? Notably, in 

E2, we observed evidence of an increased number of wrong direction errors in the 0°, as 

compared with 90° and 180°, offset condition. As was discussed earlier, this observation 

is consistent with an IOR mechanism that decreases the efficiency of information 

processing [47]; such a mechanism could be designed to promote reaching movements 

away from the previously signaled S1 location (i.e., toward the only unsignaled S2 

location, whether offset by 90° or 180°). If adaptation effects and IOR are present 

concurrently, one would predict longer RTs for the 0° condition, as compared with both 

the 90° and 180° offset conditions (due to IOR), but, overall, the shortest 90° RTs (due to 

neural adaptation effects). 



 

 126 
 

Whereas the type of IOR observed for cue-target tasks with peripheral stimuli is 

usually considered the result of sensory processes [16.38,39,44], our use of a 

(peripheral) target–target paradigm in E1 raises the possibility that sensory and motor-

based effects are both possible. The spatial topography of sensory IOR has been 

described as monotonic in nature for cue-target offsets ranging between 0° and 180° 

[2], so the observation of non-monotonic IOR in our E1 (which was similar to the 

topography observed in E2) might suggest some motor-based contribution to the 

observed IOR. 

5.5.1 Conclusion 

The results of our study demonstrate that IOR affecting participant RTs can arise 

from motor-based effects outside of the oculomotor system. This observation suggests 

that motor IOR, while potentially useful in visual search behavior, likely arises from a 

general mechanism that can affect multiple motor systems. 
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CHAPTER 6: CONSECUTIVE EYE MOVEMENTS ARE AFFECTED BY 
INHIBITION OF RETURN AND MOTOR ADAPTATION EFFECTS 

 
C.D. Cowper-Smith, D.A. Westwood, Consecutive eye movements are affected by 
inhibition of return and motor adaptation effects.  Manuscript in preparation for 
publication. 
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6.1 Abstract 

Inhibition of return (IOR) refers to a response bias where RTs are slower for 

previously signaled compared to unsignaled locations. The phenomenon is routinely 

demonstrated through an analysis of reaction times across two target locations aligned 

in the horizontal axis. In two experiments requiring consecutive saccadic responses 

offset by 0°, 90°, or 180° to peripheral (E1) and central (E2) stimuli, we show different 

patterns of RTs as a function the angular offset between movements. In E1, we 

demonstrate the well-established pattern of RTs associated with IOR. In E2, we 

demonstrate a unique pattern of RTs that is predicted by a combination of IOR and 

neural adaptation effects in direction encoding neurons found throughout the 

oculomotor system. The results demonstrate the importance of examining RTs across 

more than two target locations in the IOR paradigm (in particular when central signals 

are used) and suggests previous work may have missed key data points regarding the 

nature of reported response biases. 

6.2 Introduction 

During visual search, it is normal to execute several saccadic eye movements in 

sequence to ultimately identify and fixate an object of interest [1,2]. To promote 

efficiency, visual search function is thought to rely (in part) on inhibitory tags that 

discourage eye movements to previously inspected locations [1–4]. This inhibitory 

tagging system is best known as inhibition of return (IOR). 

Inhibition of return has been extensively characterized in the cue-target task [5–

15]. In the basic IOR task, three placeholder stimuli are aligned equidistant on the 
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horizontal axis. Participants are instructed to maintain fixation within the central 

placeholder while a non-predictive cue is presented that either points at or appears 

within one of the flanking placeholders. Shortly thereafter, a target stimulus is 

presented and a saccadic localization or spatially congruent button press is required in 

response to the indicated target. In the target-target variant of the task, responses are 

required to both signals on each trial. Regardless of which task is used, when reaction 

times (RTs) are slower at previously signaled compared to unsignaled locations, 

investigators tend to loosely label the effect as IOR (for different views on the 

appropriate use of the term, see [16–18]). 

Depending on the nature of the signals used, when saccadic responses are 

required, two forms of IOR can emerge: one that slows the detection of spatially 

localized sensory information and another that slows the generation of oculomotor 

responses [6,13,14,16,19–21]. When consecutive peripheral stimuli are used, IOR can 

slow both the detection of sensory information occurring at the inhibited peripheral 

location or the generation of the required saccadic response [16,22]. Notably, when 

consecutive saccadic responses are required to peripheral stimuli, both forms of IOR 

appear to additively slow responses [16,19]19; however, when central stimuli are used, 

only the motor form of IOR associated with the inhibition of consecutive responses is 

revealed [6,14,16,19–21].  

                                                
 
19 The magnitude of IOR observed in the target-target task with peripheral stimuli is approximately double 
that observed in the cue-target task. Moreover, the magnitude observed with peripheral stimuli is 
approximately double that observed with central stimuli in the target-target task [16,19]. These 
observations suggest that the sensory/attentional and motor forms of IOR are additive and both affect 
consecutive saccadic responses made to peripheral stimuli.  
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While most studies of IOR have relied on the use of two target locations aligned 

on either side of central fixation (i.e., at a 180° angular offset) [6,12–14,16,19,20,23–

25], others have examined reaction times across a broader range of spatial offsets, 

finding that RTs are slowest at the previously signaled location and monotonically 

decrease as the spatial offset between cue and target increases from 0° to 180° 

(0°>90°>/=180°) [1–3,5,7–9,11,16,26–28]. Importantly however, with only one 

exception (discussed below), studies looking at the spatial distribution of IOR have relied 

upon the use of peripheral and not central target stimuli. As a result, the monotonic 

pattern of RTs thought to be characteristic of IOR has only been established when 

sensory/attentional effects are likely. 

To our knowledge, only one study has looked at the spatial distribution of RTs 

when consecutive eye movements are required to central rather than peripheral stimuli 

[29]. Using the target-target variant of the IOR task and four target locations offset in 

90° increments, Cowper-Smith et al. [29], demonstrated distinct patterns of RTs as a 

function of signal type (central or peripheral), for both consecutive eye and arm 

movements. Consistent with previous studies, when peripheral signals were used, the 

hallmark pattern of IOR was observed (RTs follow the pattern: 0°>90°>/=180°) [1–3,5,7–

9,11,16,26–28]. However, when central signals were used, a “U” shaped pattern of RTs 

was observed where 0° and 180° responses did not differ, while 90° responses were 

comparatively faster (0°>90<180°, 0°=180°) [29].   

Cowper-Smith et al. [29], speculated that the “U” shaped pattern of RTs 

observed with central signals may be consistent with directionally selective adaptation 
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effects in populations of neurons encoding movement direction [30–42]. Like the 

reaching control system, the direction of saccadic eye movements are controlled by 

populations of directionally tuned neurons found throughout the oculomotor system. 

Neurons encoding saccade direction are found within the superior colliculus (SC) 

[40,42], supplementary eye fields (SEF), and frontal eye fields (FEF) [38–42] each of 

which are critically involved in the generation of saccadic eye movements [43]. Similar 

direction-encoding neurons are observed in regions of the parietal [31–33] and 

prefrontal [30] cortex, within regions heavily interconnected with the SC, SEF, and FEF. 

The tuning profiles of direction-encoding units within the saccadic eye movement 

system exhibit maximal firing rates in their preferred direction (PD), decline to half-

maximal rates for movements offset by 30° to 90° from the PD, and exhibit minimum 

firing rates 180° opposite [40–42,44]20. As a consequence of a single eye movement, 

current evidence suggests that neurons encoding the associated movement direction 

may become adapted or fatigued (i.e. exhibit reduced peak firing rates for subsequent 

movements in the same direction; [45,46]).  If this is the case, then assuming a 

reduction in firing rates can delay the time taken to reach response threshold [47,48], 

subsequent movements in the same direction may be delayed as a consequence of 

neural adaptation.  

In target-target IOR tasks such as that used presently [cf. 14,16,19,29], 

participants are required to make consecutive saccadic responses, starting from a 

                                                
 
20 Populations of direction encoding neurons with similar tuning profiles are found in the neural 
substrates controlling both reaching and eye movements. 
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central location and moving to a peripherally marked location, in response to both a first 

and second signal (S1 and S2 respectively). In order to make both responses from a 

common starting location, following the response to S1, participants are required to 

return their eyes to centre. Therefore, prior to the execution of the S2 response, 

participants make two eye movements: one to the indicated S1 location and one 180° 

opposite (in order to return their eyes to centre). If both of these movement directions 

are affected by neural adaptation when S2 is presented, then RTs for S2s offset by either 

0° or 180° should be delayed. However, because of the shape of the tuning functions in 

direction encoding units, firing rates are diminished by half at a 90° offset from the PD; 

consequently, a relatively distinct population of neurons is responsible for movements 

made at a 90° offset from the first movement. Correspondingly, neural adaptation 

would minimally affect S2 movements offset by 90°.  

Based on the neurophysiological properties of direction-encoding neurons 

outlined above, and assuming adaptation effects can result in a delay to reach response 

threshold [47,48], it is possible to make relatively simple predictions regarding the 

topography of RTs expected for consecutive eye or arm movements made with various 

spatial offsets: S2 saccadic responses that are offset by 90° from the S1 response should 

exhibit faster RTs compared to responses that are offset by 0° or 180°. As such, Cowper-

Smith et al. [29] suggested that adaptation effects may underpin the “U” shaped pattern 
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of RTs (0°>90°<180°; 0°=180°) they observed when central signals prompted 

consecutive saccadic or manual localization responses21.  

That Cowper-Smith et al. [29], observed no difference between 0° and 180° RTs 

when central signals were used was inconsistent with prior work demonstrating IOR for 

saccadic responses in the target-target task when two targets (presented on either side 

of fixation) were possible on each trial [14,16,19]. However, when RTs were analyzed 

within the horizontal and vertical axis separately, Cowper-Smith et al. [29], found 

evidence of IOR in the horizontal (thus replicating prior 2-target studies; [14,16,19]) but 

not vertical axis for eye movements. By contrast, no evidence of IOR was observed in 

either axis for manual localization responses. This result might suggest that an 

oculomotor form of IOR operates only within the horizontal but not vertical axis when 

consecutive saccadic responses are required to central stimuli, e.g., to aid in reading or 

scanning the horizontal meridian [29]. Most importantly, for eye movements, it is 

possible that the simple failure to observe IOR in the vertical axis explains the “U” 

shaped pattern of results observed by Cowper-Smith et al. [49], rather than the 

proposed adaptation-based effects. 

In a follow up study of consecutive reaching movements, Cowper-Smith and 

Westwood [49] revealed IOR in both the horizontal and vertical axis when two [49] 

rather than four [29] target locations were possible on each trial. Moreover, when only 

                                                
 
21 This explanation would apply to tasks in which the eye movements are instructed by central signals and 
which therefore eliminate a contribution from sensory/attentional IOR. As discussed earlier, previous 
studies reveal that when peripheral stimuli are used, IOR exhibits a different pattern of RTs 
(0°>90°>/=180°) from that predicted by motor adaptation (0°>90°<180°). 
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two targets were used on each trial, a unique pattern of RTs was observed 

(0°>90°<180°, 0°>180°) suggesting the presence of both IOR (overall slowest 0° RTs) and 

adaptation-based effects (overall fastest 90° RTs). These results demonstrate that set 

size (i.e., the number of possible targets on each trial) can change the pattern of RTs 

observed for consecutive reaching movements in the target-target task. As such, similar 

to the pattern of results observed for consecutive reaching movements [29,49], it is 

possible that a combination of IOR and adaptation-based effects can be observed with 

saccadic eye movements when two but not four targets are used, provided 90° as well 

as 0° and 180° spatial offsets are examined.  If this is the case, it would highlight the 

importance of examining a broader range of spatial offsets than the 0° and 180° offsets 

commonly used to study oculomotor IOR in the centre-out task [14,16,19]. 

The present study was designed to investigate whether evidence of both IOR and 

adaptation can be observed for consecutive eye movements in the commonly used 

target-target task. In order to optimize the chances of observing oculomotor IOR, which 

is usually studied with two rather than four target locations [cf. 49], and consistent with 

the traditional IOR paradigm, only two rather than four target locations were presented 

on each trial. However, unlike the traditional IOR paradigm, on separate trials the two 

target locations could be offset by 180° in either the horizontal or vertical axis, or 

alternatively, the two target locations could be offset by 90° in any of four possible 

quadrants. These stimulus configurations replicated those used by Cowper-Smith and 

Westwood [49] and allowed us to simultaneously test for IOR (which should result in 

overall slowest 0° responses), and adaptation (which should result in overall fastest 90° 
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responses). Finally, in order to directly compare the pattern of results when two rather 

than four target locations were used on each trial, the methods were otherwise 

identical to those used by Cowper-Smith et al. [29]. 

If both IOR and adaptation-based effects can affect consecutive oculomotor 

responses to central stimuli when set size is reduced from four to two, a ‘blended’ 

pattern of RTs should be observed (0°>90°<180°; 0°>180°), where 0° responses will be 

slower than both 90° and 180° responses (owing to IOR based effects), while 90° 

responses will be overall fastest (owing to adaptation-based effects). This pattern of 

results (0°>90°<180°; 0°>180°) would be clearly distinct from the typical pattern of IOR 

observed with peripheral signals (0°>90°>/=180°) and from that previously observed in 

the target-target task with four target locations (0°>90°<180°; 0°=180°). Finally, the 

introduction of IOR for saccadic responses to central stimuli should slow 0° responses 

and therefore increase the magnitude of the RT difference between 0°-90° and 0°-180°. 

However, given that there is no reason to suspect the magnitude of adaptation effects 

should change as a function of set size, there should be no change in the magnitude of 

the 90°-180° RT difference when two versus four targets are used on each trial. The 

results of the present study, together with a direct comparison to the results of Cowper-

Smith et al. [29] support these predictions and therefore suggest that multiple response 

biases (IOR and adaptation) can affect consecutive eye movements made to central 

stimuli in the target-target task.  
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6.3 Experiment 1: Peripheral 2 Target – Eye 

In E1, peripheral targets were used and consistent with a wealth of prior studies, 

we expected to observe the well-established pattern of RTs (0°>90°>/=180°) associated 

with sensory/attentional IOR. Furthermore, because IOR was observed for saccadic 

responses to peripheral (but not central) stimuli by Cowper-Smith et al. [29], and 

consistent with work demonstrating that the magnitude of IOR is insensitive to set size 

when peripheral signals are used [26], unlike E2, we did not predict an increased 

magnitude of IOR in E1 when set size was two rather than four [29].  

6.3.1 Method 

Participants. Seventeen undergraduate students (11 Female, 6 male; mean age = 

20.5) were recruited through the Department of Psychology subject pool at Dalhousie 

University. Participants were right-handed, had normal or corrected-to-normal vision, 

and reported no history of visual, motor, or neurological abnormalities. 

Apparatus and Stimuli. The apparatus was identical to that used by both Cowper-

Smith and Westwood [49] as well as Cowper-Smith et al. [29]. In order to have all 

possible pairings of two targets in the up, down, left and right locations, six two-place 

holder arrays were constructed.  Only one of these arrays was shown on each trial. For 

two of the display configurations (horizontal and vertical), this created 0° and 180° 

offsets, while in the remaining 4 configurations (UL, UR, DL, DR), this created 0° and 90° 

offsets.  

Procedure. The procedure was identical to that used by Cowper-Smith and 

Westwood [49]. Each array was presented with equal probability (p = 0.167) in random 
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order. On any given trial, S1 and S2 could point to either placeholder with equal 

probability (0.5), creating 4 possible response combinations within each of the 6 

stimulus arrays. Each display configuration was shown 20 times for a total of 120 trials.  

Data Analyses. The protocol for RT and error data analyses was the same as that 

used by Cowper-Smith and Westwood [49] as well as Cowper-Smith et al. [49]. Trials 

with S2 RTs less than 100 ms (anticipation) or greater than 1,000 ms (miss) were flagged 

during data processing and excluded from all analyses. Consistent with previous work 

[39] data were also flagged and excluded if the S1 response was greater than 500 ms. 

Trials in which participants moved their eyes to the wrong S2 target were flagged as 

directional errors. Directional error trials were eliminated from the main RT analysis but 

were tallied and analyzed to determine the possibility of speed–accuracy trade-offs. The 

frequency of aborted trials, anticipation, miss, and directional errors accounted for 

fewer than 5% of trials. 

Mean RTs for S2 responses were analyzed using a repeated measures ANOVA (α 

= 0.05) with the sole factor of offset (i.e., the angular offset between S1 and S2: 0°, 90°, 

or 180°). The frequency of directional error trials within each offset condition (0°, 90°, or 

180°) was analyzed using a separate repeated measures ANOVA, again with the sole 

factor of offset. Mauchly’s test was used to test the assumption of sphericity (α = 0.05); 

if sphericity was violated, the Greenhouse–Geisser correction was applied, and adjusted 

degrees of freedom are reported. All offset conditions were compared using planned 

pairwise comparisons (α = 0.01). In order to explore whether IOR occurred within both 

the vertical and horizontal axis, we separately analyzed 0° and 180° responses when 
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stimulus configurations were aligned in the vertical and horizontal. We further analyzed 

0° and 90° responses within each of the possible 90° offset configurations (UL, UR, DL, 

DR). Finally, in order to compare the magnitude or RT differences across previously 

signaled versus unsignaled locations as a function of set size, we conducted a 2x3 mixed 

ANOVA with factors of set size (two or four) and offset-magnitude (where the 

magnitude of RT differences was calculated separately as 0°- 90°, 0° - 180°, and 90°-

180°).  For the purpose of this analysis, four-target data was obtained from Experiment 

1 of Cowper-Smith et al. [29] (peripheral target-eye movement condition). 
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Figure 6.1. Example stimuli and sequence timing from a single trial in Experiments 1 and 
2. Each trial began with a drift correction procedure that required the participants to 
press the space bar with their left hand while fixating within the fixation circle. The 
fixation array was then displayed for 500 ms, after which S1 was displayed for 300 ms. 
Following the offset of S1, fixation was displayed for 200 ms followed by a cue-back 
stimulus (change of the fixation circle outline from 4px to 8px weight) for 300 ms. The 
fixation array (with all circles in 4px weight) was again displayed for 1,500 ms, providing 
ample time for participants to return their arm to centre prior to the onset of S2. The S2 
stimulus was added for 300 ms, followed again by an intertrial interval of 4 s during 
which the fixation array was displayed. Participants were instructed to maintain fixation 
throughout the trial. During each trial, participants were asked to make an arm 
movement to touch the centre of the signaled targets as quickly and accurately as 
possible and to return their arm to centre upon display of the cue-back, as well as after 
completing their S2 response. Reaction times were defined as the difference in time 
between the onset of the target stimulus and the time when the finger was lifted from 
the screen 
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6.3.2 Results 

Errors. An average of 2.3% (range = 0-6.6%, SD = 2.2%) of trials of were classified 

as anticipations (RT < 100ms following S2 onset), and 2.5% (range = 0-5.8%, SD = 1.6%) 

as misses (RT > 1000ms following S2 onset); these trials were removed from subsequent 

analyses. Participants made directional errors to S2 on an average of 2.01% (range = 0-

3.3%, SD = 1.0%) of the total trials; of these trials, 1.00% (range = 0-2.1%, SD = 0.7%), 

0.76% (range = 0-2.1%, SD = 0.7%), and 0.25% (range = 0-1.3%, SD = 0.4%) were made in 

the 0°, 90° and 180° conditions respectively. Because error rates were 1% or less in each 

offset condition, they were not analyzed further. 

Saccadic Reaction Time to S2. Reaction times for 0°, 90°, and 180° offset 

conditions are shown in Figure 6.2 (“Two Target-Peripheral”). A main effect of offset 

was observed, F(2,32) = 8.46, p < 0.001. Pairwise comparisons revealed slower RTs for 0° 

relative to 90°, F(1,16) = 17.95, p < 0.001 and 180° F(1,16) = 13.89, p < 0.005 responses. 

Slower 0° compared to 180° responses were observed in both the horizontal F(1,16) = 

8.38, p < 0.05 and vertical axes F(1,16) = 7.47, p < 0.05. Reaction times were not 

significantly different between 90° and 180° offsets, F(1,16) = 0.001, p = 0.97. No 

differences in the magnitude of S2 RTs were observed between any of the possible 90° 

offset combinations (UL, UR, LR, LL), F(1,21) = 0.46, p = 0.71, indicating that the overall 

faster RTs for the 90° offset condition were not driven by responses within one of the 

four 90° arrays.  

In E1, there were 6 different stimulus configurations that were equally likely on 

any given trial: two 180° configurations and four 90° configurations. Given these 
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configurations, it is possible that the 180° configurations could involve a requirement for 

broader attentional processing that 90° configurations thereby altering participant RTs 

[50]. If 0° RTs were systematically altered between the 180° and 90° configurations, it is 

possible that the overall pattern topography of IOR observed is biased in favour of one 

of these configuration types. To assess this possibility, we therefore compared the 

average 0° RTs between the 180° and 90° configurations in E1; no difference was 

observed between 0° RTs in either configuration, F(1,16) = 1.45, p = 0.25.  

In order to examine possible differences in the magnitude of RT effects observed 

between Cowper-Smith et al. [29] (peripheral target-eye movement condition) and E1, 

we conducted a 2x3 mixed ANOVA with factors of set size (two or four) and offset-

magnitude (calculated as the difference between 0°-90°, 0°-180°, and 90°-180° RTs). A 

main effect of offset-magnitude, F(2,32) = 11.85, p < 0.001 was observed; however, as 

expected, no main effect of set size, F(1,16) = 1.16, p = 0.30 and no interaction between 

set size and offset-magnitude was observed, F(2,32) = 0.57, p = 0.57. 
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Figure 6.2. Saccadic reaction times for responses to the second signal (S2) in each offset 
condition (0°, 90°, and 180°). Results for E1 and E2 are presented in the top row (“Two” 
target experiments). For convenience, results from Cowper-Smith et al. [29]  are 
reproduced in the bottom row (“Four” target experiments).  Within-subjects 95% 
confidence intervals were generated as described by Masson [11] using the Offset × 
Subject MSE term. 
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6.3.3 Discussion 

As expected, the results of E1 replicate the well-established pattern of 

sensory/attentional IOR (0°>90°>/=180°) and by comparison to the results of Cowper-

Smith et al. [29] demonstrate that the magnitude IOR effects in the target-target task 

are insensitive to set size when peripheral signals are used [cf. 18]. These data provide 

an important baseline against which to compare the pattern of results expected in E2.   

6.4 Experiment 2: Central 2 Target – Eye   

Experiment 2 replicated E1 but used central signals in order to eliminate the 

presence sensory/attentional IOR that is associated with the use of peripheral stimuli 

[1,2,5–11].  Under these task circumstances, when four rather than two targets were 

presented on each trial, Cowper-Smith et al. [29] reported IOR in the horizontal but not 

vertical axis. However, previous work in our lab focused on reaching movements 

suggested that by changing set size from four [29] to two [49], IOR may be emerge 

within both the horizontal and vertical axes. This observation suggested that unlike the 

cue-target task [26], IOR effects may be increased in the target-target task when two 

rather than four target locations are presented on each trial. 

In E2, we therefore predicted a blended pattern of IOR and adaptation-based 

effects (0°>90°<180°; 0°>180°) where IOR would slow 0° relative to 90° and 180° RTs, 

while adaptation effects would slow 180° relative to 90° RTs. More specifically, if IOR 

effects are introduced to the pattern of RTs predicted by neural adaptation 

(0°>90°<180°; 0°=180°) when set size is changed from four to two, the difference in RTs 



 

 150 
 

between 0-180° and 0°-90° should increase due inhibition of the 0° target location. By 

contrast, because adaptation effects are considered a by-product of movement 

direction encoding which should be insensitive to the number of target locations, the 

magnitude of the RT difference between 90°-180° should be equivalent across different 

set sizes. 

6.4.1 Method  

Participants. Twenty-two (18 female, 4 male; mean age = 19.8) undergraduate 

students were recruited through the Department of Psychology subject pool at 

Dalhousie University. The same exclusion criteria were used as in E1. 

Apparatus and Stimuli. The apparatus was identical to that used in E1. As in E1, 

all six possible two-target arrays were created from the 4-target array used by Cowper-

Smith et al. [29]: one vertical, one horizontal, and four 90° arrays (UR, LR, LL, UL). 

Procedure and Data Analyses. The procedure was identical to E1 except that 

central rather than peripheral movement signals were used.  The protocol for RT and 

error data analyses were equivalent between E1 and E2. Less than 5% of trials were 

aborted due to a slow response, a failure to return their eyes to centre between S1 and 

S2, or a failure to maintain fixation. 

6.4.2 Results 

Errors. An average of 2.1% (range = 0-7.5%, SD = 1.9%) of trials were classified as 

anticipations (RT < 100ms following S2 onset), and 0.6% (range = 0-2.1%, SD = 0.8%) as 

misses (RT > 1000ms following S2 onset); these trials were removed from subsequent 

analyses. Participants made directional errors to S2 on an average of 5.6% (range = 0-
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12.9%, SD = 2.8%) of the total trials; of these trials, 4.98% (range = 0-7.1%, SD = 2.2%), 

0.42% (range = 0-3.8%, SD = 0.8%), and 0.19% (range = 0-2.1%, SD = 0.5%) were made in 

the 0°, 90°, and 180° conditions respectively. A significant difference was observed in 

the directional error rates between offset conditions, F(2,42) = 211.83, p < 0.001. 

Pairwise comparisons revealed significantly more directional errors for 0° compared to 

180°, F(1,21) = 242.82, p < 0.001 and 0° compared to 90°, F(1,16) = 208.31, p < 0.001. No 

difference was observed between 90° and 180°, although the effect verged on 

significance F(1,16) = 4.1, p = 0.056. 

Saccadic Reaction Times. Reaction times for 0°, 90°, and 180° offset conditions 

are shown in Figure 6.2 (“Two Target-Central”). As in Cowper-Smith et al. [29] (central-

eye condition), RTs for the 0° offset trials were greater than 90° offset trials, F(1,21) = 

71.6, p < 0.001. However, unlike Cowper-Smith et al. [29] (central-eye condition), RTs 

were greater for 0° compared to 180° offsets, F(1,21) =31.86, p < 0.001. Furthermore, 0° 

RTs were slower than 180° RTs in both the horizontal, F (1,21) = 17.7, p < 0.001 and 

vertical, F (1,21) = 12.8, p < 0.002 axes. As expected, 180° offsets were slower than 90° 

offsets F(1,21) = 14.5, p < 0.001.  

Confirming similar RT effects independent of stimulus configuration, no 

difference was observed between the average 0° RTs taken from the 180° and 90° 

configurations, F(1,21) = 0.03, p = 0.87. Furthermore, no differences in the magnitude of 

S2 RTs were observed between any of the possible 90° offset combinations (UL, UR, LR, 

LL), F(1,21) = 2.54, p = 0.065, indicating that the overall faster RTs for the 90° offset 
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condition were not driven by a specific combination of first and second saccade 

directions.   

In order to compare the magnitudes of RT differences between Cowper-Smith et 

al. [29] (central target-eye movement condition) and E2, we conducted a 2x3 mixed 

ANOVA with factors of set size (two or four) and offset-magnitude (0°-90°, 0°-180°, and 

90°-180°). A significant main effect of offset-magnitude, F(2,32) = 40.82, p < 0.001 but 

not set size, F(1,19) = 16.73, p < 0.001 was observed. A significant interaction between 

set size and offset-magnitude was observed, F(2,36) = 5.65, p = 0.015. As predicted, 

pairwise comparisons revealed that the magnitude of the 0°-90° (F(1,19) =16.94, p < 

0.001) and 0°-180° (F(1,19) =8.92, p < 0.01) differences were significantly larger when 

two rather than four targets were presented on each trial. Finally, the magnitude of the 

90°-180° difference did not change as a function of set size, F(1,19) = 0.297, p = 0.59. 

6.4.3 Discussion 

Consistent with our prediction and the introduction or magnification of IOR 

effects when set size is changed from four to two, the results of E2 revealed: (1) a 

significant IOR effect in both the horizontal and vertical axes and (2) an increased 

magnitude of the RT difference between 0°-90° and 0°-180° as set size was decreased 

from four to two. Furthermore, and consistent with the expectation that adaptation-

based effects should remain constant regardless of whether four [29] or two targets 

were used on each trial, the magnitude of the 90°-180° difference did not change as a 

function of set size. Together, these changes results in a ‘blended’ pattern of RTs 
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(0°>90°<180°; 0°>180°) that can be explained by a combination of IOR and adaptation 

effects.  

Notably, the presence of IOR when set size is changed from four to two might be 

the consequence of altered participant strategies; participants made significantly more 

directional errors for 0° relative to 90° and 180° offset conditions in E2. By contrast, no 

difference in directional error rates was observed between offset conditions when four 

targets were presented on each trial [29], and error rates were overall less than 1% in 

each offset condition in E1 (which therefore did not justify an analysis of possible 

differences [cf. 26]).  This finding suggests that, in E2, participants employed a response 

strategy for S2s where they preferentially generated motor programs toward the only 

different (90° or 180° offset) rather than same (0°) target location indicated by S1.  

6.5 General Discussion 

The purpose of the present study was examine whether multiple response biases 

(IOR and adaptation) can influence RTs when consecutive saccades are executed in the 

target-target task. When peripheral stimuli were used, we observed the well-established 

pattern of monotonically declining RTs (0°>90°>/=180°) associated with 

sensory/attentional IOR. By contrast, when central signals were used, we observed 

slower 0° relative to 90° and 180° responses (predicted by IOR), but overall fastest 90° 

responses (predicted by adaptation effects; 0°>90°<180°; 0°>180). Taken together, these 

results demonstrate different patterns of RTs as a function of signal type, despite a 

requirement to make metrically identical saccadic responses in both E1 and E2. 
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Using four target locations, Cowper-Smith et al. previously demonstrated a “U” 

shaped pattern of RTs when central signals were used to prompt consecutive saccadic or 

reaching localization responses. Interestingly, when they analyzed RTs in the horizontal 

and vertical axes separately, saccadic responses exhibited IOR in the horizontal but not 

vertical axis; by contrast, reaching responses did not reveal IOR in either axis. However, 

when Cowper-Smith and Westwood [49] later tested reaching localization responses 

using a similar methodology to the present study, they observed evidence of IOR in both 

axes. This suggested that IOR effects may be introduced or magnified when set size is 

changed from four to two. The results of the present study confirm this idea by 

demonstrating that IOR is observed in both the horizontal and vertical axes when set 

size is two (as in E2), but not four [as in 25].  

If IOR is introduced when set size changes from four to two, we further predicted 

that the magnitude of the RT difference between 0°-90° and 0°-180° would increase 

compared to that observed by Cowper-Smith et al. [29]. However, given that there is no 

reason to suspect the magnitude of adaptation effects should change as a function of 

set size, there should be no change in the magnitude of the 90°-180° RT difference 

when two versus four targets are used on each trial. As predicted, and consistent with 

the presence of both IOR and adaptation, the magnitude of the RT difference increased 

for 0°-90° and 0°-180° but not for 90°-180°. 

Can IOR Mask Adaptation Effects? Unlike the results of Cowper-Smith and 

Westwood [49] who observed the ‘blended’ pattern of RTs (0°>90°<180°; 0°>180°) for 

consecutive reaching movements across two target locations independent of signal type 
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(central or peripheral), in the present study, the typical pattern of IOR was observed in 

E1 with peripheral signals (0°>90°>/=180°), while the blended pattern of RTs was 

observed in E2 with central signals. This observation is consistent with work suggesting 

that IOR is more pronounced when peripheral stimuli instruct consecutive eye versus 

arm movements [16,19].  

If IOR is more pronounced for eye movements made to peripheral signals, is it 

possible that IOR masks otherwise present adaptation effects?22  If so, it is important to 

note that an increase to 0° RTs alone would be insufficient for IOR to mask the overall 

preference for 90° offsets normally associated with adaptation; rather, for IOR to mask 

the 90° preference, it would need to decrease RTs for 180° offsets.  This possibility could 

be supported by the saccadic momentum phenomenon, which is sometimes debated as 

a possible explanation of oculomotor IOR [16,51–55].  

Saccadic momentum (SM; not to be confused with attentional momentum)23 

refers to a phenomenon where consecutive saccades are more likely to continue 

                                                
 
22 Consistent with this idea, across all studies in the present thesis, the magnitude of RT differences 
between 0°-180° as well as 0°-90° were largest in the in the peripheral-eye condition when set size was 
two (Appendix A). 
 
23 Some researchers have suggested that a path of attentional momentum is created when attention is 
attracted back to fixation from a peripherally cued S1 location [10,59]. This momentum would create a 
bias for attention to continue moving along the same trajectory toward 180° opposite (previously un-
cued) locations. If the attentional momentum hypothesis is correct, un-cued targets that are opposite 
(180°) from the cued target should exhibit an “opposite facilitation effect” (OFE) where RTs are fastest, 
e.g., compared to targets aligned orthogonal to the line of attentional momentum. Although OFEs are 
occasionally observed, when present, OFEs are only observed in a minority of participants and are usually 
accompanied by an interaction with S1 location. That is, compared with IOR which is robustly observed 
across participants and target locations, there is no consistent evidence of an OFE, i.e., where 180° RTs 
are faster than 90° RTs [11,13,60–62]. By contrast, saccadic momentum (SM) effects, referring to a 
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forward in the same trajectory than they are to change movement trajectories 

[1,2,51,56,54,57,55,52]. This effect was coined “saccadic momentum” by Smith and 

Henderson [56] and has been proposed by some scholars to explain specifically the 

oculomotor form of IOR in the target-target task [16,19,51, but see 52]. The most 

explicit explanation comes from Wang et al. [51], who suggest that following a saccade, 

leftover activity in the superior colliculus leads to the facilitation of subsequent saccades 

made in the same direction and of the same distance [16,51]. Notably, some evidence 

suggests SM is strongest when peripheral onset stimuli are used to prompt eye 

movements [52,53]. If eye movements of the same direction and amplitude are 

facilitated by SM, then in target-target tasks, following the return-to-centre eye 

movement, S2 responses offset by 180° from S1 would be facilitated.  As a result, it is 

possible that SM masked adaptation effects by decreasing 180° RTs when peripheral 

stimuli were used in E2.  Alternatively, it is possible that adaptation effects are simply 

absent for saccadic responses to peripheral stimuli. A lack of adaptation effects for 

saccadic responses to peripheral stimuli could be possible if, for example, visuomotor 

neurons involved in response generation are somehow immune to adaptation effects 

that appear to be otherwise present for saccadic responses to central stimuli, as well as 

for reaching localization responses to both peripheral and central stimuli [29,58]. 

                                                                                                                                            
 
probabilistic bias to repeat the most recent saccadic vector is robustly observed during free search. While 
SM based facilitation of repeated forward saccades, as determined through RTs remains contentious, a 
linear pattern of fixation durations is consistently observed in free search (where RTs follow the pattern: 
0°>90°>180°) and current evidence suggests that multiple effects, including IOR and SM may contribute 
to the patterns of RTs observed under different circumstances [51,56,54,55,52]. 
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Wrong Direction Errors. As discussed earlier, the presence of slower 0° relative 

to 90° and  180° RTs in E2 appeared to be associated with an anticipatory strategy that 

favored the generation of eye movement programs toward the only other, previously 

unsignaled, target location. Specifically, in the 0° condition of E2, participants made 

more directional errors because they were incorrectly moving to a different target 

location rather than correctly moving back to the same location. Notably, the 

observation of increased wrong-direction errors was unique to E2 and did not occur in 

either E1 or in any of the four-target experiments conducted by Cowper-Smith et al. 

[29]. 

Why would a similar strategy not be used for the four-target experiments 

conducted by Cowper-Smith et al. [29]? Assuming that only a limited number of eye 

movements can be prepared in advance (i.e. perhaps only one), then such advance 

preparation may not be possible when three saccadic responses were possible, as in E2. 

In this case, participants may simply wait for the presentation of S2 to prepare the 

signaled eye movement, rather than attempting to anticipate the S2 response; 

consequently, fewer errors result. While future research may further explore the task 

conditions that reveal an anticipatory strategy such as that described, we note that the 

present data indicate such a strategy may be dependent on signal type, given that the 

same pattern of errors described above for E2 were not observed in E1. 

Why would the anticipatory strategy observed in E2 not also be seen for E1 

when peripheral signals were used? When peripheral signals were used, because direct 

visuomotor transformations relating the spatial features of the stimulus to the required 
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motor response are likely, eye movements may be most easily elicited by simply 

responding to the stimulus event. In other words, it may take more effort to use an 

anticipatory strategy when peripheral stimuli are used, compared to just responding to 

the stimuli. In contrast, when central signals were used, it may seem less effortful for 

participants to use an anticipatory strategy, compared to interpreting the stimulus and 

generating an appropriate motor response.  

6.6 Future Directions 

In two experiments and through a direct comparison to the results of Cowper-

Smith et al. [29], the present study reveals important differences in the topography of 

saccadic RTs observed in the target-target task that depend on (1) signal type and (2) set 

size. Critically, these results demonstrate that an analysis of RTs across only two target 

locations may lead to over simplified conclusions regarding the nature of the response 

biases observed, in particular when central signals are used [e.g., 14,16,19–21]. As such, 

future research in the field should routinely examine RTs across more than two target 

locations, for example, to explore whether IOR and adaptation-based effects occur in 

other commonly studied stimulus-response combinations [cf. 14].   
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CHAPTER 7: GENERAL DISCUSSION 
 

7.1 Summary of Results 

The original goal of the present dissertation was to explore whether behavioural 

correlates of directionally selective neural adaptation could be revealed when 

consecutive eye or arm movements are made. Of particular interest was comparing the 

pattern of RTs across more than 2 target locations when central versus peripheral 

stimuli instructed target responses in the centre-out task. Observing clear evidence of 

an adaptation-based motor response bias would challenge the idea that a single form of 

IOR operates in the in the centre-out task (e.g., when eye movements are made, [cf.1]) 

and behoove future research to examine RTs across more than two target locations. The 

second and related goal of this dissertation was therefore to test competing predictions 

regarding the pattern of RTs observed, emerging from prior research on neural 

adaptation and IOR (Table 1.1). Specifically, if IOR was present, we expected to observe 

the well-established monotonic pattern of RTs (0°>90°>/=180°) associated with IOR. By 

contrast, if the Adaptation Hypothesis was correct, we expected to observe fastest RTs 

for 90° offsets and relatively slower RTs for 0° and 180° offsets (0°>90°<180°). 

Study 1 (Chapter 2) revealed different patterns of RTs in the center-out task that 

depended on signal (central/peripheral) but not response (saccade or manual-

localization) type. The pattern of RTs observed for central signals was consistent with 

distribution of RTs predicted by the Adaptation Hypothesis (0°>90°<180°) while the 

pattern of RTs observed with peripheral signals replicated the well-established 

distribution of IOR (0°>90°>/=180°).  
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Studies 2 and 3 (Chapters 3 and 4 respectively) attempted to eliminate possible 

adaptation effects, which are likely to affect motor preparation, by allowing participants 

to fully prepare their saccadic or manual localization response in advance of response 

execution. Remarkably, when responses were prepared in advance of the movement 

execution signal, the hallmark pattern of IOR (0°>90°>/=180°) was nonetheless 

observed. This suggested that an IOR-like pattern of RTs can emerge during late-stage 

motor execution processes.  

In order to rule out potential inhibitory effects created by the requirement to 

prepare but suppress a response until an execution signal was provided, in Study 4 

(Chapter 5), the preparation signal was eliminated and the chances of revealing IOR 

were optimized by presenting only 2 possible target locations while separately 

presenting 90° and 180° offsets on different trials. Under similar task circumstances, IOR 

has been well documented for consecutive saccadic responses [1–3]; however, due to 

the use of peripheral stimuli in prior study designs, it is possible that a motor form of 

IOR had not previously been demonstrated within the reaching control system. 

Interestingly, independent of signal type, a unique pattern of RTs was observed 

(0°>90°<180°; 0°>180°) where 0° responses were slowest (consistent with IOR), 180° 

responses were intermediate, and 90° responses were fastest (consistent with motor 

adaptation effects). This result, combined with the results of Studies 1-3, suggests the 

possibility that both adaptation and IOR may affect RTs for consecutive reaching 

movements [c.f. 4].  
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If Study 4 revealed a combined pattern of adaptation and IOR, the same pattern 

of RTs (0°>90°<180°; 0°>180°) should be observed within the oculomotor system where 

the control of movement direction is similarly encoded. Consistent with this prediction, 

when central signals were used in Study 5 (Chapter 6), a ‘blended’ pattern of RTs 

predicted by a combination of IOR and adaptation effects was observed (0°>90°<180°; 

0°>180°). However, unlike Study 4, but consistent with the pattern expected for 

oculomotor IOR (0°>90°>/=180°), a preference for 90° was not observed when 

peripheral signals were used in Study 5. 

7.2 Multiple Response Biases Can Shape Behaviour 

Together, the results of Studies 1-5 demonstrate for the first time that different 

spatial distributions of RTs can emerge in the center-out task depending on (1) signal 

type, (2) set size, and (3) the stages of information processing involved (i.e., whether 

response execution was separated from response preparation). The present thesis 

highlights the importance of examining each of these factors when attempting to 

elucidate the potential mechanisms underlying various response biases, including IOR 

and neural adaptation. Each of these factors is discussed in turn below. 

7.3 The Importance of Signal Type.  

There is a key difference between movements elicited by peripheral versus 

central signals, even if the responses to each signal type exhibit metrically identical 

profiles (e.g., in terms of direction, amplitude, and velocity). In particular, it is well 

established that the visuomotor transformations relating the stimulus to the response 
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are quite different depending on the type of signal employed.	  When peripheral onset 

signals are used, a delay in response times could be associated with (1) the processing of 

sensory/attentional information at the peripheral location; (2) the visuomotor 

integration of sensory information driving motor responses24; or, (3) motor planning and 

execution processes [5–10]. In contrast, a delay in sensory/attentional or visuomotor 

processing is not possible when central arrowheads are used, because these signals 

instruct the appropriate motor response from a common spatial coordinate (fixation) 

and, as such, the potential to reveal a spatially localized form of IOR is eliminated 

[2,3,5]. Given the differences in how responses are generated to peripheral versus 

central stimuli, the use of peripheral signals confounds the ability to determine whether 

sensory/attentional, visuomotor, motor, or some combination of these processes are 

affected by IOR [2,3,5]. 

The Oculomotor Hypothesis. Despite the potential differences in the way that 

peripheral and central signals can elicit movements, Taylor and Klein’s [1] study of IOR in 

24 different stimulus-response conditions suggested that the oculomotor form of IOR 

occurs whenever eye movements are made, independent of signal type (see discussion 

of the Oculomotor Hypothesis in the Introduction together with a comparison of the 

present results to Taylor and Klein in Appendix E) [1,11–14]. However, given that Taylor 

                                                
 
24 When peripheral stimuli are used, a direct relationship between the spatial features of the stimulus and 
the required motor response enables the response to be controlled by neural structures containing 
integrated sensory and motor maps such as those found in the superior colliculus and parietal cortex 
[5,6,27–29]. In other words, when peripheral stimuli are used, a direct visuomotor transformation is 
possible, allowing the spatial features of the stimulus to help drive the appropriate motor response. 
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and Klein [1] measured IOR using a target array consisting only of two possible target 

locations, aligned to the left and right of central fixation, the conclusion that the motor 

form of IOR occurs whenever saccades are made was derived from the simple presence 

or absence of IOR under different task circumstances. While these data provide a 

valuable basis for examining whether IOR might occur under different circumstances, 

the presence or absence of an inhibitory cueing effect25 may be insufficient to make 

strong conclusions regarding the nature of the underlying response bias. For this reason, 

it may have been somewhat premature for Taylor and Klein [1] to conclude that a single 

oculomotor form of IOR was observed across the different stimulus-response conditions 

whenever an eye movement was made. Indeed, if the two types of movements 

(generated from central and peripheral stimuli) elicit a common form of oculomotor 

IOR, e.g., to promote visual search, then the patterns of RTs observed for both central 

and peripheral stimuli should be similar across a broader range of spatial offsets than 

studied by Taylor and Klein [1].	 

Suggesting that different response biases are generated as a function of signal 

type, in Studies 1 and 5 of the present thesis, the pattern of RTs across 0°, 90°, and 180° 

offsets varied depending on whether central or peripheral stimuli were used to prompt 

responses. That different patterns of RTs were observed as a function of signal type is 

inconsistent with the notion, suggested by the Oculomotor Hypothesis [1], that a single 

                                                
 
25 The term inhibitory cueing effect (ICE) has been used by Hilchey et al. [18,59] to refer to delayed RTs in 
a more theoretically neutral way, when the presence of a true IOR mechanism is uncertain. While the ICE 
terminology was not applied throughout the present thesis, it’s use may be warranted to help distinguish 
between IOR and other RT biases that do not share the same characteristics or likely underlying 
mechanisms as IOR. 
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motor-based response bias might operate when eye movements are made, 

independent of signal type. 

Sensory/Attentional and Motor IOR can Combine in the Target-Target Task. 

Further evidence against a strict version of the Oculomotor Hypothesis was revealed by 

Wang, Satel, and Klein [3] who reported the simultaneous presence of both 

sensory/attentional and oculomotor IOR affecting consecutive saccadic responses. 

Departing from the assumptions offered by the Oculomotor Hypothesis, Wang et al. [3] 

proposed that the execution of a saccade to S1 may be necessary to generate 

oculomotor IOR26. Notably, if saccades are required to generate oculomotor IOR, then it 

should only be possible to observe sensory/attentional IOR (if generated by peripheral 

stimuli) in cue-target tasks when no saccade is made to the cue. Finally, if the two forms 

of IOR are generated via distinct mechanisms (i.e., the presentation of a peripheral 

stimuli and the execution of a saccadic eye movement), then assuming that 

sensory/attentional and motor-based IOR emerge at different levels of response 

processing, it should be possible to invoke both sensory/attentional and motor effects 

to additively slow RTs [3,15].  

To test whether sensory/attentional and motor IOR can additively slow RTs, 

Wang et al. [3] required participants to execute consecutive saccades to either central 

or peripheral stimuli, similar to the tasks used in the present thesis. As described by 

                                                
 
26 In contrast, the Oculomotor Hypothesis forwarded by Taylor and Klein [1] did not require the motor 
form of IOR be generated by a saccade to S1, as discussed in the introduction. Rather, a saccadic response 
to either S1, S2 or both would result in observing the oculomotor rather than sensory/attentional form of 
IOR. 
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Wang et al. [3], when arrowhead stimuli were used to prompt consecutive saccades, 

“the IOR effect…is purely motor because no peripheral stimulation is involved” (p. 445); 

hence, this task was labelled the motor (M) task. However, when peripheral stimuli 

were used to prompt consecutive saccades, the task was labelled sensory-motor (SM) 

because to complete the task successfully, participants were required to first detect a 

spatially localized peripheral signal, then execute a corresponding saccade. Because this 

task involves both the detection of peripheral sensory information and the execution of 

consecutive saccades, IOR could arise from both sensory/attentional and motor-based 

processes. Finally, Wang et al. [3] examined RTs in a cue-target “sensory” (S) task using 

peripheral stimuli while requiring a saccade to S2 but not S1. In the cue-target task, 

because a saccade was not made to S1, only the sensory/attentional form of IOR should 

be revealed. 

In direct contrast with the Oculomotor Hypothesis, and consistent with the idea 

that both sensory/attentional and oculomotor IOR can affect consecutive saccades 

made to peripheral stimuli, the magnitude of IOR in the SM task was equal to 

approximately the sum of IOR effects observed in the separate S and M tasks. From 

these observations, Wang et al. [3] advanced their 2-mechanism theory of IOR, which in 

contrast with the Oculomotor Hypothesis allowed both the sensory/attentional and 

oculomotor forms of IOR to be co-activated in the target-target task, provided 

consecutive saccades were made to peripheral stimuli27.  

                                                
 
27 Wang, Satel, and Klein restrict the scope of their 2-mechanism theory, suggesting that the 
sensory/attentional form of IOR can be activated whenever peripheral S1 and S2 stimuli are used, while 
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Is there similar evidence that both sensory/attentional and motor IOR can affect 

responses when consecutive saccades are required to peripheral stimuli in the present 

thesis? The results of a supplementary analysis of the magnitudes of IOR observed in 

Study 4 (Appendix A) appears to provide mixed results. To best compare the results of 

the present thesis with those of Wang et al. [3] who used two targets offset by 180°, 

only two-target experiments (Studies 4 and 5) were considered to examine possible 

differences in the magnitude of IOR (0°-180° RTs) when central versus peripheral signals 

were used.  Interestingly, as shown in Appendix A, a significantly larger magnitude of 

IOR was observed for peripheral versus central stimuli when reaching but not saccadic 

eye movements were required. How can one reconcile the observation of greater IOR 

for consecutive saccades in the SM task described above [2,3] with the data of the 

present thesis, which like Taylor and Klein [1], did not reveal greater IOR for saccades to 

peripheral versus central stimuli? 

Cue-back Stimuli May Reduce Sensory/Attentional IOR. Wang, Satel, and Klein [3] 

argued that the sensory/attentional form of IOR can be encoded in retinotopic 

coordinates (e.g., because of reduced visual input strength to the SC [cf. 15])28; if this is 

                                                                                                                                            
 
the oculomotor form of IOR occurs in any of the saccade-saccade response conditions. Conditions outside 
of these parameters (e.g., the other conditions tested by Taylor and Klein [1]) are not explained by the 2-
mechanism theory, leaving open the possibility that other forms of IOR can operate under different task 
circumstances (e.g., when IOR is based in environmental [71] or object-based coordinates). 
 
28 Notably, some lines of evidence suggest spatiotopic but not retinotopic IOR occurs when an eye 
movement intervenes the cue and target [17,71]. However, other evidence suggests peripheral stimuli 
generate both retinotopic and spatiotopic IOR [72]. Retinotopic IOR has also been demonstrated in non-
human primates and is linked to a reduction of sensory input processing within the superior colliculus 
[16].  
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the case, responses to peripheral S2 stimuli will be inhibited provided a prior S1 was 

presented in the same retinotopic coordinates. Furthermore, if an eye movement is 

made to a peripheral S1, and a cue-back stimulus is subsequently presented at fixation, 

then upon returning the eyes to center, S2 stimuli appearing 180° opposite of S1 will be 

inhibited by sensory/attentional IOR due to the fact that the cue-back and S2 stimuli 

appeared in the same retinotopic coordinates. Correspondingly, the use of a cue-back 

presented at fixation may reduce the magnitude of IOR observed for consecutive 

saccadic responses to peripheral stimuli29. As such, Wang and colleagues [2,3] 

eliminated the cue-back commonly used in other studies [1,8,17–21], which appears to 

have allowed for the observation of the full magnitude of combined sensory/attentional 

and motor IOR.  

If the cue-back explanation above is correct, peripheral S2 responses offset 

specifically by 180° and not 90°, should be inhibited because the former but not the 

latter would share the same retinotopic coordinates as the cue-back once the eyes are 

returned to center. Correspondingly, when peripheral stimuli were used to prompt eye 

movements, 180° RTs may have been significantly faster than (rather than equivalent 

to) 90° RTs if a cue-back had not been used in the present thesis. In other words, in the 

absence of a cue-back, the magnitude of IOR observed for peripheral versus central 

stimuli might have been significantly larger in Study 5, consistent with the results of 

Wang and colleagues [2,3]. Future research may be informative in this regard. 

                                                
 
29 As noted in Study 1 (see Experiment 2 Discussion), the use of a cue-back is unlikely to affect responses 
made to central stimuli.  
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Combined Sensory/Attentional and Motor IOR Affecting Reaching Movements.  

An additional discrepancy between the results of the magnitude analysis in Appendix A 

and those of Wang and colleagues [2,3] surrounds the nature of IOR for consecutive 

manual responses. As discussed, the analysis in Appendix A reveals a larger magnitude 

of IOR for consecutive arm but not eye movements made to peripheral versus central 

stimuli. Notably, because no eye movements were made when reaching responses were 

required in Study 4, the cue-back and 180° S2 targets would be presented in different 

retinotopic coordinates. As a result, the cue-back would not be expected to reduce the 

magnitude of sensory/attentional IOR in Study 4, thereby explaining why a larger 

magnitude of IOR was observed for consecutive reaching responses to peripheral versus 

central stimuli. However, in sharp contrast with the analysis in Appendix A, Satel and 

Wang [2] failed to observe a larger magnitude of IOR when consecutive manual rather 

than saccadic responses were required to peripheral stimuli. From their failure to 

observe additive effects for manual responses to peripheral stimuli, Satel and Wang [2] 

concluded that different motor mechanisms underlie the IOR effect for consecutive eye 

and arm movements. In short, they argued that if IOR in the M task was caused by the 

same motor mechanism for eye and arm movements, additivity should have been 

observed in the SM task for both saccadic and manual responses. Critically however, like 

many IOR studies [e.g., 1,3,16,17], Satel and Wang [2] relied upon the use of spatially 

compatible button presses rather than manual localization (e.g., reaching or pointing) 

responses. 
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An understated or implicit assumption pervading much of the IOR literature is 

the idea that saccadic and manual discrimination or detection responses can be equated 

in their potential ability to generate or reveal the motor form of IOR [1,3,22–25]. 

However, whereas saccadic responses are usually spatially directed to ultimately fixate 

on the precise location of the indicated target, manual discrimination and detection 

responses are usually not. Manual discrimination and detection responses are typically 

made on a keyboard aligned adjacent and orthogonal to the display screen. 

Correspondingly, while these types of button presses may be spatially compatible or 

congruent with the target stimuli, unlike eye movements, they do not typically require 

that the movement directly localize the target, e.g., by moving the arm to point at or 

touch the precise target location [11,26]30. Notably however, Khatoon et al. [8] have 

demonstrated that the onset of IOR is delayed and further, that the magnitude of IOR is 

decreased as the stimulus-response mapping becomes more arbitrary or indirect. 

Considering the key differences between spatially congruent versus localization 

responses outlined above, it is perhaps not surprising that Satel and Wang [2] failed to 

                                                
 
30 This distinction is often either overlooked [e.g., 73] or blurred by the use of misleading response-type 
labels [1,2,22,59] in the absence of complete definitions [but see 11,26]. For example, given the 
widespread use of ‘saccadic localization response’ in reference to a spatially directed saccade, the use of 
the term ‘manual localization response’, or the suggestion that manual responses are made ‘toward’ a 
stimulus location, may easily imply the use of spatially directed localization response when in fact a 
spatially congruent or compatible discrimination response has been used. For these reasons, the 
terminology used to refer to different manual response types should be more carefully selected and 
applied in the literature. For example, “spatially congruent” responses can appropriately be used to refer 
to a lateralized response that corresponds with, but is not made to or toward the location as the visual 
stimulus itself. However, the present thesis submits that the use of the term “localization response” 
should be restricted to movements that are made toward the precise location of the visual stimulus, e.g., 
to fixate, point at, or touch the stimulus. 
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observe additive effects for manual responses in their SM task. For example, to observe 

additive effects in their SM task, it may be that the peripheral stimulus needs to be able 

to invoke visuomotor control mechanisms, allowing the desired response to be driven or 

defined by the spatial properties of the stimulus [5,6,8,27–29]. When button press 

responses are made on a keyboard orthogonal to the display screen, this kind of 

visuomotor control of action is unlikely. Whatever the cause, that the magnitude of IOR 

may be larger for peripheral versus central stimuli when saccadic [2,3] and manual 

localization (Study 4) responses are required, suggests that the use of a true localization 

response [4,11,26] may be required to simultaneously invoke sensory/attentional and 

motor based IOR. Future work examining the possible additivity of sensory/attentional 

and motor IOR should further explore the pattern of results revealed for spatially 

congruent versus localization responses, for example, to explore whether additivity in 

the SM task is only present when visuomotor control of action is possible.  

Signal Type Matters. Taken together, the results of the present thesis illustrate 

that signal type plays an important role in shaping the nature of the response biases 

observed when both saccadic and manual localization responses are required. 

Interestingly, the pattern of RTs observed as a function of signal type was similar for 

both eye and arm movements (with one exception in Study 4 discussed below), 

suggesting both systems are subject to similar response biases. In addition to the effect 

of signal type, the patterns of RTs observed were different as a function of set size, i.e., 

whether two or four targets were possible on each trial.   
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7.4 The Importance of Set Size.  

While two distinct patterns of RTs were revealed in Study 1, a third ‘blended’ 

pattern of RTs demonstrating characteristics of both adaptation and IOR was observed 

in Studies 4 and 5. This suggests that set size can impact the nature of the response bias 

observed. For convenience, the patterns of RTs observed across set size in Studies 1, 4, 

and 5, are presented together for eye and arm movements in Appendix C. 

Combined Adaptation and IOR effects. In Study 5, when consecutive eye 

movements were made to central stimuli, Cowper-Smith et al. [in preparation] 

predicted and observed a ‘blended’ pattern of adaptation and IOR effects where RTs 

were slowest for 0° offsets, intermediate for 180° offsets, and fastest for 90° offsets. 

Notably, the magnitude of IOR effects (i.e., the difference between 0°-90° and 0°-180°) 

increased as set size decreased while the magnitude of the adaptation effect (i.e., the 

difference between 90°-180°) was insensitive to set size. This observation suggested 

that IOR may be increased or introduced to the pattern of RTs predicted by neural 

adaptation effects when set size is changed from four to two. 

In order to determine if similar magnitude effects were observed as a function of 

set size for reaching movements to central stimuli, a supplementary analysis comparing 

Study 1 (four-target) with Study 4 (two-target) was completed in Appendix A. 

Interestingly, although the overall patterns of RTs observed between studies was 

different (a significant IOR effect was observed in Study 4 but not Study 1; see also 

Appendix C), no significant magnitude differences were observed a function of set size.  
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What might explain the increased magnitude of IOR for eye but not arm 

movements as set size is decreased from four to two? As discussed in Study 5, there 

were significantly more wrong-direction errors in the 0° (5% of all trials) compared to 

the 90° (0.4%) and 180° (0.2%) offset conditions, suggesting the presence of a response 

strategy where participants preferentially generated motor programs toward the only 

different (previously un-signaled) target location. However, as shown in Appendix B, 

wrong-direction error rates did not exceed 1% in any offset condition for consecutive 

reaching movements, suggesting the response strategy described above may be unique 

to eye movements. If so, the utilization of such a response strategy may explain why an 

increased magnitude of IOR was observed for eye but not arm movements as set size 

was changed from four to two. 

Are Adaptation Effects Stronger for Reaching Movements? Across Studies 1, 4 

and 5, evidence of adaptation (i.e., a RT preference for 90°) was observed whenever 

central signals were used. By contrast, evidence of IOR but not adaptation was observed 

whenever peripheral signals were used, with one exception.  

When peripheral signals were used to prompt manual localization responses in 

Study 4, a RT preference for 90° offsets was observed. The preference for 90° offsets 

observed with peripheral signals might arise as the consequence of a shift in the relative 

contribution of IOR and neural adaptation, where for some reason, adaptation-based 

effects were increased or IOR based effects were decreased. One possibility is that the 

absence of saccadic momentum (see discussion, Study 5) or any analogous 

phenomenon in the reaching control system allowed adaptation effects to be revealed. 
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However, if this is the case, it is unclear why evidence of adaptation effects were not 

revealed when reaching movements were made to peripheral stimuli in Study 1. While it 

remains unclear why a shift in the contributions of IOR and adaptation effects might 

occur, the present results suggest set size may affect the relative contributions of 

different response biases when reaching movements are made to peripheral stimuli. 

Taken together, the results of Studies 1, 4, and 5 suggest that set size plays an 

important role in shaping the nature of the response bias observed. Most notably, when 

set size is decreased from four to two, a unique response bias was observed that 

appears to be predicted by a combination of IOR and adaptation-based effects.  

7.5 Stage of information processing.   

In an effort to eliminate possible adaptation effects, Studies 2 and 3 replicated 

the central signal conditions of Study 1 but allowed participants to fully prepare their 

saccadic or manual localization response in advance of the S1 and S2 movement-

execution signals. To our surprise, although the “U” shaped pattern observed in Study 1 

was partially eliminated, IOR was nonetheless observed (0°>90°>/=180°). As discussed 

below, these results suggest that separate inhibitory effects can slow responses to 

targets offset by 0° and 180° (e.g., in Study 1); one which slows motor preparation for 

180° responses (which was eliminated in Studies 2-3) and another that slows response 

execution to 0° targets (presumably present in Studies 1-3).  

Considering the results of Studies 1-3 together, the “U” shaped pattern of RTs 

(0°>90<180°; 0°=180°) observed in Study 1 could be explained by a combination of IOR 

and neural adaptation effects, where IOR inhibits 0° responses while adaptation effects 
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are only observed for 180° responses. Certainly, slowing responses to previously cued 

locations fits the typical RT pattern observed in IOR; however, can a delay of 180° and 

not 0° responses be explained by neural adaptation? If one assumes that IOR and 

adaptation have different time courses, such an explanation is plausible. 

While the time course of IOR is well established, typically commencing around 300 

ms and lasting as long as 3 seconds [17,30,31], the time course for the possible 

adaptation effects observed has not been established. Moreover, although IOR is 

thought to serve an adaptive function (for example to aid in visual search) and appears 

to have a cognitive mechanism that may extend its time course [3,18,31], neural 

adaptation effects may be an epiphenomenon of way in which the motor system 

controls movement direction. Accordingly, and consistent with the observation that 

residual excitatory activity in the superior colliculus decays rapidly following a saccade 

(i.e., within less than 270 ms [32]), one might expect the subsequent adaptation effects 

to also have a short time course31. If so, because responses to S2 are closer in time to 

the return to center movement than the original response to S1, it may therefore be 

that adaptation effects were overcome for 0°  but not 180°. If this was the case, then 0° 

RTs for central stimuli might be explained by IOR (alone), while 180° RTs would be 

explained by neural adaptation.  

                                                
 
31 Consistent with the view that adaptation effects may have a short time course, Neyedli and Welsh [4] 
previously demonstrated that the trajectory of reaching movements is biased away from previously cued 
locations, possibly due to the inhibition of direction encoding neurons representing movements toward 
the cued location, at 850 ms but not 350 ms or 1100 ms SOAs. However, because Neyedli and Welsh [4] 
used a cue-target paradigm with peripheral signals, it is difficult to directly compare their results to those 
of the present thesis. Different time courses of adaptation effects may have been observed in the present 
thesis when consecutive movements were required in the target-target task. 
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Why would IOR but not adaptation-based effects be present in Studies 2-3? Given 

that the specification of movement direction occurs during movement preparation [33–

40], and evidence that participants prepared their movement responses in Studies 2-3, 

it is reasonable to suspect that the preparatory period allowed participants to overcome 

adaptation effects. However, if IOR is implemented as a late-stage execution bias 

[41,42], or alternatively, if IOR is cognitively mediated [3,18,31] and slows motor 

outputs via projections from a centralized mechanism, then IOR would survive the 

preparation period provided in Studies 2-3.  

7.6 Why Aren’t Adaptation Effects Observed in Free Search?  

During free search of a complex visual array, several studies have demonstrated 

that the duration of fixations are slowest when consecutive eye movements reverse 

movement vectors compared to when eye movements repeat movement vectors along 

the same trajectory [43–48]. A similar observation has been made in the random-walk 

paradigm where a continuous series of saccades are made to targets randomly 

presented to the left or right of the current fixation point  [49,50]. During free search, 

the facilitation of RTs for repeated saccades in the same direction is accompanied by the 

observation that saccades are most likely to continue in the same direction, compared 

to all other possible movement directions [43–45,47,48,51]. While the debate continues 

regarding whether this is caused by IOR or saccadic momentum [43–47], no RT benefit 

for 90° versus 180° offsets is observed during free search. This observation might 

appear to conflict with a preference for 90° offsets observed present thesis. Notably 

however, during free visual search, almost all consecutive saccades are made within 300 
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ms or less [43,44]. As such, saccades in the forward direction are likely to be facilitated 

by residual excitatory activity, for example, that expected in the superior colliculus 

following the execution of an eye movement [3,32]. Given that adaptation effects are 

not expected until after cellular activity associated with movement execution has 

dropped below resting state, a failure to observe evidence of adaptation during free 

search is not surprising. However, assuming neural fatigue is involved in adaptation 

effects [c.f. 52], future research may investigate whether adaptation effects eventually 

accumulate during free search or in the random walk paradigm (e.g., after many 

consecutive saccades are made in the same direction) [49,50]. 

7.7 Limitations and Future Research 

Underlying Neural Substrates. Like any investigational approach relying on 

mental chronometry to understand human information processing, in the absence of 

concurrent neuroimaging, it is difficult to make strong conclusions regarding the 

underlying neural mechanisms of behavior. As such, while the present results reveal 

different spatial response biases under various conditions, and although in many cases 

the patterns of RTs observed are predicted by known neurophysiology, it is not possible 

to make strong conclusions regarding the underlying neural mechanisms.  Further 

research is needed to establish the neural correlates of the response biases observed 

herein [c.f. 53]. 

Set Size. While the present study derived much of its strength from 

systematically analyzing RTs across four rather than two target locations aligned in the 

horizontal axis, it is possible that other patterns of RTs could be observed with different 
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set sizes. For example, while the Adaptation Hypothesis assumes that 90° offsets will be 

overall fastest, additional research is needed to test intermediate offsets (e.g., between 

0° and 90° and 90° and 180°) to validate this possibility.   

Time Course. Studies 1, 4 and 5 relied upon a single SOA of 2300 ms, while 

Studies 2 and 3 relied upon SOAs of 2000, 2300, and 2600 ms. While IOR is generally 

expected across these SOAs, both the magnitude and spatial distribution of IOR appear 

to be sensitive to SOA [30,54]. Furthermore, although the time course of possible 

adaptation effects has not been established in the centre-out task, based on a study 

reporting reaching trajectory deviations that might arise from the inhibition of direction 

encoding neurons, there is reason to believe that adaptation effects may be restricted 

to a narrow range of SOAs [4]. Future research is needed to determine if the patterns of 

RTs observed herein vary by SOA. 

Isolation of Motor Effects. While the present thesis relied upon the use of central 

arrows to eliminate potential sensory/attentional effects associated with the 

presentation of peripheral stimuli, it is noteworthy that several lines of research suggest 

the act of programming a spatially directed motor response is tightly linked with the 

deployment of spatial attention toward the intended movement endpoint [55–58]. In 

fact, after being instructed to prepare an eye movement, visuospatial attention appears 

to be deployed toward, then pinned at the precise location of the saccade target; as a 

result, the detection or discrimination of sensory events more than even a degree of 

visual angle away from the target are severely impaired until the planned saccade is 

complete. A similar deployment of spatial attention occurs during the programming of 
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reaching localization responses, although notably, unlike when eye movements are 

made, attention can be shifted away from the target before the reaching movement is 

completed [56]. Thus, while the detection of arrows do not require peripheral sensory 

processing and therefore eliminate most concerns that inhibition is attached to the 

peripheral target, it is likely that there was a shift of attention toward the target location 

when arrows were used to prompt responses herein. Importantly however, as noted 

earlier, it is clear that the presentation of an arrow does not independently generate 

IOR; rather, for IOR to be observed when arrows are presented, a response must be 

associated with the arrow [1,59]. This observation suggests that when central stimuli 

were used in the present studies, the effects observed were more closely related to the 

generation of motor outputs, rather than earlier sensory/attentional processing of the 

imperative stimulus. 

External Validity. By providing new evidence of unique response biases in a 

variant of the basic paradigms commonly used in both the IOR [1–3,17,18,23,60–62] and 

movement direction [36,63–67] literature, the present thesis highlights the need to 

expand methodologies, in particular, as they relate to set size and signal type, in order 

to further characterize the response biases observed. However, as with any tightly 

controlled study, the present thesis is constrained in its external validity, and until 

further work can validate the effects are observed in other tasks, caution should be 

taken in interpreting the results. For example, it is possible that the patterns of RTs 

observed are unique to the center-out paradigm used [cf. 56]. To eliminate this concern, 

future research needs to look at these response biases in other paradigms e.g., using the 
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random walk paradigm [49,50], during visual search [43,44,48,51], in forward-only 

reaching tasks [4,69,70], and with reaching movements toward real-world objects.  

7.8 Conclusions  

In an effort to reveal behavioural correlates of neural adaptation effects, the 

present thesis set out to examine the spatial distribution of RTs for consecutive eye and 

arm movements in the center-out task. Competing predictions emerging from the IOR 

and neural adaptation literature regarding the expected patterns of RTs were tested. 

The results collectively suggest that (1) spatially defined RT biases consistent with both 

IOR and adaptation can emerge from the simple execution of a prior movement made 

with the same effector; (2) that the relative contribution of IOR and adaptation effects 

to the pattern of RTs observed varies as a function of signal type and set size; (3) that 

these RT biases can occur outside of the oculomotor system; and (4) that IOR can affect 

late-stage motor execution processes. 
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Appendix A: Magnitude Effects 
 

As described in the general discussion and further below, various supplementary 

analyses were conducted on the magnitudes of RT differences between and within 

Studies. 

Magnitude of IOR for Peripheral Versus Central Signals. In order to determine if 

the magnitude of IOR is greater when peripheral rather than central signals prompted 

responses, the RT difference between 0°-180° was compared across signal types in 

Studies 4 and 5. The magnitude of IOR (0°-180°) was greater when peripheral versus 

central signals were used to prompt reaching, F(1,20) = 7.19, p < 0.05, but not eye 

movements, F(1,16) = 2.79, p = 0.11.  

Magnitude of the Adaptation Effect for Reaching Movements. In order to 

compare the magnitudes of RT differences for reaching responses to central signals 

across set sizes of four and two, a 2x3 mixed ANOVA with factors of set size (two or 

four) and offset-magnitude (0°-90°, 0°-180°, and 90°-180°) was conducted. A significant 

main effect of offset-magnitude, F(2,40) = 31.38, p < 0.001 but not set size, F(1,20) = 

0.69, p < 0.001 was observed. No interaction between set size and offset-magnitude was 

observed, F(2,40) = 2.16, p = 0.13. Planned pairwise comparisons revealed no 

differences in magnitude across set sizes for 0°-90° (F(1,20) = 1.79, p = 0.20), 0°-180° 

(F(1,20) = 0.84, p = 0.37) or 90°-180° (F(1,20) = 2.12, p = 0.16).  
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Figure 7.1. Magnitude of RT differences between 0°-180°, 0°-90°, and 90°-180° offsets in 
all experiments of the present dissertation. Set size and signal type are combined in 
column headings as follows: 4-target-peripheral (4P); 4-target-central (4C); 2-target-
periperal (2P); 2-target-central (2C); 1-target-central (Studies 3 and 4; 1C). Studies 3 and 
4 are considered to present a set size of one because participants knew the required S2 
target response with 100% certainty on each trial.  
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Appendix B: Directional Errors 
 
Table 2: Directional error rates in all experiments of the present dissertation. Set size and 
signal type are combined in column headings as follows: 4-target-peripheral (4P); 4-
target-central (4C); 2-target-periperal (2P); 2-target-central (2C); 1-target-central 
(Studies 3 and 4; 1C). Studies 3 and 4 are considered to present a set size of one because 
participants knew the required S2 target response with 100% certainty on each trial. 
Note that wrong-direction error rates were not analyzed if they did not exceed 1% in any 
offset condition because of an insufficient sample size to calculate reliable statistical 
differences [cf. 48].  

 
Eye 

Offset 4P 4C 2P 2C 1C 
0° 0.27% 0.76% 1.00% 4.98% 0% 

90° 0.78% 1.30% 0.76% 0.42% 0% 
180° 0.33% 0.89% 0.25% 0.19% 0% 

 Not 
analyzed 

No significant 
differences 

Not 
analyzed 

0>180* 
0>90* 

Not analyzed 

Arm 
Offset 4P 4C 2P 2C 1C 

0° 0.54% 0.42% 0.19% 0.98% 0% 
90° 0.54% 0.24% 0.25% 0.50% 0% 
180° 0.71% 0.35% 0.12% 0.25% 0% 

 Not 
analyzed 

Not analyzed Not 
Analyzed 

Not Analyzed Not analyzed 
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Appendix C: Supplementary Analysis of Set Size 
 

To examine the effect of set size for arm movements across Studies 1 and 4, 

separate 2x3 mixed ANOVAs were conducted for each signal type, with factors of set 

size (two or four) and offset (0°, 90°, and 180°). For peripheral signals, a significant main 

effect of offset was observed, F(2,30) = 42.14, p < 0.001, and a significant interaction 

between set size and offset was observed, F(2,30) = 5.34, p < 0.01. For central signals, 

significant main effects of set size, F(1,18) = 6.35, p < 0.05, and offset were observed, 

F(2,36) = 31.95, p < 0.001 and an interaction between set size and offset verged on 

significance at the p < 0.1 level, F(2,36) = 2.4, p = 0.10. 

For convenience in comparing the pattern of RTs observed across Studies 1, 4, 

and 5, reaction times for 0°, 90°, and 180° offset conditions are presented for arm and 

eye movements in Figure 7.2 and Figure 7.3 respectively.  
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Figure 7.2. Manual reaction times for responses to the second signal (S2) in each offset 
condition (0°, 90°, and 180°). Results from Study 1 are presented in the bottom row (4-
target) while results from Study 4 are presented in the top row (2-target).  Within-
subjects 95% confidence intervals were generated as described by Masson [11] using the 
Offset × Subject MSE term. 
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Figure 7.3. Saccadic reaction times for responses to the second signal (S2) in each offset 
condition (0°, 90°, and 180°). Results from Study 1 are presented in the bottom row (4-
target) while results from Study 5 are presented in the top row (2-target).  Within-
subjects 95% confidence intervals were generated as described by Masson [11] using the 
Offset × Subject MSE term. 
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Appendix D: Reaction Times in the Horizontal and Vertical Axes in Studies 
3 and 4  

 
In Study 1, when central signals were used and eye or arm movements were 

required, evidence of IOR was discovered in the horizontal but not vertical axis. In order 

to further compare the results of Studies 2 and 3 to Studies 1, 4 and 5, trials where S1-

S2 responses were restricted to the horizontal (left or right) and vertical (up or down) 

axes were extracted from the Study 2 and 3 datasets and separately analyzed.  Zero-

degree offset responses were significantly slower than 180° offset responses within 

both the horizontal, F(1,14) = 6.79, p < 0.05 and vertical F(1,14) = 9.02, p < 0.01 axes for 

eye movements (Study 2). Similarly, zero-degree offset responses were significantly 

slower than 180° offset responses within both the horizontal, F(1,16) = 14.94, p < 0.001 

and vertical F(1,16) = 15.65, p < 0.001 axes for arm movements (Study 3).  

 

 

Figure 7.4. Supplementary analysis examining reaction times in the horizontal and 
vertical axis for Studies 2 and 3. As expected, IOR was present in both the horizontal and 
vertical axis in both studies. 
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Appendix E: Comparison of Magnitude Effects with Taylor and Klein (2000) 
 

 
 
Figure 7.5. The magnitudes of IOR (0o-180o RTs) observed in the present thesis compared 
to those observed by Taylor and Klein [1]. For a description of Taylor and Klein’s study 
see the General Introduction and Figure 1.3. Numbers within each circle represent the 
magnitude of IOR (0°-180° RTs) observed by Taylor and Klein. Numbers within each 
green, red, and blue square represent the magnitude of IOR (0°-180° RTs) observed in 
Studies 1-5 of the present thesis. Filled circles and squares represent a significant IOR 
effect; unfilled circles and squares represent a non-significant IOR effect. In contrast with 
Taylor and Klein, a significant IOR effect was observed in Studies 3 and 4 of the present 
thesis when consecutive reaching responses were required to central stimuli. 
Furthermore, in the present thesis, evidence of adaptation rather than IOR was observed 
when consecutive saccades or reaching movements were made and four rather than two 
target locations were presented on each trial. 
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