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Abstract 

The ability to process and respond to environmental cues requires the transformation of a 

sensory stimulus into an appropriate motor response, a process known as a sensorimotor 

transformation. The anti-saccade task can be used to investigate the ability of a subject to 

suppress a reflexive saccade towards a visual stimulus (pro-saccade) and generate a voluntary 

saccade 180° away from it.  Additional steps are involved in the anti-saccade sensorimotor 

transformation that do not occur in the pro-saccade, which may produce performance differences 

between pro- and anti-saccade metrics. We were interested in exploring these differences to gain 

insight on the mechanism of the sensorimotor transformation of the anti-saccade and to uncover 

any directional biases in saccadic performance. Two experiments were performed, one in which 

stimuli were presented at 20 angular positions with a constant eccentricity of 12°, and another 

using 18 possible eccentricities along the horizontal. Pro-saccades had faster SRTs and velocities, 

larger amplitudes, higher accuracy and less variation in their trajectories than anti-saccades. Pro- 

and anti-saccade performance was shown to exhibit a similar dependence on both saccade goal 

direction and eccentricity. Differences manifested as a generalized reduction in anti-saccade 

performance that can be described as a scalar multiple of pro-saccade performance at all 

locations. Possible causes of this reduced performance were speculated to be i) the involvement 

of higher cortical structures, ii) errors in the internal representation of the stimulus, iii) 

sensorimotor coordinate transformation inaccuracy, and iv) online updating of the motor plan and 

the speed accuracy trade off inherent to saccades. The results of this study are comparable to 

previous monkey and human studies however certain differences were found that require further 

investigation. Further investigation is also required to determine the validity of the possible 

causes of performance reduction in the anti-saccade task and their specific contributions. 
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Chapter 1 

General Introduction 

1.1 Statement of the Research Problem  

The intrinsic ability to direct our thoughts and actions in pursuit of an internal goal is an 

essential part of everyday life known as executive control. This ability provides us with flexible 

control over our behavior, essentially governing our choice between a set of actions. Our actions 

can be either instinctive (automatic) or intentional (voluntary). We may respond to a stimulus 

reflexively such as catching a ball thrown towards us, or voluntarily as in choosing to throw a 

ball. The ability to control and regulate our actions enables us to interact with our environment in 

a manner facilitating the achievement of our goals.  

Most knowledge of our surrounding environment is derived from our senses, particularly 

vision, and our reaction to the environment is often of a motor nature. The ability to process and 

respond to environmental cues requires the transformation of a sensory stimulus into an 

appropriate motor response, a process known as a sensorimotor transformation (Pouget and 

Snyder 2000). Many neurological disorders impair an individual’s ability to interact with their 

environment by affecting their capacity to coordinate movements (Snider et al 1976; Krumholz et 

al 1983; Moore 1987; Schneider et al 1987; Syrigou-Papavisiliou et al 1988; Kurlan et al 1989; 

Rossini et al 1989; 1998 Abbruzzese et al 1990,1991,1997; Ghika et al 1993; Jankovic 1994; 

Demirci et al 1997;Jobst et al 1997;  Miguel et al 2000;Berardelli et al 2001). These impairments 

can stem from neurodegeneration occurring in the areas of the brain responsible for sensory 

and/or motor processing thus affecting the execution of sensorimotor transformations 

(Abbruzzese and Berardelli 2003). The complete neural circuitry responsible for computing these 
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transformations is not fully understood, nor is the mechanism by which these computations occur. 

The purpose of this thesis is to examine a process known as the anti-saccade in which a simple 

sensorimotor transformation occurs in order to provide insight on the mechanism of the 

transformation and to substantiate evidence of the brain areas involved and the timing of their 

interactions. 

1.2 Sensorimotor Transformations  

A sensorimotor transformation is the process through which sensory stimuli are 

converted into motor commands (Pouget & Snyder 2000). There are several stages to this process 

and its complexity is influenced by the number of sensory modalities the stimulus encompasses 

and the inherent difficulty of the desired response. Most stimuli do not fall explicitly into one 

category of modality such as “purely visual” or “purely auditory”; rather they contain a 

combination of two or more sensory modalities (Koelewijn et al 2010). For instance, a practical 

example of a situation combining auditory cues with visual cues would be hearing someone call 

your name, while seeing them in your field of vision at the same time. Coordinating a response to 

these combinations requires the intricate coordination of multiple sensory processing systems. 

The separate components comprising the stimulus are simultaneously processed by the centers 

specific to each modality. These representations then combine to provide the complete 

representation of the sensory field necessary to determine the appropriate response, a process 

known as multisensory integration (Koelewijn et al 2010).  

Additional complexity is added by the type of response the stimulus requires. Responses 

requiring the change or initiation of gait are exceedingly complex as they require the coordination 

of multiple limbs to execute the response. Responses such as orienting gaze towards an object of 

interest often require only subtle movements of the eyes known as saccades, the underlying motor 
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circuitry for which is well-known and easily examined in the laboratory (for review see Leigh and 

Kennard 2004). For this particular reason, the sensorimotor transformations of the eye movement 

system were chosen for study in this thesis and will be the focus of all further discussion.   

Regardless of their complexity, all saccadic  sensorimotor transformation processes are 

comprised of at least the following steps: i) the transformation of retinotopic information into a 

memory-linked representation of space, ii) the conversion of this representation into a motor 

command, and iii) the integration of changes in eye position into spatial representations to allow 

for corrective movements (Krappman et al 1998). Expanding slightly on these concepts, the 

process can be described in more detail with the following five steps: 1) the detection/reception of 

the stimuli, 2) the extraction of relevant information contained in the stimuli, 3) the determination 

of an appropriate response, 4) the generation of a motor plan for the response, and 5) the 

execution of the motor command.  

The mechanisms involved in step 1 are well known as detailed study of the sensory 

system has enabled the delineation of the exact process by which a visual stimulus enters the eye 

and is transmitted to the brain (Hubel 1988). Step 2 pertains to the manner in which the 

parameters of a stimulus are internally represented within the sensory system after its detection. 

The parameters of a visual stimulus could pertain to details such as its colour, size or orientation 

in space and these descriptors comprise the representation of the stimulus encoded by the sensory 

system. This internal representation can then be referred to while determining the appropriate 

motor response which is essential as the stimulus may not be continually present in the visual 

field during this process.  The process of generating an internal representation of a visual stimulus   

and has been described in detail for the eye movement system (Hubel 1988). Additionally step 5 

has been studied extensively providing a detailed knowledge of the neural circuitry underlying 
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the innervation of the extraocular muscles and thus the mechanism responsible for generating eye 

movements (Sparks 2002).  Of particular interest to this project are steps 3 and 4, wherein a 

response to the stimulus is selected and the plan of action for that response is computed. These 

mechanisms are not well understood; fortunately they can be probed with eye movement studies. 

1.3 Eye Movements  

  Eye movements are a simple way to study the motor and premotor mechanisms of the 

brain, and as such have been used extensively to study the interaction of brain areas involved in 

their generation (Girard and Berthoz 2005). There are many types of eye movements, each of 

which can provide insight into different aspects of sensorimotor processing and cognition.  

Saccadic eye movements are the most frequently occurring voluntary type which serve to rapidly 

redirect gaze towards or away from relevant stimuli in the environment (Ramat et al 2007). There 

are two types of saccadic eye movements of interest to this study; the pro-saccade and the anti-

saccade (for review see Leigh and Kennard 2004). The saccadic programming for each will be 

described in terms of the 5 steps of sensorimotor transformations outlined above.  

1.3.1 Pro-Saccades 

Saccades made towards a stimulus are known as pro-saccades (see figure 1-1a), and are 

used to examine a subject’s ability to initiate automatic visually triggered responses to external 

stimuli (Munoz et al 2007). Correct performance in the task requires the automatic execution of a 

saccade towards a visual target. The stimulus is detected in the visual field (step 1), and used to 

compute the required direction and amplitude of the pro-saccade response (steps 2 &3), which is 

then transformed into a motor plan (step 4) and executed as a saccade towards the visual stimulus 

(step 5). In this task, the location of the sensory stimulus and the goal of the motor response 

(saccade) are identical causing the sensory and motor plans to align (see figure 1-1a). Since the 
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sensory representation and the motor goal are in direct spatial correspondence, the sensory 

representation can be directly converted into a motor response without any additional 

computation. This direct sensorimotor transformation results in fast saccadic reaction times and 

velocities as well as high accuracy.  

 

 

Figure 1-1 Sensory and Motor Correspondence in Saccade Tasks. a) In the pro-saccade  task, 
the sensory representation of the stimulus and the motor goal of the response are in direct spatial 
correspondence b) In the anti-saccade task, the sensory representation of the stimulus and the 
motor goal of the response are spatially opposite of one another. 

 

1.3.2 Anti-Saccades 

Saccades made away from a stimulus are known as anti-saccades (see figure 1-1b), and 

are used to examine a subject’s ability to coordinate the suppression of the automatic, visually 

triggered pro-saccade response and subsequently initiate a voluntary response in the opposite 

direction (Munoz et al 2007). Correct performance in the task requires the execution of a saccade 

to a goal location 180° away from the visual stimulus and the stages of this task are depicted in 

Figure 1-2 (for review see Everling and Fischer 1998). The stimulus is detected in the visual field 

(step 1), and is used to compute the required direction and amplitude of the pro-saccade response 

(step 2), while suppressing this automatic response in favour of a volitional anti-saccade. The 

anti-saccade response representation is then computed by inverting that of the pro-saccade (step 

3). The inverted representation is then used to compute the appropriate anti-saccade motor plan 

(step 4) which is executed as a saccade away from the visual stimulus (step 5). 

a b 
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In this task, the location of the sensory stimulus and the goal of the motor response 

(saccade) are 180° opposite each other (Hallet 1978), which causes a dissociation of the sensory 

and motor processes (see figure 1-1b). Since the sensory representation indirectly corresponds 

with the motor goal, it cannot be directly converted into a motor response as additional 

computation is required to convert the pro-saccade response representation into that of an anti-

saccade (Nyffeler et al 2007, 2008; Collins et al 2008).  The additional processing required for 

this indirect transformation results in slower saccadic reaction times and velocities than pro-

saccades and also decreases saccadic accuracy. 

 

 
 

Figure 1-2 The Anti-saccade Process.  The anti-saccade task can be described in terms of the 5 
stages of a sensorimotor transformation: 1) the detection/reception of the visual stimulus, 2) the 
extraction of the information contained in the stimulus, 3) the determination of the appropriate 
response, 4) the generation of the motor plan for the response, and 5) the execution of the motor 
command.  
 

1.4 Vector Inversion  

Currently, there is insufficient research to explain the exact mechanism by which the 

transformation from a sensory stimulus to a motor command occurs. This sensorimotor 

transformation is thought take place in the areas of the brain at the interface of sensory and motor 

processing (Li and Andersen 1999).To perform this transformation, the sensory input derived 

from the stimulus must be converted into a corresponding motor command to move the eyes. The 
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sensory input can be thought of as a vector defining the path the eye must travel to look at the 

stimulus. The motor command is computed by inverting the sensory input vector by 180° to 

perform a saccade in the opposite direction; a process known as vector inversion.  

1.4.1 Possible Circuitry 

Saccade generation requires the intricate coordination of many structures of the brain; 

primarily the posterior parietal cortex (PPC), dorsolateral prefrontal cortex (DLPFC), frontal and 

supplementary eye fields (FEF & SEF), basal ganglia (BG), superior colliculus (SC) and 

cerebellum (CBM) as depicted in Figure 1-3.  Of these areas, the PPC, DLPFC, SEF and FEF are 

presumed to be directly involved in the vector inversion sensorimotor transformation process 

(grey box in Figure 1-3). The exact mechanism of these interactions and their timing has been 

examined (Keating et al 1983; Shibutani et al 1984; Guitton et al 1985; Goldman-Rakic 1987; 

Funahashi et al 1989,1990;  Pierrot-Deseilligny et al 1991,2003; Henik et al 1994; Andersen 

1995; Muri et al 1996; Mazzoni et al 1996; Shadlen and Newsome 1996; Ro et al 1997; Schlag-

Rey et al 1997; Everling et al 1998; Schall and Thompson 1999; Gottlieb and  Goldberg 1999;  

Rafal et al 2000; Zhang and Barash 2000, 2004; Sereno et al 2001; Connolly et al 2002; Sato and 

Schall 2003;  Suguira et al 2004; Everling and Munoz 2004; Miller et al 2005; Mendendorp et al 

2005; Ploner et al 2005; Nyffler et al 2007a, 2007b,2008; Moon et al 2007 Watanabe and Munoz 

2009) yet not entirely uncovered. Additionally, studies tracing activity patterns via imaging and 

electrophysiology have determined the processing sequence outlined below. 

A stimulus is perceived by the hemisphere contralateral to its location in the visual field 

(step 1) and its spatial characteristics are extracted in the PPC of that hemisphere (step 2)  

(Mendendorp et al 2005; Moon et al 2007; Nyffeler et al 2007b, 2008). The DLPFC determines 

the appropriate response based on information contained in the visual cue (step 3), and inhibits 
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the reflexive pro-saccade response while sending task selective signals to the SC (Gaymard et al 

1999; Guitton et al 1985; Pierrot-Deseilligny et al 1991, 2003; Johnston and Everling 2006, 

Nyffeler et al 2007a). The pro-saccade visual vector is then thought to be inverted in the PPC 

(step 3) and the signal is transferred across the midline to the PPC ipsilateral to the stimulus 

which activates the PPC neurons whose receptive fields match the anti-saccade end point 

(Nyffeler et al 2008).  The ipsilateral PPC is then thought to begin the motor planning of the 

saccade (step 4)  and transmit this signal to the FEF for further processing and saccade execution 

(step 5) (Nyffeler et al 2007b, 2008). 

To date, there have been a number of studies making use of behavioral, 

electrophysiological, and imaging tools and techniques to explore exactly how and where the 

vector inversion processes takes place. These studies were dedicated to examining activity in 

areas of the brain thought to be directly involved in vector inversion and have delineated 

dorsolateral prefrontal cortex (DLPFC), frontal and supplementary eye fields (FEF and SEF), as 

well as the posterior parietal cortex (PPC); particularly the intraparietal sulcus (IPS) and its 

monkey homologue the lateral intraparietal area (LIP), as probable participants in the inversion 

process. Figure 1-3 below depicts the possible neural circuitry responsible for vector inversion 

and anti-saccade generation.  For the sake of completeness, this diagram includes other areas of 

the brain thought to contribute to aspects of saccade generation which may not be directly 

involved in the inversion of the visual vector.  



 

9 

 

 

Figure 1-2 Saccade Generation and Possible Vector Inversion Circuitry. The circuit diagram 
depicting the possible connectivity and involvement of the areas of the brain thought to contribute 
to the vector inversion process. 

 

1.5 Hypothesis and Thesis Objectives 

Most previous studies pertaining to vector inversion have focused on specific 

components of the process individually, investigating in detail the activity of a particular structure 

(or pair of structures) thought to be involved in the process. We chose to approach the vector 

inversion process as a whole using purely behavioral saccade tasks in human subjects to delineate 

the differences in performance observed between pro- and anti- saccades (Fischer and Weber 

1992,1997; Krappmann et al 1998; Dafoe et al 2007).  

The difference between the anti- and pro-saccade tasks centers on the additional steps 

involved in the anti-saccade sensorimotor transformation, specifically the suppression of the 

automatic pro-saccade response, the inversion of the pro-saccade visual vector (to produce the 

anti-saccade visual vector) and the subsequent transfer of this signal across the midline. As these 

steps are not a part of the pro-saccade task, it would suggest that any differences in performance 
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observed between pro- and anti-saccades are a result of these additional steps and should 

therefore shed light onto the vector inversion transformation mechanism. The goal of this thesis is 

to explore the mechanism behind the vector inversion process using the results of extensive 

analysis of saccade metrics produced during behavioral experiments to consolidate existing 

imaging and electrophysiology findings. We predict that many saccade parameters will exhibit a 

dependence upon the direction and eccentricity of the saccade goal and that the nature of this 

dependence may differ between pro- and anti-saccades. Examining this dependence is predicted 

to reveal any inherent physiological biases at work in the task, and uncover any effects of vector 

inversion on saccadic performance. 
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Chapter 2 

The Influence of Saccade Goal Angular Location  

2.1 Introduction 

In a laboratory setting, the anti-saccade task can be used to investigate the exertion of 

flexible control over behavior. The “control” aspect is demonstrated by the ability to suppress an 

automatic response to look at the stimulus and subsequently choose to execute a voluntary motor 

command to look in the opposite direction. Successful performance in this task can be quantified 

with saccade metrics such as error rates and reaction times; however what these quantities are 

actually measuring remains unclear. A slow reaction time during an anti-saccade trial could be 

the result of suppressing the automatic response, computing the vector inversion transformation 

or both. As such, these parameters allow us to score a subject’s performance without a thorough 

understanding of what neural processes are actually being measured.  

Because this task has been studied extensively to examine both sensory and motor control 

and the influences of age, gender and various pathologies on task performance, this lack of 

definition becomes problematic. A subject’s performance can be described as impaired when 

quantitatively compared to normal and abnormal performance (for review see Everling and 

Fischer 1998; Leigh and Kennard 2004; Munoz et al 2007), but it is not yet possible to define 

which component of the task causes the impairment. Without this definition it is not possible to 

pinpoint which area of the brain is specifically affected by the pathology in question and how its 

contribution to the task at hand causes performance impairments. 

In order to improve the validity of the anti-saccade task as a clinical tool which provides 

insight on various neurological and psychiatric conditions, it is necessary to gain a better 
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understanding of the neural processes underling the execution of this task. A common approach 

to studying unknown systems involves the use of a “black box” model which receives a set of 

defined inputs and produces measurable outputs (for review see Beizer 1995). For application to 

the anti-saccade task, we would say that the black box represents the vector inversion process as a 

whole, including task suppression. Our input parameters would pertain to the stimuli prompting 

the saccade, and our output parameters would be any measurable saccade metrics (see Figure 2-

1). Since the purpose of this study is to examine performance differences between pro- and anti-

saccades in order to better understand the inversion process, the black box model is an essential 

tool in this undertaking.  

 

 

Figure 2-1 Vector Inversion Black Box Model 

 
The input parameter chosen for this experiment was the angular position of the saccade 

goal pertaining to its location in the visual field. Its counterpart, the saccade goal eccentricity will 

be examined separately in the experiment described in Chapter 3.  These parameters were chosen 

to exploit the manner in which commands for saccade amplitude and direction are encoded in 

polar coordinates within the superior colliculus (Robinson 1972).  The separation of these 

parameters allows for the independent investigation of their effects on saccadic performance. The 

output parameters chosen to measure performance on the task were the saccadic reaction time, 

amplitude, velocity, end point accuracy and saccade trajectory. 

 Pro-saccade performance will serve as a control to define variations occurring due to 

physiological constraints in order to separate them from the variations of interest which occur as a 
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result of the task. We hypothesized that variations to the saccade goal angular position would 

reveal the manner in which saccade parameters depend upon stimulus direction as well as the 

degree to which performance is reduced in the anti-saccade task. This task  was predicted to 

uncover any differences in the dependence upon direction between pro- and anti-saccades as well 

as determine the existence of any directional biases. Many behavioral studies have examined pro- 

and anti-saccade performance on the horizontal (Fischer and Weber 1992, 1997; Kalesnykas and 

Hallett 1994; Weber and Fischer 1995; Fischer et al 1997; Munoz et al 1998; Cornelissen et al 

2002; Reingold and Stampe 2002; Kristjansson et al 2004) or vertical (Kalesnykas and Hallett 

1994; Goldring and Fischer 1997) meridians. Some studies have even tested pro- and anti-saccade 

responses to stimuli at a few different angular positions in humans (van Opstal and van Gisbergen 

1989; Krappmann et al. 1998; Dafoe et al. 2007) and monkeys (Amador et al 1998; Bell et al. 

2000).  

The limitations of these studies pertain to the number of stimulus locations chosen and 

the parameters of these stimuli. Using a small number of stimulus locations introduces an element 

of prediction into the saccade task as the subject can begin to guess where the next stimulus may 

appear (Dorris and Munoz 1998). Additionally, focusing on stimulus locations that are equidistant 

from the horizontal and vertical meridians may interfere with the vector inversion as the subject 

can use the meridians as “landmarks” to assist the computation. In order to determine the true 

mechanism of vector inversion, this predictive bias must be eliminated. The choice of stimulus 

eccentricity is also crucial as eccentricities of 8-10 visual degrees were found to have the fastest 

reaction time (Bell et al 2000). Additionally, the main sequence relationship describing the 

dependence of velocity upon amplitude is approximately linear for saccades with eccentricities 

less than 20 visual degrees (Leigh and Zee 2006). Based on these findings we chose to vary the 
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position of the stimulus through the 360° of the visual field at a constant eccentricity within the 

linear range of the main sequence using an increased number of goal positions to ensure the 

elimination of the predictive bias. 

2.2 Methods 

2.2.1 Participants  

Ten participants (4 men and 6 women) ranging in age from 21 to 27 years old from 

Queen’s University volunteered to participate in the study. All subjects were right hand dominant 

with no known neurological disorders and normal or corrected-to-normal vision. Participants 

gave written consent and received $20 for each of four 1hour sessions. All experimental 

procedures were reviewed and approved by Queen’s University Human Research Ethics Board.  

2.2.2 Data Acquisition  

Subjects sat upright 58 cm away from a 20’’ monitor in a pitch black room such that no 

environmental cues (monitor edges, external light sources etc.) would influence the task.  Eye 

position was recorded via the infrared cameras of a tower mounted EyeLink 1000 (SR Research 

Ltd.) sampling at 2000Hz and was stored for off-line analysis. The head was stabilized by both a 

chin and forehead rest. Each session began with a nine-point calibration routine in which subjects 

were asked to fixate on a point presented at nine locations covering the maximum available visual 

field of the screen (approximately 46cm). Additional calibrations were performed regularly 

throughout the session at intervals of 50 trials and as needed. 

Subjects completed pseudo-randomly interleaved pro- and anti-saccade trials (50% pro, 

50% anti), the display for which was run by Experiment Builder software provided by SR 
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Research Ltd. with the EyeLink1000. Subjects performed a total of 800 trials over four sessions 

for a total of 20 trials per independent condition.  

2.2.3 Paradigm  

The outline of a dim (0.01 Cd/m2) white circle with a radius of 12 visual degrees 

remained on the black screen (<0.001 Cd/m2) throughout the entire trial. White stimuli appeared 

on the circumference of this large circle and the fixation point was presented at its center. The 

stimuli and fixation points were circular (0.3° in diameter) and isoluminant at 0.39 Cd/m2. The 

subject’s task was to interpret the instruction indicated by the colour of the fixation point located 

at the center of the circle and perform either a pro-saccade (green) or anti-saccade (red) response 

to a visual stimulus presented along the circumference of the circle.  The eccentricity of the 

saccade goal was held constant at 12° while varying its angular position on the circle through 

360° for a total of 20 possible positions; each separated by 18° as depicted in Figure 2-2a.  

A trial began with a 15 ms audio cue to alert the subject to the start of the task. This cue 

was followed by a 1000 ms fixation period in which the subject interpreted the instruction for the 

upcoming task from the colour of the fixation point located in the center of the circle. After the 

disappearance of the fixation point, a 200 ms gap period was introduced to reduce reaction times 

and encourage errors (Leigh and Zee 2006), followed by the 90 ms presentation of a stimulus at 

one of the 20 locations. The stimulus presentation was brief to ensure the stimulus disappeared 

before the subject’s eye reached the goal.  The trial ended 1000 ms after the stimulus presentation 

for a total elapsed time of 2.3 seconds per trial (see Figure 2-2b). 
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Figure 2-2 Angular Position Paradigm (a) task and (b) timing 

 

2.2.4 Data Analysis 

Saccade metrics were extracted with both an automatic and manual marking program 

written in MATLAB. The automatic program detected the beginning and end of a saccade based 

on velocity and acceleration template matching (Waitzman et al 1991). Saccadic initiation was 

detected when the recorded velocity and acceleration were greater than 30°/s and 9500°/s2 

respectively. Additionally, a position change of at least 0.15° amplitude after saccade onset was 

required to be called a saccade. All marks were verified or adjusted by the experimenter 
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manually. Trials with excessive noise, no saccades, blinks, and profound task comprehension 

errors (as evidenced by abnormally high direction error rates) were manually excluded. Trials 

with moderate noise introduced by jitter in the eye position trace were filtered individually to 

remove noise prior to manual marking. The saccade metrics under examination in this study were 

saccadic reaction time, amplitude, velocity, saccade trajectory and end point accuracy, all of 

which will be described below. All metrics were computed with respect to the primary saccadic 

movement, (defined as the first saccadic response to a stimulus) unless otherwise stated. 

Saccadic reaction time (SRT) was calculated as the delay from stimulus appearance to the 

onset of the primary saccade. Saccade trajectory was examined in terms of the start and end 

stages of the saccade path. The ideal trajectory was defined as the direct path (straight line) 

between the fixation point and the saccade goal. Each saccade trajectory was split into two 

components, one vector between the start and midpoint of the saccade representing the initial 

saccade path, and a second vector between the start and end points of the saccade representing the 

final saccade path (see Figure 2-3a).  The magnitude of the angle between the two vectors 

quantifies the change in trajectory occurring during the saccade.  These angles were normalized 

by considering only the absolute value representing the angular difference between the two 

vectors in order to allow all angular positions to be compared to each other. Under this system, a 

saccade following an ideal trajectory would have no angular difference between the initial and 

final vectors as the final vector would simply be a scalar multiple of the initial vector. The 

angular deviation between the initial and final vectors represents the degree to which the saccade 

path deviates from the ideal trajectory. The mean trajectory of each saccade goal location was 

also examined, and was computed as by averaging the position data at each sample point for all 

trials to a particular location across all subjects.  
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Figure 2-3 Saccade Parameters  a)  initial and final trajectory vectors b) correct end point range 

 

End point accuracy refers to the proximity of the saccade end points to the goal location. 

In order to define these points, a coordinate system must be chosen in which to represent them. 

However, numerous brain regions are involved in the generation of saccades (for review see 

Girard and Berthoz 2005), and they do not all share a common coordinate system for encoding 

information. Eye movements are produced when the ocular motoneurons are innervated by 

horizontal and vertical burst generators within the paramedian pontine reticular formation (PPRF) 

and rostral interstitial medial longitudinal fasciculus (riMLF) respectively (Leigh and Zee 1999; 

Scudder et al 2002). The contribution of horizontal and vertical components to oblique saccades 

suggests the possible representation of saccadic end points in Cartesian coordinates, however as 

this study is concerned with the vector inversion process specifically, it follows that the 

coordinate system of the brain areas in which the transformation takes place should be used in the 

representation.  The final common path of saccades  is the superior colliculus (SC) (Girard and 

Berthoz 2005), a structure which receives inputs from many cortical areas (Platt et al 2004); a 

subset of which are thought to be directly involved in vector inversion (Guitton et al 1985; 

Pierrot-Deseilligny et al 1991, 2003; Everling et al 1998; Gaymard et al 1999;  Johnston and 

Everling 2006;  Zhang and Barash 2000, 2004; Sato and Schall 2003; Mendendorp et al 2005; 

a b 
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Moon et al 2007; Nyffeler et al 2007a,2007b, 2008).  Saccadic commands within the SC are 

encoded in polar coordinates representing the amplitude and direction of eye movements (for 

review see Sparks 2002), and as such this system was chosen as the coordinate representation for 

use in the analysis of end point accuracy. 

 Using the polar coordinate system (r,θ),  the radial coordinate  r  is defined as the radial 

distance between the fixation point and the saccade end point, which is also known as the 

saccadic amplitude. The angular coordinate θ is defined as the counterclockwise angle between 

the radial distance vector and the + x axis, which is also known as the saccadic direction.  To 

examine end point accuracy, the differences between the saccadic amplitude of the actual saccade 

and that of the goal were compared. With this system, positive values of end point accuracy 

referred to saccades that overshot their goal locations, while negative values indicated hypometric 

saccades. For example, a negative value for accuracy in the r component indicates that the 

saccadic amplitude was smaller than the amplitude of the saccade goal. Likewise, the differences 

between the saccadic direction of the actual saccade and that of the goal were compared (as an 

absolute value). These comparisons created two difference values to represent the end point 

accuracy of the saccade in polar coordinates: amplitude accuracy (r), and directional accuracy (θ).  

Saccadic accuracy was examined with respect to both the primary and final end points of 

a saccade, defining the primary end point as the result of the primary saccadic movement, and the 

final end point resulting from corrective saccades occurring after the primary saccade to improve 

accuracy (Deubel et al 1982).  The final end point was taken from the last corrective saccade in 

the trial, within which the number of corrections could range from 1-3. Examining the effects of 

corrective saccades provides insight as to the manner in which saccadic accuracy is improved by 

online updating, consequently uncovering deficits in the internal representation of the saccade 
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goal. Corrective saccades typically occur within 100-130ms of the primary movement when it is 

hypometric of the goal by more than 5° (Leigh and Zee 1999). However, since we predicted the 

angular position of the stimulus would influence the reaction times of the primary saccade, it 

stands to reason that corrective saccade latency could also be affected. As such, the above 

mentioned constraints of timing and amplitude were not strictly applied in the definition of a 

corrective saccade. Corrective saccades were classified by visual inspection as significantly 

corrective movements following a hypometric primary saccade which brought the eye closer to 

the saccade goal. It is worth noting however, that without rigid definition it is possible that some 

of these corrective saccades may have in fact been spontaneous or the result of other processes.   

Primary saccades with latencies shorter than 90ms were classified as anticipatory and 

excluded from the analysis (Wenban-Smith and Findlay 1991, Munoz et al 1998). Saccades with 

latencies longer than 1000 ms were assumed to be due to lack of attention and were also 

excluded. Direction errors for anti-saccade trials were defined as saccades whose endpoints fell 

within ±90° angular deviation of the stimulus, and rates were found to range from 1-15% between 

subjects. Direction errors of pro-saccades were not considered due to their relative infrequency 

and consistency across all goal locations. One subject was excluded from the analysis due to an 

extremely high direction error rate (85%) indicating the task was not understood. 

 In order to ensure we were studying the effects of vector inversion at each location, we 

chose to further limit the accuracy range of a saccade. To be classified as correct, a saccade had to 

be within ±18° angular deviation of the goal (see Figure 2-3b) and no limitations were imposed 

on radial eccentricity. Additionally, for all metrics examined (SRT, amplitude, velocity, radial 

end point accuracy, angular end point accuracy and  saccade trajectory), the intrasubject mean 

was computed and values exceeding two standard deviations were eliminated. These corrections, 
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combined with the angular deviation limit resulted in the average loss of 15-25% of trials per 

subject per condition. The corrected data was then used to produce the intersubject means 

depicting performance in the results section to follow. 

2.2.5 Statistical Analysis 

The omnibus test for multivariate normality showed significant effects for pro/anti, 

angular position and their interactions, therefore univariate Analyses of Variance (ANOVA) were 

performed on each dependent measure separately. Dependent measures were analyzed with a 

2x20 repeated measures ANOVA (task [pro- vs. anti-] x angular position [0°, 18°, 36°, 54°, 72°, 

90°, 108°, 126°, 144°, 162°, 180°, 198°, 216°, 234°, 252°, 270°, 288°, 306°, 324°, 342°]) with 

results  collapsed across all participants.  

 Planned statistical comparisons were performed on each dependent measure to examine 

performance in the upper (18°, 36°, 54°, 72°, 90°, 108°, 126°, 144°, 162°)  versus lower (198°, 

216°, 234°, 252°, 270°, 288°, 306°, 324°, 342°) hemifields; the left (108°, 126°, 144°, 162°, 180°, 

198°, 216°, 234°, 252°)  versus right (72°, 54°, 36°,18°, 0°,  342°, 324°, 306°,  288°) hemifields; 

and the cardinal (0°,90°,180°, 270°)  versus offset (18°, 36°, 54°, 72°, 108°, 126°, 144°, 162°, 

198°, 216°, 234°, 252°, 288°, 306°, 324°, 342°)  positions. Post hoc comparisons were performed 

on areas of interest using the Bonferroni correction. These areas of interest were as follows: 1) 

amplitude at the three most upward goal locations (72°, 90°, 108°), and  2) velocity of the three 

most downward locations (252°, 270°, 288°). 
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2.3 Results 

2.3.1 Direction Errors 

Figure 2-4 shows the percentage of direction errors as a function of the saccade goal 

angular position. Direction error occurrence was not dependent on the angular position of the 

saccade goal F(19,152)=0.73, p=0.788. Planned comparisons showed no significant differences 

between upward and downward saccades t(8)=0.373, p=0.719, or between leftward and rightward 

saccades t(8)=0.43, p=0.680.  No significant differences were observed for saccades to cardinal 

locations compared to offset locations t(8)=0.68, p=0.515.  

 

Figure 2-4 Direction Errors. Mean percentage of direction errors (± standard error) in the anti-
saccade task across all subjects as a function of saccade goal angular position. 

 

2.3.2 SRT 

Pro-saccades were generated with shorter SRTs than anti-saccades at all saccade goal 

angular positions and were typically ~120 ms faster. Figure 2-5 shows the intersubject mean 

reaction times of the primary saccade as a function of saccade goal angular position for correct 

trials. Mean reaction times ranged from 228 to 282 ms  for pro-saccades and 325 to 391 ms for 
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anti-saccades, F(1,8)=20.15, p=0.002.  These reaction times are much longer than previously 

observed (Bell et al 2000, Dafoe et al 2007) likely due to the successful removal of prediction and 

the weak contrast of stimuli in this task. 

SRT was dependent on the angular position of the saccade goal across the range tested, 

F(19,152)=2.72, p<0.001 and this was consistently found under two of the three corrections for 

sphericity: Huynh-Feldt , F(5,40)=2.72, p=0.034, and approached significance using the 

Greenhouse-Geisser correction; F(3,24)=2.72, p=0.068. SRT also interacted with task, 

F(19,152)=2.94, p<0.001.          

 

Figure 2-5 Saccadic Reaction Times Mean SRT (± standard error) across all subjects as a 
function of saccade goal angular position.  

 

Planned comparisons showed pro-saccade SRT to be shorter for saccades directed into 

the lower hemifield than those into the upper hemifield, t(8)=2.73, p=0.026, while no significant 

differences were observed between upwards and downward anti-saccades,  t(8)=1.74, p=0.119. 

No significant differences were observed for saccades directed into the leftward hemifield 

compared to the rightward hemifield for both pro-saccades, t(8)=1.24, p=0.250, and anti-
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saccades, t(8)=0.07, p=0.946. Pro-saccades to cardinal locations had longer latencies than those to 

offset locations t(8)=3.62,p=0.007, whereas anti-saccades to cardinal locations had shorter 

latencies than those to offset locations t(8)=2.61, p=0.031. 

In summary, the dependence of SRT on saccade goal angular position manifested 

differently for pro- and anti-saccades observing the fastest pro-saccades for goals located in the 

lower hemifield. Prossaccade SRTs were consistently faster than antisacades at each location. 

Additionally, there were pronounced differences in SRT between saccades to cardinal and offset 

locations however this relationship was found to be opposite for pro- compared to anti-saccades. 

2.3.3 Amplitude 

Pro- and anti-saccades had similar amplitudes at most saccade goal angular positions. 

Figure 2-6 shows the intersubject mean amplitudes of the primary saccade as a function of 

saccade goal angular position for correct trials. Mean amplitudes ranged from 12.4 to 13.2 

degrees for pro-saccades, and 11.9 to 12.8 degrees for anti-saccades, F(1,8)=2.68, p=0.140. 

Amplitude was dependent on the angular position of the saccade goal across the range 

tested, F(19,152)=6.37, p<0.001; and was independent of task, F(19,152)=1.62, p>0.05 as is 

consistent with previous findings (Bell et al 2000, Dafoe et al 2007). 

Planned comparisons showed that saccades directed upward were larger in amplitude 

than those directed downward for both pro-saccades, t(8)=2.89, p=0.020, and anti-saccades, 

t(8)=2.38, p=0.045. No significant differences were observed between saccades directed into the 

leftward and rightward hemifields for both pro-saccades, t(8)=1.13, p=0.290 and anti-saccades, 

t(8)=0.085. Pro-saccades to cardinal locations had smaller amplitudes than those to offset 

locations t(8)=2.81, p=0.023, whereas no significant differences were observed for anti-saccades, 

t(8)=0.87, p=0.410.     
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Figure 2-6 Saccadic Amplitudes. Mean amplitude (± standard error) across all subjects as a 
function of saccade goal angular position. 

 

 
Post hoc tests demonstrated that saccades directed towards the three most upwards 

locations (72° ,90°and 108°)  had the greatest amplitudes of all saccade goal locations in the 

range tested for both pro-saccades t(8)=2.77, p=0.024, and  anti-saccades t(8)=2.79, p=0.024, 

with amplitude differences averaging at 1.6 and 2.7 visual degrees respectively. 

In summary, the dependence of amplitude on saccade goal angular position was 

expressed in a similar manner for both pro- and anti-saccades observing the largest amplitudes for 

goals located in the upper hemifield in particular towards the three most upward locations. Pro-

saccades had larger amplitudes than anti-saccades at all locations with the exception of the most 

upward goal locations at which anti-saccades amplitudes exceeded that of pro. Pro-saccades were 

observed to more frequently overshoot their goal locations while anti-saccade tended to 

undershoot them. 
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2.3.4 Velocity 

Figure 2-7 shows the intersubject mean velocity of the primary saccade as a function of 

saccade goal angular position for correct trials. Mean velocities ranged from 363 to 402 deg/s for 

pro-saccades and 331 to 369 deg/s for anti-saccades, F(1,8)=18.66, p=0.003. Pro-saccades had 

consistently faster peak velocities than anti-saccades however both tasks observed the same 

dependence on angular position. This magnitude scaling was consistent with previous findings 

demonstrating that bigger eye movements have greater velocities (Leigh and Zee 2006; Bell et al 

2000), considering that all anti-saccades were hypometric and had slower velocities. Additionally, 

it has been shown that saccades made in complete darkness (i.e. made in the direction opposite a 

visual stimulus) are 10% slower than pro-saccades (Leigh and Zee 2006). 

Velocity was dependent on the angular position of the stimulus across the range, 

F(19,152)=6.12, p<0.001; and was independent of task, F(19,152)=0.71, p>0.05 as was expected 

due to the main sequence dependence upon amplitude. Planned comparisons showed that 

saccades directed upwards had distinctively faster velocities than those directed into the lower 

hemifield for pro-saccades t(8)=2.60, p=0.032, and approached significance for anti-saccades 

t(8)=2.17, p=0.062. This trend was expected due to the amplitude difference between upwards 

and downwards saccades.  No significant differences were observed between pro-saccades 

directed into the leftward and rightward hemifields, t(8)=1.71, p=0.126, however rightward anti-

saccades were faster than leftward t(8)=3.52, p=0.008. Pro-saccades to cardinal locations had 

faster velocities than those directed towards offset locations, t(8)=2.76, p=0.025, whereas no 

significant differences were observed for anti-saccades, t(8)=1.41, p=0.198. 
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Figure 2-7 Saccadic velocity Mean velocity (± standard error) across all subjects as a function of 
saccade goal angular position. 

 

Post hoc tests demonstrated that saccades directed towards the three most downward 

positions (252°, 270°and 288°)  had the slowest velocities of all saccade goal locations in the 

range tested for both pro-saccades t(8)=4.77, p=0.001, and  anti-saccades t(8)=4.25, p=0.003 

which was not consistent with the main sequence relationship between velocity and amplitude. If 

the velocity profile depended exclusively on the amplitude of the saccade, we would expect it to 

exhibit a trend similar to the amplitude profile reaching a peak directly between the horizontal 

meridians at 90°, and reaching a constant level at 180°. This trend however was not observed, in 

fact the exact opposite was found (peak with minimum at 270°) and it is likely that another factor 

introduced this discrepancy, which will be addressed in the discussion. 

In summary, the dependence of velocity on saccade goal angular position was expressed 

in a similar manner for both pro- and anti-saccades observing the slowest velocities for goals 

located in the lower hemifield in particular towards the three most downward locations. Pro-

saccade velocities were consistently faster than anti-saccades at each position. Additionally, the 
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relationship between velocity and amplitude was not consistent with the expectations described 

by the main sequence and will be covered in the discussion. 

2.3.5 Saccade Trajectories  

Figure 2-9a shows the mean angular difference between initial and final trajectory vectors 

as a function of saccade goal angular position during correct trials with mean angles ranging from 

1.2 to 2.5 degrees for pro-saccades, and 1.9 to 3.5 degrees for anti-saccades, F(1,8)=22.73, 

p=0.001. Angular deviation was dependent on the angular position of the saccade goal across the 

range tested, F(19,152)=3.06, p<0.001; and interacted with task, F(19,152)=1.85, p=0.022.  This 

interaction however was only found under one of the three corrections for sphericity: Huynh-

Feldt , F(13,104)=1.85, p=0.044. 

Planned comparisons showed no significant differences in performance between upwards 

and downward saccades for both pro- t(8)=0.46, p=0.659 and anti-saccades, t(8)=1.10, p=3.03. 

No significant differences were observed between leftward and rightward saccades for both pro- 

t(8)=2.16, p=0.063 and anti-saccades, t(8)=1.97, p=0.085.  Saccades to cardinal locations were 

found to have less angular deviation between the initial and final saccade trajectory vectors than 

those to offset locations for both pro- t(8)=3.07, p=0.006 and anti-saccades, t(8)=4.79, p=0.001.  

Figure 2-9b shows the mean trajectory for each saccade goal location for both pro- (blue) and 

anti-saccades (red).   

Saccades to ordinal locations tend to follow the ideal trajectory with little variability at 

the end of the path, with the ideal trajectory defined as a straight line between the fixation point 

and the saccade goal. Saccades to locations between the horizontal and vertical ordinals curved 

towards the vertical in their respective hemifields, (i.e. upward saccades curve towards 90° and 

downward saccades curved towards 270°). This curvature became more pronounced at locations 
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equidistant from the horizontal and vertical ordinals as did the variability in the trajectory 

observed as it came to the end of its path as is consistent with previous findings (Dodge 1917; 

Helmholtz 1962; Yarbus 1967; Viviani and Swensson 1982). 

   

 

Figure 2-9 Saccade Trajectories a)  Mean angular difference between initial and final 
trajectories (± standard error) across all subjects as a function of saccade goal angular position., 
b) mean saccade trajectories to each saccade goal location (blue=pro, red=anti) c) all pro-saccade 
trajectories, d) all anti-saccade trajectories. 

 

Figures 2-9c &d show the trajectories of all of pro- and anti-saccades at each angular 

position. Pro- and anti-saccades demonstrated similar dependence upon angular position 
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suggesting that the trajectory of a saccade is not greatly affected by the vector inversion process.  

In general, pro-saccades experienced slightly less variance in from the ideal trajectory path. Anti-

saccades however took a wider range of trajectories and tended to deviate significantly from the 

ideal trajectory causing the saccade to travel the path of a neighbouring saccade goal before 

diverting back towards its own goal as evidenced by the overlap of colours seen in Figures 2-

9c&d. This may be influenced by the increased end point errors seen for anti-saccades. The 

trajectory of a pro- and anti-saccade may in fact be similar if the saccade end point is identical.  

In summary, the dependence of saccade trajectory deviation on saccade goal angular 

position manifested differently for pro- and anti-saccades, although both observed the least 

deviation for saccades to cardinal goals. The deviation between final and initial trajectories was 

found to be greater for anti-saccades at most locations. Trajectory curvature was found to be 

greatest for oblique saccades which curve towards their nearest vertical meridian and was more 

pronounced for anti-saccades. 

2.3.6 End Point Accuracy 

       Figure 2-10a shows the mean amplitude offset of the primary saccade as a function of saccade 

goal angular position for pro- and anti-saccades during correct trials with mean offsets ranging 

from 0.40 to 1.16 degrees and -0.10 to 0.82 degrees respectively, F(1,8)=2.68, p=0.140.  Primary 

amplitude end point accuracy was dependent on the angular position of the saccade goal across 

the range tested, F(19,152)=6.37, p<0.001, and was independent of task, F(19,152)=1.62,  

p=0.058. 

Planned comparisons showed downward saccades had higher amplitude accuracy of the 

primary saccade than those directed upwards, for both pro-,  t(8)=2.89, p=0.020, and anti-

saccades, t(8)=2.38, p=0.045. No significant differences in amplitude accuracy were observed for 
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saccades directed into the leftward hemifield compared to the rightward hemifield for both pro-

saccades, t(8)=-1.13, p=0.293, and anti-saccades, t(8)=1.97, p=0.085. Pro-saccades to cardinal 

locations had higher amplitude accuracy than those to offset locations t(8)=2.81,p=0.023, but no 

significant differences were observed for anti-saccades t(8)=0.87, p=0.409. 

      

     

Figure 2-10 End Point Accuracy between Pro- and Anti-saccades. Mean end point offset (± 
standard error) across all subjects as a function of saccade goal angular position for  a) primary 
amplitude accuracy b)primary angular accuracy c) final amplitude accuracy d) final angular 
accuracy. 

 

Figure 2-10c shows the mean amplitude offset of the final saccade as a function of 

saccade goal angular position for pro- and anti-saccades during correct trials with mean offsets 

ranging from 1.38 to 2.16 degrees and 1.76 to 2.80 degrees respectively, F(1,8)=4.20, p=0.074.  
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Final amplitude end point accuracy was dependent on the angular position of the saccade goal 

across the range tested, F(19,152)=7.05, p<0.001, and interacted with task, F(19,152)=4.74, 

p<0.001. 

Planned comparisons demonstrated no significant differences in the amplitude accuracy 

of the final saccade for upward vs. downward saccades for both pro- t(8)=2.05, p=0.074, and anti-

saccades, t(8)=1.65, p=0.138. Leftward saccades had more accurate amplitudes than rightward 

saccades for both pro-,  t(8)=2.57, p=0.0.033, and anti-saccades, t(8)=7.17, p<0.001. Final pro-

saccades to cardinal locations had less accurate amplitudes than those to offset locations 

t(8)=3.29, p=0.011, as did anti-saccades t(8)=7.85, p<0.001.  

Figure 2-10b shows the mean angular offset of the primary saccade as a function of 

saccade goal angular position for pro- and anti-saccades during correct trials with mean offsets 

ranging from 3.70 to 4.47 degrees and 7.46 to 8.05 degrees respectively, F(1,8)=356.92, p<0.001.  

Primary directional end point accuracy was dependent on the angular position of the saccade goal 

across the range tested, F(19,152)=4.63, p<0.001; and interacted with task, F(19,152)=4.66, 

p<0.001. 

Planned comparisons showed downward primary pro-saccades had higher directional 

accuracy than those directed upwards t(8)=2.65, p=0.029, whereas no differences were observed 

for anti-saccades, t(8)=0.03, p=0.974. No significant differences in directional accuracy were 

observed for saccades directed into the leftward hemifield compared to the rightward hemifield 

for both pro-saccades, t(8)=0.65, p=0.535, and anti-saccades, t(8)=0.2.16, p=0.063. Anti-saccades 

to cardinal locations had higher directional accuracy than those to offset locations 

t(8)=3.81,p=0.005, however no significant differences were observed for pro-saccades t(8)=2.01, 

p=0.080.  
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Figure 2-10d shows the mean angular offset of the final saccade as a function of saccade 

goal angular position for pro- and anti-saccades during correct trials with mean offsets ranging 

from  3.62to 4.46 degrees and 6.46 to 7.33 degrees respectively, F(1,8)=63.76, p<0.001.  Final 

saccade directional accuracy was dependent on the angular position of the saccade goal across the 

range tested, F(19,152)=4.04, p<0.001; and interacted with task, F(19,152)=2.82, p<0.001. 

Planned comparisons showed that downward final pro-saccades had higher directional 

accuracy than those directed upward, t(8)=4.01, p=0.004, however no differences were observed 

for anti-saccades, t(8)=0.67, p=0.523 . No significant differences were observed for saccades 

directed into the leftward hemifield compared to the rightward hemifield for both pro-saccades, 

t(8)=-0.55, p=0.594, and anti-saccades, t(8)=-0.1.26, p=0.245. Pro-saccades to cardinal locations 

had higher directional accuracy than those to offset locations t(8)=2.99,p=0.017, as did anti-

saccades t(8)=4.38, p=0.002.  

In summary, for primary saccades the dependence of amplitude accuracy on the saccade 

goal angular position manifested in a similar manner for pro- and anti-saccades observing higher 

accuracy for downward saccades . Additionally, pro-saccades were more accurate to cardinal goal 

locations. The amplitude accuracy of the final saccade depended on saccade goal angular position 

manifested in a similar manner for pro- and anti-saccades observing higher accuracy for leftward 

saccades and lower accuracy for saccades to cardinal goal locations. The trend observed between 

upwards and downwards primary saccades was not present in final saccades. 

The dependence of directional accuracy on the saccade goal angular position of primary 

saccades manifested differently for pro- and anti-saccades observing higher accuracy for 

downwards pro-saccades and cardinal anti-saccades. These trends were preserved for final 

saccades with the addition of higher accuracy for cardinal pro-saccades. 
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2.3.7 Corrective Saccades 

Saccadic amplitude accuracy tended to decrease with the inclusion of corrective saccades 

increasing the degree to which the saccade overshoots the goal location. Directional accuracy of 

pro-saccades was unaffected by the inclusion of step saccades, however anti-saccade accuracy 

was improved. This suggests that online corrections to pro-saccades are primarily related to the 

modification of saccadic amplitude, not direction. Alternatively, these results show that anti-

saccades experience modifications to both amplitude and direction via corrective saccades. 

Figure 2-11a shows the mean pro-saccade amplitude offset as a function of saccade goal 

angular position for primary and final saccades during correct trials, F(1,8)=88.60, p<0.001, 

which was dependent on the angular position of the saccade goal across the range tested, 

F(19,152)=4.25, p<0.001; and interacted with saccade type (primary or final), F(19,152)=6.07, 

p<0.001. 

Figure 2-11c shows the mean anti-saccade amplitude offset as a function of saccade goal 

angular position for primary and final saccades during correct trials, F(1,8)=122.31, p<0.001, 

which was dependent on the angular position of the saccade goal across the range tested (0°-

342°), F(19,152)=4.78, p<0.001; and interacted with saccade type (primary or final), 

F(19,152)=23.29, p<0.001. 

Planned comparisons examined the differences in performance between primary and final 

saccades at all previously examined comparison groups (up, down, left, right, cardinal, 

offset).Primary saccades had higher amplitude accuracy than final saccades under all conditions 

for both pro- ( upwards: t(8)=8.56, p<0.001, downwards: t(8)=8.33, p<0.001,  rightward: 

t(8)=7.18, p<0.001, leftward : t(8)=9.65, p<0.001, cardinal: t(8)=6.55, p<0.001, offset: t(8)=8.79, 

p<0.001) and anti-saccades ( upwards: t(8)=8.33, p<0.001, downwards: t(8)=12.08, p<0.001,  
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rightward: t(8)=11.21, p<0.001, leftward : t(8)=8.89, p<0.001, cardinal: t(8)=9.83, p<0.001, 

offset: t(8)=10.49, p<0.001) .  

 

          

       

Figure 2-11 End Point Accuracy between Primary and Final Saccades. Mean end point offset 
(± standard error) across all subjects as a function of saccade goal angular position for  a)pro-
saccade amplitude accuracy b) pro-saccade directional accuracy c) anti-saccade amplitude 
accuracy d)anti-saccade directional accuracy. 

 

Figure 2-11b shows the mean pro-saccade directional offset as a function of saccade goal 

angular position for primary and final saccades during correct trials, F(1,8)=0.32, p=0.588, which 

was independent of angular position of the saccade goal across the range tested, F(19,152)=1.97, 

p=0.143; and was independent of saccade type (primary or final), F(19,152)=1.59, p=0.064. 
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Figure 2-11d shows the mean anti-saccade directional offset as a function of saccade goal 

angular position for primary and final saccades during correct trials, F(1,8)=12.70, p=0.007, 

which was dependent on the angular position of the saccade goal across the range tested, 

F(19,152)=6.24, p<0.001; and was independent of saccade type (primary or final), 

F(19,152)=1.52, p=0.85. 

Planned comparisons showed no significant differences in directional accuracy between 

primary and final pro-saccades at all previously examined comparison groups (up, down, left, 

right, cardinal, offset).  For anti-saccades however, directional accuracy was  improved with the 

final saccade  for downwards t(8)=3.47, p=0.159, leftwards t(8)=3.27, p=0.011, rightwards 

t(8)=2.98, p=0.018, and offset t(8)=2.71, p=0.027 saccades.  

In summary, amplitude accuracy was found to be different for primary and final saccades 

and depended on the location of the goal for both pro- and anti-saccades. Accuracy was lower for 

final saccades in all comparison directions for both pro- and anti-saccades as the inclusion of 

corrective saccades tended to allow the subject to overshoot the goal location. This decrease in 

accuracy suggests possible errors in the internal representation of the saccade goal, as online 

corrections are made, yet do not improve accuracy. 

Directional accuracy was found to be different for primary and final saccades and 

depended on the location of the goal for anti-saccades with higher accuracy for final saccades 

directed downward, leftward, rightward and to offset locations. Directional accuracy of pro-

saccades however was found to be similar for primary and final saccades, and was independent of 

the goal location.  The lack of improvement to the directional accuracy of pro-saccades suggests 

that all amendments to these saccades are made with respect to amplitude only. The fact that 

improvements were made the directional accuracy of anti-saccades  (and not pro-saccades) 



 

37 

 

suggests that the vector inversion process may influence online updating of the saccade trajectory 

perhaps by altering the internal representation of the goal during the saccade and will be 

addressed later. 

2.4 Discussion 

Comparing the differences between pro- and anti-saccade performance with respect to 

saccadic reaction time, amplitude, velocity, trajectory and end point accuracy revealed significant 

insight pertaining to the vector inversion process as well identified possible inherent 

physiological biases in the saccadic system.  Additional insight was gained by contrasting 

performance differences between primary and final saccades, as well as examining directional 

biases (up vs. down, left vs. right) and the potential bias of familiar  “landmark” locations 

(cardinal vs. ordinal ). To begin, the discussion will briefly describe the notable differences 

between the present experimental paradigm and those of the previous studies to which the results 

were compared.  Each performance metric will be compared to previous findings, leading to the 

discussion of the trends unique to this study and their possible interpretations. To conclude, the 

discussion will cover the general trends introduced by vector inversion and identify two main 

potential sources of accuracy discrepancy. These sources pertain to the internal representation of 

the stimulus upon which the motor plan is founded, and the inherent inaccuracy of the 

sensorimotor transformation process itself.  Probing further into the sensorimotor transformation 

process will be the discussion of online updating mechanisms and the speed-accuracy tradeoff 

potentially at work in the anti-saccade task.  

2.4.1 Variations of the Experimental Paradigm 

This study is the first to use this number of goal directions at a fixed amplitude in one 

experiment, making direct comparisons to previous findings difficult. The major source of 
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discrepancies with previous findings is likely due to the systemic differences introduced by task 

complexity and the existence of predictive biases likely inherent to previous studies due to the 

limited directional range and number of stimuli. Additional differences stem from the fact that 

previous studies often simultaneously varied stimulus eccentricity and angular position which 

may confound the results. Comparison of behavioral data between monkeys and humans requires 

the consideration of the effects of overtraining in the monkey and cultural influences on scanning 

patterns in humans (Abed 1991; Smigasiewicz et al 2010).   

 Although the previous studies of Bell et al. and Dafoe et al. had 40 possible goal 

locations, they employed only 8 different angular positions (compared to the 20 in the present 

study),  which may have introduced an element of prediction. There are 9 possible goal angles in 

any of the hemifields of this study as opposed to the 3 angles per hemifield employed by Bell and 

Dafoe. The eccentricity of the saccade goal was held constant at 12° in the present study, whereas 

it was varied for the experiments of both Bell (2°,4°,8°,10°,16°) and Dafoe (0.5°,1°,2°,4°,8°).  

Additionally, the present study strictly limited saccade end point variability classifying all 

saccades outside of a 36° window centered at the saccade goal as direction errors whereas the 

previous  studies of Bell and Dafoe allowed saccades to fall within a 90° window. These are 

marked differences which could be responsible for the performance differences observed. 

2.4.2 Direction Errors 

The large number of anti-saccade direction errors in the current study could reflect the 

uncertainty introduced by the number of possible saccade goal angles. Additionally, Dafoe et al. 

identified a bias in which the percentage of direction errors increased for stimuli presented in the 

upper hemifield and the right hemifield, and Bell et al. observed a slight increase in the 

percentage of direction errors for stimuli presented in the upper hemifield at oblique locations. 
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These effects were not observed in the present study, possible explanations for their absence are 

the difference in the number of possible goal angular positions, the difference in eccentricity of 

the saccade goal and the manner in which direction errors were defined in each study.   

2.4.3 SRT 

Pro-saccade reaction time was shown to be shortest for downward saccades and no 

directional preference was observed for anti-saccades (refer to figure 2-5) which is inconsistent 

with previous findings in humans (Kalesnykas and Hallet 1994; Fischer and Weber 1997; Dafoe 

et al 2007) and monkeys  (Boch et al 1984; Previc 1990; Bell et al 2000). These differences may 

be due to the effects of combining stimulus direction and eccentricity variations or the limited 

number of stimuli in these studies. The studies mentioned above identified a bias for faster 

upward saccades which was assumed to have a neurological basis when it was shown that LIP 

features a greater representation for the upper visual field than the lower (Their and Andersen 

1996). Additionally, the reversible inactivation of LIP produced significantly more impairments 

to upwards saccades than downwards (Li et al 1999). From an evolutionary/ecological standpoint, 

faster upwards saccades were thought to be the result of optimized movements required for 

scanning for food or predators (Previc 1990). An alternate interpretation supporting the bias for 

downward saccades identified in the present study would be to consider it more beneficial to react 

to more local or “peripersonal” stimuli located in the lower hemifield which poses a more 

immediate threat than that of the extrapersonal space represented in the upper hemifield.  

In the present study, saccadic reaction time was the only measure in which pro- and anti-

saccades differed in their dependence upon saccade goal angular position.  Pro-saccades were 

found to have faster SRTs for downward goal locations whereas no directional biases were 

observed for anti-saccades. This difference does not appear to be introduced by the anti-saccade 
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vector inversion process, but rather is more likely due to the influence of culture-related scanning 

patterns (Abed 1991; Smigasiewicz et al 2010; Megreya et al 2011). The reading patterns of 

cultural groups have been demonstrated to manifest as differences in scanning patterns in saccade 

studies (Abed 1991; Smigasiewicz et al 2010).  This explanation is plausible as all subjects in this 

study primarily read and write in English, which should produce a bias for purely rightward 

saccades reflecting the direction that text is read (as will be examined in the second experiment), 

and a slight bias for downward saccades reflecting the progression between lines of text. 

2.4.4 Amplitude 

Upward saccades were hypermetric in amplitude, the degree of which increased with 

proximity to the vertical meridian (refer to figure 2-6). This result is consistent with previous 

neurophysiology studies as Thier and Andersen (1996) demonstrated the lateral intraparietal area 

(LIP) had a greater representation for the upper visual field, and Li and colleagues (1999) 

observed impairments to upward saccade amplitudes by reversibly inactivating the LIP. A similar 

yet less pronounced hypermetricity was observed for upward anti-saccades in monkeys (Bell et al 

2000), however the trend was absent in the pro-saccade condition and for both tasks, and they 

observed rightward saccades to have larger amplitudes which was inconsistent with the present 

findings. A previous human study (Dafoe et al 2007) documented a tendency for upward pro- and 

anti-saccades to be hypometric which is contrary to the results of the present study. These 

differences may stem from the smaller saccade goal eccentricity, fewer stimulus directions and/or 

the effects of simultaneously examining both parameters which occurred in the Dafoe study.   

Although pro- and anti-saccades demonstrated a similar dependence upon saccade goal 

angular position, anti-saccade amplitude was typically 0.5-1° smaller than the pro-saccade 

amplitude at the same position for most locations. However, we noticed the hypermetricity of 
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upwards saccades was exaggerated in the anti-saccade condition. For most saccade goals, the 

anti-saccade response was smaller in amplitude than the pro-saccade with the exception of the 

most upward goals which either matched or exceeded pro-saccade amplitudes. These results 

suggest the existence of an internal misrepresentation of the goal location may be compounded by 

the physiological bias for large upward saccades. 

2.4.5 Velocity 

Although pro- and anti-saccades demonstrated a similar dependence upon saccade goal 

angular position, anti-saccade velocity was typically ~60 deg/s slower than the pro-saccade 

velocity for most locations. Downward saccades had distinctively slower velocities, the degree of 

which also increased with proximity to the vertical meridian (refer to figure 2-7). This 

dependence upon angular position was inconsistent with previous findings in monkeys which 

showed no discernable pattern (Bell et al 2000).  These differences may be due to the effects of 

combining stimulus direction and eccentricity variations or the limited number of stimuli in these 

studies in addition to cross species comparisons. 

Although the main sequence relationships do not directly apply to non-horizontal 

saccades, their general principles should still be maintained. However the above result is 

inconsistent with these general principles describing the dependence of saccadic velocity upon 

amplitude. Since the amplitudes of upward saccades were found to be larger, we would expect to 

see velocities increase correspondingly for these saccades since velocity is known to increase 

with amplitude (Bahill et al 1975; Bollen et al 1993; Lebedev et al 1996; Leigh and Zee 1999; 

Harris and Wolpert 2006).  However, the amplitude appeared to have no effect on velocity as a 

constant velocity was maintained for upward saccades at all angular positions. Additionally, we 

observed a marked decrease in velocity for downward saccades while the amplitude of saccades 
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in this direction remained constant. These findings were unexpected and are currently without 

explanation. 

2.4.6 End Point Accuracy 

End point amplitude accuracy was found to be dependent upon the angular position of the 

saccade goal for both primary and final pro- and anti-saccades. This finding is inconsistent with a 

previous study demonstrating that the end point scatter is roughly constant for equal eccentricity 

positions in different directions (Van Opstal and van Gisbergen 1989). The design of these two 

experiments was quite similar however the present study used 14 more stimulus locations and set 

the amplitude 8° smaller. Additionally, an extensive fixation noise removal and normalization 

process was employed by Van Opstal and van Gisbergen that was not performed here. 

2.4.7 Saccade Trajectory 

Examining the curvature of a saccade trajectory provides insight as to a potential 

physiological bias in saccade generation. The final slope a saccade is much steeper than the initial 

(refer to figure 2-9 a& b) suggesting that the horizontal component of the saccade leads the 

trajectory initially and that corrections in direction are achieved with the vertical component in 

the final half of the saccade as it progresses toward the saccade goal. From a physiological 

perspective it would stand to reason that the horizontal burst generator of the oculomotor circuitry 

is either activated before or more strongly than the vertical burst generator (Leigh and Zee 1999; 

Scudder et al 2002; Girard and Berthoz 2005), however it is possible that this is simply an effect 

of muscle geometry. This is further evidenced when comparing vertical and horizontal saccades. 

Purely vertical saccades tend to take on a slight horizontal component, while the horizontal 

saccades did not adopt an unnecessary vertical component (refer to figure 2-9b). If muscle 

geometry is not responsible, these findings may provide insight with respect to the pathway and 
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timing of the vector inversion process as it would appear that the motor command may reach the 

PPRF before the riMLF, producing the horizontal dominance. 

2.4.8 General Trends Introduced by Vector Inversion 

All saccade metrics examined demonstrated at least slight differences between pro- and 

anti-saccade performance. Pro-saccades had faster SRTs and velocities, larger amplitudes, higher 

accuracy and less variation in their trajectories than anti-saccades as is consistent with previous 

findings (for review see Everling and Fischer 1998). The dependence upon angular position 

however was expressed in a similar manner for both tasks. The relationship between pro- and 

anti-saccade performance can be described as a general scaling in magnitude, in which anti-

saccade performance on any metric is approximately a scalar multiple of the pro-saccade 

performance at that goal location. For example, anti-saccade reaction times to a particular saccade 

goal are typically ~120ms slower than their corresponding pro-saccade responses. Anti-saccade 

velocities to a particular saccade goal are typically ~50deg/s slower than their pro-saccade 

counterparts, etc.  

 The general agreement between pro- and anti-saccade directional dependence suggests 

that this magnitude scaling is not dependent on the sensory information pertaining to the angular 

position of the saccade goal, but rather that it is a motor effect introduced by the vector inversion 

process itself.  The visual stimulus appears to be processed in the same way for both types of trial, 

with differences occurring in the computation and or transfer of the motor command for a saccade 

(Krappmann et al 1998, Nyffeler et al 2007b, 2008). If the issue occurred with the visual 

processing of the anti-saccade stimulus, we would expect to see performance errors produced in a 

pattern that is dissimilar to that of pro-saccades. However since this did not occur, we can assume 

the issue lies with the sensorimotor transformation. 
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The difficulty lies in identifying which component of the inversion process is responsible 

for this reduced performance. The added complexity of an indirect sensorimotor transformation is 

thought to result in slower reaction times as the result of the inversion process (Fischer and 

Weber 1991; Mendendorp et al 2005; Nyffeler et al 2007b, 2008; Moon et al 2007). Fischer and 

Weber (1991) contrasted the effects of gap and overlap paradigms to examine saccadic latency 

demonstrating anti-saccade preparation to require extra time regardless of the length of reaction 

time that has elapsed prior to a response. This suggests that the interhemispheric transfer of the 

target location necessary to perform the anti-saccade may result in longer reaction times (Fischer 

and Weber 1991; Evdokimidis et al 1996;  Nyffeler et al 2008). Once this transformation has 

taken place however, and the motor command has been initiated, the execution of a pro- and anti-

saccade is identical, and hence the speed with which the saccade is completed as well as its 

amplitude and trajectory should be the same from a purely motor stand point (Leigh and Zee 

1999). Since this is not the case we must consider that the inversion process itself may be the 

cause of the differences observed.  

There are many possible explanations to account for the occurrence of magnitude scaling 

in the anti-saccade task, four of which will be suggested here. The four sources of error chosen 

were 1) the involvement of higher cortical structures and global inhibition, 2) the internal 

misrepresentation of the stimulus, 3) the sensorimotor coordinate transformation accuracy, and 4) 

online updating and the speed accuracy tradeoff. 

2.4.9 Possible Sources of Magnitude Scaling 

The first possibility pertains to the influence exerted by the higher cortical structures 

involved in the anti-saccade task. The anti-saccade task is thought to have higher cognitive 

requirements due to the necessary suppression of the pro-saccade response and the computation 
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of an indirect sensorimotor transformation (for review see Everling and Fischer 1998). This 

increased cognitive load is thought to be handled by higher level cortical structures (Gnadt et al 

1991; Fischer and Weber 1991; White et al 1994, Mendendorp et al 2005). It is possible that the 

inhibition exerted by these structures to ensure pro-saccade suppression has a generalized 

inhibitory effect. This effect may introduce delays in the computation of the sensorimotor 

transformation and/or hinder the motor execution of the saccade plan manifesting as the observed 

magnitude scaling of all performance metrics. The recruitment of these additional structures may 

also introduce delays as a result of the increased complexity of coordinating the interactions 

between larger numbers of cortical areas. In an experiment examining pro- and anti-saccades with 

predictable and non-predictable target locations, Evdokimidis et al (1996) suggested that the 

increased reaction time of anti-saccades was due to the double interference of the parietal lobe 

while it reconstructs the target location in space during the interhemispheric transfer.   

Another possible explanation for the occurrence of magnitude scaling pertains to the 

internal representation of the anti-saccade stimulus. It is possible that errors are introduced during 

the transformation of retinotopic information into a memory-linked representation of space during 

stimulus presentation (Krappmann et al 1998; Awater and Lappe 2004). If the internal 

representation of the target vector is erroneous, these errors would persist through all subsequent 

processes. The sensorimotor transformation itself may in fact be the flawless inversion of the 

stimulus vector producing an equal and opposite goal vector, and the errors observed may be 

embedded in the stimulus vector itself as a result of a faulty internal representation. Further 

insight is gained when examining corrections made to the saccade path via corrective saccades. 

These saccades do reduce the difference in accuracy between pro- and anti-saccades, however 
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they tend to increase the offset errors within both tasks suggesting an error in the internal 

representation of the stimulus which is then carried into the saccade motor plan.  

It is however believed that at least some of the distortion of memory-related saccades is 

due to inaccuracies in the sensorimotor coordinate transformation (Krapmann et al 1998; 

Evdokimidis et al 1996). The present study observed that corrective saccades were not completely 

able to match anti-saccade performance to that of pro-saccades despite additional processing time 

which suggests that errors with respect to the internal representation of the stimulus may be 

compounded by inaccuracies in the sensorimotor transformation as well.  This distortion could be 

introduced during the computation process, or it may reflect the inability of the oculomotor 

system to transfer the representation of the target cue precisely to the contralateral visuomotor 

hemifield (Evdokimidis et al 1996; Krapmann et al 1998; Nyffeler et al 2007b, 2008; Burr and 

Morrone 2011). The increased complexity of an indirect sensorimotor transformation may simply 

demand more time for computation (which would account for slower SRTs) and may be more 

prone to computational error (which could account for the differences in amplitude and 

trajectories). 

The final possibility examined to account for magnitude scaling is the online updating 

component of an anti-saccade as it pertains to a potential speed accuracy trade off. Anti-saccades 

typically require multiple corrective saccades to make amendments to the primary saccade path. 

These corrections are not only more prevalent in anti-saccades than pro-saccades, but they are 

also typically larger in magnitude (refer to figure 2-11with attention to differences between (a) vs. 

(c) and (b) vs. (d)). The magnitude of the discrepancy between the initial and final trajectory of an 

anti-saccade suggests that the preparation of a motor plan for the saccade may not be completed 

at the time of saccade onset. It may be more beneficial to have a faster, less accurate saccade than 
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it is to have an accurate slow one (Schouten and Bekker 1967; Wickelgren 1977; Reddi and 

Carpenter 2000; Kermati et al 2011). It has been suggested that this initial inaccurate saccade 

could be generated from the collicular representation of the saccade goal, and amendments to its 

trajectory could be made during execution as the contributions of other cortical structures come in 

to play (Quaia et al 1999, Optican 2005). 

2.4.10 Stimulus Misrepresentation vs. Sensorimotor Transformation Inaccuracy 

Comparing saccadic end point accuracy with respect to task (pro/anti), component 

(amplitude/direction) and saccade type (primary/final) provides insight with respect to the nature 

of discrepancies in accuracy and their causes.  The dependence of the amplitude accuracy on the 

saccade goal location was similar for pro- and anti-saccades, whereas the directional accuracy 

was independent of task in both the primary and final conditions. This suggests that the 

differences between pro- and anti-saccades may not be minor motor errors easily modified with 

subsequent corrective saccades rather that they are intrinsic errors with respect to the internal 

representation of the goal location used in the vector inversion sensorimotor transformation.  

Further insight comes from the decrease in accuracy observed for final saccades. The purpose of 

the corrective saccade is to bring the end points into closer agreement with the goal, however they 

were found to actually introduce more errors. This suggests that the corrective saccade may be 

programmed with a faulty motor plan, likely the result of an error in the internal representation of 

the goal.   

Saccades directed towards cardinal positions tended to closely approximate the ideal 

saccade trajectory (straight line between the fixation point and the goal) for both pro- and anti-

saccades (refer to figure 2-9b). The familiarity of cardinal locations may serve to ensure a more 

accurate internal representation of the stimulus location thus improving the accuracy of the motor 
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plan. The vector inversion process could also be aided by the familiarity associated with orienting 

to cardinal locations and use these positions as land marks in the computation of the inverted 

visual vector. Additionally, the curvature of the saccade trajectory towards the vertical meridians 

could in part reflect the influence of the cardinal biases.  Cardinal locations also elicited the least 

deviation between initial and final trajectories resulting in saccades which closely approximate 

the ideal trajectories.  This bias may be driven by the familiarity of these coordinates in everyday 

activities such as using a compass on a map, or it may stem from the prevalence of Cartesian 

coordinate representations. In contrast, these results may simply be the product of a saccade 

requiring the activation of only one burst generator (horizontal or vertical), and further studies are 

required to draw conclusions. 

Greater errors were observed for anti-saccades than pro-saccades at all goal locations 

which was consistent with previous findings (Dafoe et al 2007;  Krappmann et al 1998; Gnadt et 

al 1991; White et al 1994) suggesting inaccuracies were introduced during the coordinate 

transformations of an anti-saccade.  These errors are thought to occur either with respect to the 

stimulus representation when the neural image of the anti-saccade target location is created in the 

opposite visual hemifield to represent the goal location, or during the sensorimotor transformation 

involving the transfer of the motor plan and extraretinal information between hemispheres (Gnadt 

et al 1991; Krappmann et al 1998; Nyffeler et al 2007b, 2008).  Further study is necessary to 

delineate the manner in which the two possible sources contribute to the introduction of errors. 

2.4.11 Online Updating and the Speed-Accuracy Tradeoff 

Comparing the end points of both the primary and final saccades provides insight as to 

the importance and purpose of corrective saccades. Although corrective saccades do not improve 

amplitude or directional accuracy they do serve to reduce the differences between pro- and anti-
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saccade performance. Corrective saccades allow for amendments to the saccade path, ensuring 

that the internal representation of the stimulus goal is expressed as accurately as possible 

(Robinson 1975; Leigh and Zee 1999). The decrease in accuracy introduced by final saccades 

likely reflects the errors in the internal representation of the goal described in the previous 

section. 

 Most pro-saccades were executed with a primary saccade only, occasionally employing a 

small corrective saccade to make minute corrections. Anti-saccade trials frequently required 

multiple corrective saccades to reach the saccade goal and it was rare that an anti-saccade was 

accurately executed with a primary saccade alone in this study. These corrective saccades allow 

for online updating of the saccadic trajectory plan, often occurring before the primary saccade is 

completed (Leigh and Zee 1999). Their frequency in anti-saccade trials suggests that the vector 

inversion computation may be ongoing during saccadic execution as the full trajectory of the 

inverted vector may not be computed immediately following stimulus presentation. It has been 

suggested that saccade trajectories may have evolved to optimize a trade-off between the 

accuracy and duration of the movement existence (Harris and Wolpert 2006; Wu et al 2010; 

Kermati et al 2011). Under this system, it has been proposed that the initial computation could 

roughly handle the direction of the required anti-saccade, whereas the online computation may 

determine the trajectory amendments necessary to achieve the desired amplitude (Quaia et al 

1999, Optican 2005).  

These models propose that faster reaction times are achieved when the initial component 

of a saccade is generated by the superior colliculus at the expense of accuracy (Edelman and 

Keller 1998; Quaia et al 1999; Optican 2005). The accuracy is then amended via corrections to 

the primary saccade trajectory and/or the occurrence of corrective saccades as mediated by the 
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cerebellum at the expense of speed (Quaia et al 1999; Optican 2005). The interaction of these 

structures enables the timely response to environmental stimuli while ensuring that performance 

is not severely impaired. These models could perhaps explain the observation that online 

amendments implemented by corrective saccades in this study were made with respect to 

saccadic amplitude only as the directional accuracies of primary and final saccades were not 

significantly different. 

 

2.5 Conclusions 

These data provide evidence for the dependence of saccadic performance upon saccade 

goal angular position and quantify the performance differences between pro- and anti-saccades at 

various positions in the visual field. Possible causes of the generalized reduction in performance 

observed in the anti-saccade task were suggested and supporting evidence was examined. The 

factors responsible for performance reduction were speculated to be the involvement of higher 

cortical structures, errors in the internal representation of the stimulus, sensorimotor 

transformation noise, and the speed accuracy trade off in online updating. Further insights with 

respect to the vector inversion process were gained by the discovery of the potential use of 

cardinal landmark locations to aid in the inversion computation. Additionally, the nature of online 

trajectory amendments may suggest the timing of the inversion computation relative to saccade 

execution. 
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Chapter 3 

The Influence of Saccade Goal Eccentricity  

3.1 Introduction 

To complement the angular position study described in Chapter 2, an additional 

experiment was performed to examine the effects of saccade goal eccentricity on performance in 

the pro- and anti-saccade tasks. The output parameters chosen to measure performance on the 

task were the saccadic reaction time, amplitude, velocity and end point accuracy. We 

hypothesized that variations to the saccade goal eccentricity would reveal the manner in which 

saccade parameters depend upon stimulus eccentricity as well as the degree to which performance 

is reduced in the anti-saccade task. This task was predicted to uncover any differences in the 

dependence upon eccentricity between pro- and anti-saccades as well as determine the existence 

of any directional biases. 

Many behavioral studies have examined pro- and anti-saccade performance on the 

horizontal (Fischer and Weber 1992, 1997; Kalesnykas and Hallett 1994; Weber and Fischer 

1995; Fischer et al 1997; Munoz et al 1998; Cornelissen et al 2002; Reingold and Stampe 2002; 

Kristjansson et al 2004) generally employing eccentricities of 10° left and right. Some studies 

have even tested pro- and anti-saccade responses to stimuli at a few different eccentricities in 

humans (Van Opstal and van Gisbergen 1989; Fischer and Weber 1997; Dafoe et al. 2007) and 

monkeys (Boch et al 1984; Bell et al. 2000). We chose to examine variations to the horizontal 

eccentricity of the saccade goal using 2° increments covering ±18° of the visual field for a total of 

18 targets in an attempt to eliminate predictive biases. 
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3.2 Methods 

3.2.1 Experimental Procedure 

The same group of participants involved in the angular position study participated in this 

task and identical data acquisition and analysis procedures were followed, for details refer to 

section 2-3.  

3.2.2 Paradigm  

The outline of a dim (0.01 Cd/m2) white horizontal line extending to both edges of the 

monitor remained on the black screen (<0.001 Cd/m2) throughout the entire trial. The peripheral 

edges of this line gradually decreased in luminance to create a fading effect preventing the use of 

“landmarks” during saccade preparation. White stimuli appeared on this line and the fixation 

point was presented at its center. The stimuli and fixation points were circular (0.3° in diameter) 

and isoluminant at 0.39 Cd/m2. The subject’s task was to interpret the instruction indicated by the 

colour of the fixation point located at the center of the line and perform either a pro-saccade 

(green) or anti-saccade (red) response to a visual stimulus presented along the horizontal line.  

The angular position of the saccade goal was held constant on the horizontal meridian while the 

eccentricity of the saccade goal was varied through ±18° for a total of 18 possible positions; each 

separated by 2° as depicted in Figure 3-1. The trial timing, procedure and data collection was 

identical to that described in section 2.3.3. 

 

Figure 3-1 Line Task Paradigm 
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3.2.3 Data Analysis  

The metrics of interest in this analysis were saccadic reaction time (SRT), amplitude, 

velocity and end point accuracy. End point accuracy was also examined for both the primary and 

final saccade end points in terms of their amplitude (r) and directional (θ) offsets in polar 

coordinates. All of these metrics were computed as described in section 2.3.5. Data filtering and 

exclusion was performed in a manner similar to the previous experiment with the exception of the 

accuracy range limitation. Saccade eccentricity was limited to ±2° of the saccade goal for pro-

saccades and ±8° for anti-saccades. All saccades within two standard deviations of the 

intrasubject mean were included in the analysis. These corrections resulted in the average loss of 

15-25% of trials per subject per condition.  

3.2.4 Statistical Analysis 

The omnibus test for multivariate normality showed significant effects for pro/anti, 

eccentricity and their interactions, therefore univariate Analysis of Variance (ANOVA) was 

performed on each dependent measure separately. Dependent measures were analyzed with a 

2x2x9 repeated measures ANOVA (task [pro- vs. anti-] x direction [left vs. right] x eccentricity 

[2°, 4°, 6°, 8°, 10°, 12°, 14°, 16°, 18°]) with results  collapsed across all participants. Post hoc 

comparisons were performed on areas of interest using the Bonferroni correction. 

3.3 Results 

3.3.1 Direction Errors 

Figure 3-2 shows the mean percentage of direction errors as a function of the saccade 

goal eccentricity for anti-saccades. Direction error occurrence was independent of direction (left 

vs. right), F(1,8)=0.83, p=0.390, and eccentricity F(1,8)=1.03, p=0.425. 
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Figure 3-2 Direction Errors. Mean percentage of direction errors (± standard error) in the anti-
saccade task across all subjects as a function of saccade goal eccentricity. 

 

3.3.2 SRT 

Pro-saccades were generated with consistently faster SRTs than anti-saccades at all 

saccade goal eccentricities. Figure 3-3 shows the intersubject mean reaction times as a function of 

saccade goal eccentricity for correct trials. Mean reaction times ranged from 191 to 292 ms for 

pro-saccades, and 277 to 372 ms for anti-saccades, and depended on task F(1,8)=56.80, p<0.001.  

SRT was independent of direction (left vs. right), F(1,8)=2.88, p=0.128, though direction 

interacted with task (pro- vs. anti) F(1,8)=6.91, p=0.030 as leftward pro-saccades were 

consistently slower than rightward, t(8)=2.74, p=0.025. No differences were observed between 

leftward and rightward anti-saccades.  SRT was independent of saccade goal eccentricity across 

the range tested (-18° to 18°) using the Huynh-Feldt correction for violation of sphericity 

assumption F(2,18)=2.28, p=0.128, and did not interact with task under the same correction,  

F(3,28)=2.59, p=0.65 which is consistent with previous findings (Dafoe et al 2007). Direction did 
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not interact with eccentricity, F(8,64)=0.87, p=0.548, however there was an interaction between 

task, direction and eccentricity, F(8,64)=2.82, p=0.01. 

 

Figure 3-3 Saccadic Reaction Times.  Mean SRT (± standard error) across all subjects as a 
function of saccade goal eccentricity. 

   
In summary, pro-saccade SRTs were consistently faster than antisacades at each location. 

SRT was found to be independent of saccade goal eccentricity for both pro- and anti-saccades.  

Directional dependences however manifested differently between the tasks. Leftward pro-

saccades were consistently slower than their rightward counterparts whereas this trend was not 

observed in anti-saccades 

3.3.3 Amplitude 

Pro-saccades had larger amplitudes than anti-saccades for most goal eccentricities. Figure 

3-4a shows the intersubject mean amplitudes as a function of saccade goal eccentricity for correct 

trials. Mean amplitudes depended on task, F(1,8)=27.51, p=0.001, were independent of direction 

(left vs. right), F(1,8)=0.03, p=0.864, and direction did not interact with task, F(1,8)=2.81, 

p=0.132.  Amplitude was dependent on the eccentricity of the saccade goal across the range 
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tested (-18° to 18°), F(8,64)=511.80, p<0.001; and eccentricity interacted with task 

F(8,64)=48.38, p<0.001. 

 

Figure 3-4 Saccadic Amplitude.   Mean (± standard error) across all subjects as a function of 

saccade goal eccentricity  

 

Direction did not interact with eccentricity, F(8,64)=0.33, p=0.952, and there was no 

interaction between task, direction and eccentricity, F(8,64)=0.547, p=0.816. Amplitudes of pro-

saccades roughly matched their corresponding eccentricities (i.e. a saccade 12° in amplitude was 

made for a 12° saccade goal eccentricity), and this was consistent across the entire eccentricity 

range.  

In summary, pro-saccades had consistently larger amplitudes than their anti-saccade 

counterparts for all locations with the exception of small eccentricities (± 2°, ± 4°). The 

dependence of amplitude on saccade goal eccentricity manifested differently for pro- and anti-

saccades as anti-saccades tended to be hypometric for larger eccentricities, whereas pro-saccades 

were reasonably accurate. Directional dependences were not observed as leftward and rightward 

saccades were similar for both tasks. 

-18 -16 -14 -12 -10 -8 -6 -4 -2 2 4 6 8 10 12 14 16 18
0

2

4

6

8

10

12

14

16

18

20

A
m
p
lit
u
d
e
 (
d
e
g
)

Eccentricity (deg)

 

 

Prosaccade

Antisaccade



 

57 

 

3.3.4 Velocity 

Figure 3-4c shows the intersubject mean velocities as a function of saccade goal 

eccentricity for correct trials. Pro-saccades had greater velocities than anti-saccades for all 

eccentricities, with mean velocities ranging from 321 to383 deg/s and 269  to 311deg/s 

respectively which depended on task, F(1,8)=30.87, p=0.001. 

Velocity was independent of direction (left vs. right), F(1,8)=0.08, p=0.788, but direction 

interacted with task F(1,8)=30.97, p=0.001 which is consistent with previous findings (Bell et al 

2000). To this effect, leftward pro-saccades were slower than their rightward counterparts, 

t(8)=5.25, p=0.001, whereas leftward anti-saccades are faster than their rightward counterparts, 

t(8)=4.81, p=0.001.  Velocity was dependent on the eccentricity of the saccade goal across the 

range tested (18° to 18°), F(8,64)=123.56, p<0.001; and eccentricity interacted with task, 

F(8,64)=21.66, p<0.001. Direction did not interact with eccentricity, F(8,64)=0.92, p=0.509, and 

there was no interaction between task, direction and eccentricity, under the Huynh-Feldt 

correction F(4,29)=2.64, p=0.059. 

        

Figure 3-5 Saccadic Velocity. Mean (± standard error) across all subjects as a function of 
saccade goal eccentricity  
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In summary, pro-saccades had consistently faster velocities than their anti-saccade 

counterparts for all locations with the exception of small eccentricities (± 2°, ± 4°). The 

dependence of velocity on saccade goal eccentricity manifested differently for pro- and anti-

saccades as pro-saccade velocity tended to increase with eccentricity at a higher rate than did 

anti-saccades. Differences in this rate of increase were more pronounced when examining the 

directional dependences within pro- and anti-saccades. The rate of increase of pro-saccade 

velocity was much higher for saccades to rightward eccentricities compared to leftward 

eccentricities, whereas the rate of increase of anti-saccade velocity was higher for saccades to 

leftward eccentricities. These trends are not consistent with the main sequence relationship 

between velocity and amplitude (see figure 3-4d) as no differences were observed between the 

amplitudes of leftward and rightward saccades. The increased rightward velocities are thought to 

reflect cultural influences on scanning patterns and will be addressed in the discussion. 

3.3.5 End Point Accuracy 

Figure 3-5a shows the intersubject mean primary amplitude offset as a function of 

saccade goal eccentricity for pro- and anti-saccades during correct trials.  Mean amplitude offsets 

ranged from -0.84 to 0.06 degrees for pro-saccades and -3.58 to -1.49 degrees for anti-saccades, 

which were dependent on task, F(1,8)=26.29, p=0.001.  Primary amplitude accuracy was 

independent of direction (left vs. right), F(1,8)=2.88, p=0.128, and direction did not interact with 

task, F(1,8)=0.01, p=0.911. Primary amplitude accuracy was dependent on the eccentricity of the 

saccade goal across the range tested (-18° to 18°), F(8,64)=48.61, p<0.001; and eccentricity 

interacted with task, F(8,64)=52.81, p<0.001. Direction did not interact with eccentricity, 

F(8,64)=0.59, p=0.778, and there was no interaction between task, direction and eccentricity, 

F(8,64)=0.42, p=0.906. 
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Figure 3-6 End Point Accuracy between Pro- and Anti-saccades. Mean end point offset (± 
standard error) across all subjects as a function of saccade goal eccentricity for  a) primary 
amplitude offset ) b) primary directional offset c) final amplitude offset d) final directional offset. 

 

Figure 3-5b shows the intersubject mean directional offset as a function of saccade goal 

eccentricity for pro- and anti-saccades during correct trials. Mean directional offsets ranged from 

0.37 to 0.81 degrees for pro-saccades and 0.30 to 0.84 degrees for anti-saccades and were  

independent of task, F(1,8)=0.16, p=0.700. Primary directional accuracy was independent of 

direction (left vs. right), F(1,8)=0.15, p=0.708 and direction did not interact with task, 

F(1,8)=0.22, p=0.652.  Primary directional accuracy was dependent on the eccentricity of the 

saccade goal across the range tested (-18° to 18°), F(8,64)=18.99, p<0.001; and eccentricity was 
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independent of task, F(8,64)=2.04, p=0.055. Direction did not interact with eccentricity, 

F(8,64)=0.63, p=0.749, and there was no interaction between task, direction and eccentricity, 

F(8,64)=0.77, p=0.627. 

Figure 3-5c shows the intersubject mean final amplitude offset as a function of saccade 

goal eccentricity for pro- and anti-saccades during correct trials. Mean offsets ranged from -0.85 

to 0.12 degrees and -3.50 to -1.04 degrees respectively and were dependent on task, F(1,8)=19.23, 

p=0.002.  Final amplitude accuracy was independent of direction (left vs. right), F(1,8)=4.76, 

p=0.061 and direction did not interact with task, F(1,8)=0.44, p=0.526. Final amplitude accuracy 

was dependent on the eccentricity of the stimulus across the range tested (-18° to 18°), 

F(8,64)=25.71, p<0.001; and eccentricity interacted with task, F(8,64)=39.97, p<0.001. Direction 

did not interact with eccentricity, F(8,64)=0.58, p=0.790, and there was no interaction between 

task, direction and eccentricity, F(8,64)=0.39, p=0.923. 

Figure 3-5d shows the intersubject mean final directional offset as a function of saccade 

goal eccentricity for pro- and anti-saccades during correct trials. Mean offsets ranged from 0.37 to 

0.81 degrees and 0.30 to 0.87 degrees respectively and were independent of task, F(1,8)=0.002, 

p=0.966.  Final directional accuracy was independent of direction (left vs. right), F(1,8)=0.11, 

p=0.748 and direction did not interact with task, F(1,8)=0.3.88, p=0.084. Final directional 

accuracy was dependent on the eccentricity of the saccade goal across the range tested (-18° to 

18°), F(8,64)=17.28, p<0.001; and eccentricity was independent of task under the Huynh-Feldt 

correction, F(7,54)=2.10, p=0.061. Direction did not interact with eccentricity, F(8,64)=0.65, 

p=0.732, and there was no interaction between task, direction and eccentricity, F(8,64)=0.83, 

p=0.582. 
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In summary, pro-saccades had much greater amplitude accuracy than anti-saccades at all 

saccade goal eccentricities. The dependence of amplitude accuracy on saccade goal eccentricity 

manifested differently for pro- and anti-saccades. Pro-saccades observed little to no end point 

offsets which increased slightly (~1°) for large eccentricity saccades. End point offset for anti-

saccades however increased dramatically with eccentricity with offsets reaching 7° in magnitude 

for large eccentricities. Directional dependences were not observed as leftward and rightward 

saccades were similar for both tasks, and all of the trends described were observed for both 

primary and final saccades. 

Directional end point accuracy was similar for both pro- and anti-saccades at all saccade 

goal eccentricities and were nearly constant, with maximum offsets of ~1°. The dependence of 

vertical accuracy on saccade goal eccentricity was expressed in a similar manner for pro- and 

anti-saccades, both observing accuracy to decrease slightly (to a maximum of ~1° offset) as 

eccentricity increased.  Directional dependences were not observed as leftward and rightward 

saccades were similar for both tasks, and all of the trends described were observed for both 

primary and final saccades. 
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3.4 Discussion 

Varying the saccade goal eccentricity introduced differences between pro- and anti-

saccade performance with respect to saccadic reaction time, amplitude, velocity and end point 

accuracy which provided further support for the insight gained in Ch2 pertaining to the vector 

inversion process and possible physiological biases.   

To begin, each performance metric will be compared to previous findings, leading to the 

discussion of the trends unique to this study and their possible interpretations. To conclude, the 

discussion will cover the general trends introduced by vector inversion and describe two potential 

sources of accuracy discrepancy; the internal misrepresentation of the stimulus and sensorimotor 

transformation inaccuracy.   

3.4.1 Direction Errors 

The large number of anti-saccade direction errors in the current study could reflect the 

uncertainty introduced by the number of possible saccade goal eccentricities. Direction error 

occurrence was found to be independent of eccentricity which is consistent with a previous 

human study (Dafoe et al 2007). This is however inconsistent with the findings of Bell et al 2000 

in monkeys  who demonstrated that direction errors increase in direct proportion to eccentricity 

beyond 4° reaching a maximum at 16°. These differences can perhaps be explained as the result 

of comparing across species or the effects of combining stimulus eccentricity and direction 

changes simultaneously. Additionally, the results may be affected by the manner in which 

direction errors were defined in each study as described in the discussion of Chapter 2.   

3.4.2 SRT 

Previous studies in monkeys (Bell et al 2000) demonstrated SRT to markedly decrease 

with eccentricity for targets up to 10° and increase with eccentricity beyond that point. Similarly, 
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a human study (Fischer and Weber 1997) showed a decrease in the SRT of anti-saccades to occur 

as stimulus eccentricity increased.  Neither of these trends were observed in the present study, 

and they were also absent in the findings of Kalesnykas & Hallet 1994 and Dafoe et al 2007. The 

source of these discrepancies is likely due to the systemic differences introduced by task 

complexity and the existence of predictive biases likely inherent to previous studies due to the 

limited range and number of stimuli. Comparison of behavioral data between monkeys and 

humans requires the consideration of the effects of overtraining in the monkey and cultural 

influences on scanning patterns in humans (Smigasiewicz et al 2010). 

In the present study, saccadic reaction time was the only measure in which in which pro- 

and anti-saccades differed in their dependence upon saccade goal angular position.  Pro-saccades 

were found to have faster SRTs for rightward saccades, whereas no directional biases were 

observed for anti-saccades, which is consistent with previous findings (Fischer and Weber 1997; 

Fischer et al 1997). This bias is absent in the anti-saccade condition, thus vector inversion is not a 

probable cause, and the discrepancies are likely due to the influence of culture-related scanning 

patterns (Abed 1991; Smigasiewicz et al 2010; Megreya et al 2011). As all subjects in this study 

primarily read and write in English, the bias towards purely horizontal rightward saccades (refer 

to figure 3-3) reflecting the direction in which text is read was expected (Abed 1991). 

Additionally, no biases were found between the leftward and rightward hemifields in the angular 

position experiment described in chapter 2, which could suggest that the directional bias exists 

primarily for purely horizontal saccades which could be explained by the reading bias.  

3.4.3 Amplitude and Velocity 

Amplitude was dependent upon the saccade goal eccentricity for both pro- and anti-

saccades and was generally more accurate for pro-saccades which is consistent with previous 
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findings (Bell et al 2000, Dafoe et al 2007). Anti-saccades overshot the saccade goal for small 

eccentricities (2°), were most accurate at slightly larger saccades (4° & 6°), and were significantly 

hypometric for all other locations which was consistent with previous findings (Dafoe et al 2007; 

Bell et al 2000, Kapoula 1985). 

The velocities of pro-saccades were consistently faster than their anti-saccade 

counterparts for all locations with the exception of small eccentricities (± 2°, ± 4°), and pro-

saccade velocity tended to increase with eccentricity at a higher rate than anti-saccades which is 

consistent with previous findings (Bell et al 2000). This rate of increase in the pro-saccade was 

however much higher for rightward saccades whereas the rate of increase of anti-saccade velocity 

was higher for saccades to leftward eccentricities and these results are not consistent with 

previous work. Additionally, these trends are not consistent with the main sequence relationship 

between velocity and amplitude as no differences were observed between the amplitudes of 

leftward and rightward saccades. These phenomena are currently unexplained; however it is 

possible that the increased rightward velocities may reflect cultural influences on scanning 

patterns as described in chapter 2. 

 

3.4.4 General Trends Introduced by Vector Inversion 

 

All saccade metrics examined demonstrated at least slight differences between pro- and 

anti-saccade performance. Pro-saccades had faster SRTs and velocities, larger amplitudes and 

higher accuracy than anti-saccades as is consistent with previous findings (for review see 

Everling and Fischer 1998).  The dependence upon goal eccentricity however was expressed in a 

similar manner for both tasks with the exception of the above mentioned general scaling in 

magnitude. The general agreement between pro- and anti-saccade eccentricity dependence 
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suggests that this magnitude scaling is not dependent on the eccentricity of the saccade goal, but 

rather that it is a motor effect introduced by the vector inversion process itself (Fischer and Weber 

1991; Evdokimidis et al 1996; Mendendorp et al 2005; Nyffeler et al 2007b, 2008; Moon et al 

2007) as described in chapter 2. Potential causes for this scaling were outlined as errors in the 

internal representation of the stimulus and sensorimotor transformation inaccuracy which will be 

considered below. 

  

3.4.5 Stimulus Misrepresentation vs. Sensorimotor Transformation Inaccuracy 

 

Comparing saccadic end point accuracy with respect to task (pro/anti), component 

(amplitude/direction) and saccade type (primary/final) provides further insight with respect to the 

nature of discrepancies in accuracy and their causes.  The relationships between end point 

accuracy and goal eccentricity (refer to figure 3-5 (a) vs. (c) and (b) vs. (d))  were consistent with 

previous findings showing that the scatter along the eccentricity (amplitude) axis is more 

pronounced than along the direction (angle) axis (Deubel 1987).  This may be caused by the 

anisotropic nature of the collicular motor map since it is more expanded along the angular 

representation than the eccentricity representation implying greater accuracy along the directional 

axis (Robinson 1972; Ottes et al 1986). The differences in the representation of angle and 

eccentricity in the collicular motor map may manifest as a physiologically imposed internal 

misrepresentation of the stimulus eccentricity which produces the slight discrepancies observed in 

pro-saccade amplitudes.  This physiological bias however cannot account for the magnitude of 

the discrepancy between anti-saccade amplitude and goal eccentricity suggesting that these 

differences may be a product of coordinate transformation errors.  

Greater errors were observed for anti-saccades than pro-saccades at all goal locations 

which was consistent with previous findings (Dafoe et al 2007;  Krappmann et al 1998; Gnadt et 
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al 1991; White et al 1994) and provides further support for the introduction of inaccuracies during 

the coordinate transformations of an anti-saccade. These errors are thought to occur either with 

respect to the stimulus representation when the neural image of the anti-saccade target location is 

created in the opposite visual hemifield to represent the goal location, or during the sensorimotor 

transformation involving the transfer of the motor plan and extraretinal information between 

hemispheres (Gnadt et al 1991; Krappmann et al 1998; Nyffeler et al 2007b, 2008).   

Since corrective saccades did not produce the accuracy decreases observed for the 

angular position paradigm of chapter 2 it suggests that this decrease may have been the product of 

intrinsic errors with respect to the internal representation of the goal location used in the vector 

inversion sensorimotor transformation. The main difference between the paradigms of chapter 2 

and 3 is the inclusion of a complex directional component in ch 2.  The decrease in accuracy 

produced by corrective saccades shown in ch2 suggests that the oculomotor system has difficulty 

in either 1) forming an accurate internal representation of the directional component of the 

stimulus or 2) executing the sensorimotor transformation of anti-saccade with a complex 

directional component. In contrast, if the accuracy decrease was merely an effect introduced by 

the vector inversion process in general, we would expect to see a similar decrease between 

primary and final horizontal saccades. Since this is not the case, we might assume that the 

difficulty lies with handling the complex directional component of oblique saccades. 

Corrective saccades were unable to produce any significant improvement for horizontal 

saccades (refer to figure 3-5 (a) vs. (c) and (b) vs. (d)), which further suggests the existence of a 

faulty internal representation of the stimulus location for both pro- and anti-saccades. In the 

experiment described in chapter 2, step saccades improved anti-saccade performance nearly to the 

level of pro-saccades providing further evidence suggesting that the lack of improvement in this 
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experiment results from internal misrepresentation of the stimulus. If accuracy errors were due to 

noise in the transformation, the corrective saccades could compare the internal representation to 

the eye position and correct for discrepancies between the two (Robinson 1975; Sparks and Mays 

1983; Leigh and Zee 1999). However if the internal representation is itself flawed the advantage 

of online updating becomes obsolete and no amendments can be made as the saccade has reached 

the goal of the representation.  

3.5 Conclusions 

These data provide evidence for the dependence of saccadic performance upon saccade 

goal eccentricity and quantify the performance differences between pro- and anti-saccades at 

various positions in the visual field. These findings add further support to those of the angular 

position task described in chapter 2 with respect to the general trends introduced by vector 

inversion and the introduction of errors via stimulus misrepresentation and coordinate 

transformation inaccuracy. 
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Chapter 4 

General Discussion 

  
Pro- and anti-saccade performance was consistently different for all metrics however 

these differences manifested a similar dependence on the sensory information contained in the 

amplitude and directional components of the saccade goal. This resulted in a magnitude scaling 

that was independent of goal location suggesting its origin as a motor effect of the inversion 

process (Fischer and Weber 1991; Evdokimidis et al 1996; Mendendorp et al 2005; Nyffeler et al 

2007b, 2008; Moon et al 2007).   The potential causes of this magnitude scaling were speculated 

to be   i) the involvement of higher cortical structures, ii) errors in the internal representation of a 

stimulus, iii) sensorimotor coordinate transformation inaccuracy and 4) online updating and the 

speed accuracy trade off inherent to saccades. These causes will be discussed in terms of their 

potential involvement in the three stages of a sensorimotor transformation defined in chapter 1 as 

1) the transformation of retinotopic information into a memory-linked representation of space, 2) 

the conversion of this representation into a motor command, and 3) the integration of changes in 

eye position into spatial representations to allow for corrective movements.  

4.1 Magnitude Scaling in the Three Stages of Sensorimotor Transformations 

4.1.1 Stage 1: The Transformation of Retinotopic Information 

During stimulus presentation, the retinotopic information must be transformed into a 

memory-linked representation of space. Errors in this transformation produce inaccuracies in the 

internal representation of the saccade target location (or neural image) used in the computation of 

the motor plan. Corrective saccades were unable to produce significant improvements to purely 
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horizontal saccades, and decreased the accuracy of oblique saccades suggesting an error in the 

internal representation of both pro- and anti-saccade target locations. Interestingly, no accuracy 

decreases were observed for corrective saccades to purely horizontal goals suggesting that the 

complexity of the direction angle may influence performance. This difference suggests that the 

oculomotor system may have difficulty in either i) forming an accurate internal representation of 

the directional component of the stimulus, or ii) executing the sensorimotor transformation of 

anti-saccades with complex directional components. The ideal trajectories of saccades to cardinal 

locations could suggest the increased accuracy of the internal representation due to familiarity 

with cardinal points. However it is also possible that the ideal trajectories observed for cardinal 

saccades are due to the reduced complexity of the directional component requiring the 

involvement of only one burst generator. 

 Corrective saccades were unable to match anti-saccade performance to that of pro-

saccades suggesting that errors in the internal representation of a stimulus might be compounded 

by sensorimotor transformation inaccuracies. These inaccuracies may reflect the inability of the 

oculomotor system to transfer the representation of the target cue precisely to the contralateral 

visuomotor hemifield (Evdokimidis et al 1996; Krapmann et al 1998; Nyffeler et al 2007b, 2008; 

Burr and Morrone 2011). 

4.1.2 Stage 2: The Conversion of the Neural Image into a Motor Command 

Converting the memory-linked representation of space which encodes the neural image 

of the saccade target location into a motor command is thought to increase the cognitive load of a 

task (see Everling and Fischer 1998 for review). This indirect sensorimotor transformation is 

thought require the involvement of higher cortical structures (Gnadt et al 1991; Fischer and 

Weber 1991; White et al 1994, Mendendorp et al 2005), and it is possible that the inhibition 
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exerted by these structures to ensure pro-saccade suppression has a generalized inhibitory effect 

which could possibly account for delays in SRT. 

The ideal trajectories of saccades to cardinal locations could suggest that the familiarity 

with the cardinal positions allows them to be used as assistive “landmarks” during the vector 

inversion computation. The examination of saccade trajectories in the angular position task may 

provide insight pertaining to the path travelled by the motor command signal resulting from the 

vector inversion process. The horizontal dominance in saccade trajectory suggested that the 

horizontal burst generator of the paramedian pontine reticular formation (PPRF) was activated 

first or more strongly than the vertical burst generator located in the rostral interstitial medial 

longitudinal fasciculus (riMLF).  Further study is necessary to be certain that findings pertain 

exclusively to the path traveled by the motor command and the timing of this transfer due to the 

possible influence of muscle geometry. 

4.1.3 Stage 3: The Integration of Eye Position Signal Changes and Corrections 

The ability to adapt to changes in the visual environment is mediated by an online 

updating system which integrates the changes in the eye position signal and makes corrections to 

to eye movements (Robinson 1975; Leigh and Zee 1999). Anti-saccades typically required 

multiple corrective saccades to make amendments to the primary saccade path. These corrections 

were not only more prevalent in anti-saccades (compared to pro-saccades) but they were also 

typically greater in magnitude. The magnitude of the discrepancy between the initial and final 

trajectory of an anti-saccade suggests that the preparation of a motor plan for the saccade may not 

be completed at the time of saccade onset. These findings could possibly be explained by the 

theory that superior colliculus first indicates the selected target in retinotopic coordinates, and 

then initiates a saccade in the approximate direction of the goal, after which the cerebellum is 
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responsible for online amendments to the trajectory as an inherent speed-accuracy trade off 

(Quaia et al 1999 ;Optican 2005; Harris and Wolpert 2006; Wu et al 2010; Kermati et al 2011).  

 

4.2 Future Directions 

Although the effects of saccade goal angular position and eccentricity did not directly 

influence the vector inversion process itself, the analysis of the metrics produced by pro- and anti-

saccades to these locations revealed substantial insight pertaining to the vector inversion process 

and eliminated the predictive biases associated with previous studies. The significant differences 

between the results of this study and that of its precursor Dafoe et al 2007suggests that there is 

still much work to be done perfecting the paradigms used to study the inversion process. It may 

be beneficial to standardize stimulus parameters and their presentation in the study of vector 

inversion in order to perform the direct comparisons of results necessary to make progress.  

Two main issues remain unresolved at the conclusion of this study: 1) the discrepancies 

in the main sequence relationships, and 1) the degree of influence of neural image 

misrepresentation vs. sensorimotor transformation inaccuracies. Directional biases were observed 

for the main sequence parameters of amplitude and velocity. Amplitudes were larger and 

velocities faster for upward saccades which is counterintuitive according to the dependence of 

velocity on amplitude. This suggests another factor influences the saccadic velocity (and 

overcomes the influence of amplitude entirely), and this factor was not determined in the course 

of this study. It would be instructive to examine the neurophysiological basis for these biases to 

determine the validity of these exceptions to the main sequence relationships and their potential 

causes. 



 

72 

 

Two possible sources of accuracy discrepancy were discussed which involved the 

misrepresentation of the neural image and inaccuracies in the sensorimotor transformation 

process. The specific involvement of these possible sources has yet to be examined in order to 

determine their specific contributions. Since the creation of the neural image occurs prior to the 

sensorimotor transformation, it is possible that a TMS study could be used to determine the 

manner in which error is introduced in both processes. The TMS studies of Nyffeler et al (2007a, 

2007b, 2008) were invaluable in providing a framework on which to base the findings in this 

study. It stands to reason that significant insight on the vector inversion computation timing (and 

perhaps mechanism) could be gained by performing similar TMS experiments.  

4.3 General Conclusions 

This thesis has provided evidence for the dependence of saccadic performance upon 

saccade goal angular position and eccentricity, and allowed for the quantification of performance 

differences between pro- and anti-saccades at various positions in the visual field.  Additionally, 

we examined the possibility that these differences may be due to a motor effect of the vector 

inversion process. The factors responsible for performance reduction were speculated to be the 

involvement of higher cortical structures, errors in the internal representation of the stimulus, 

sensorimotor transformation noise, and the speed accuracy trade off in online updating. There are 

still many questions and unresolved issues remaining to be answered with respect to the vector 

inversion process and sensorimotor transformations in general. The pursuit of this knowledge is 

essential to providing the basic understanding necessary for application to the study of movement 

disorders, their causes and potential treatments.   
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