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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. Proand 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. ii
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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 1



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 2



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 3



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 antisaccade (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 4



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.
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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). 5



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 antisaccade (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 prosaccades 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 6



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; SchlagRey 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 7



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.



8



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 9



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 11



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 21). Since the purpose of this study is to examine performance differences between pro- and antisaccades 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 12



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 proand 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 13



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



14



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 ( 
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