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Abstract 

Our behaviour is guided by the ability to predict future events. The predictive saccade paradigm 

has been shown to be a valuable tool that uses eye movements to measure the control of 

predictive behaviour. In this task, subjects follow a visual target that alternates or “steps” between 

two fixed locations at either predictable or unpredictable inter-stimulus time intervals (ISIs). 

Response times can be measured by subtracting the time of saccade initiation from the time of 

target appearance. When the ISI is predictable, saccadic reaction times (SRTs) become predictive 

(SRT <100ms) within 3-4 target steps, but when the ISI is unpredictable, the SRTs remain 

reactive to target appearance (SRT >100ms). The goal of our study was to investigate neural 

mechanisms controlling prediction by contrasting areas in the brain that were more active for 

predictive (PRED) versus reactive (REACT) saccades in young healthy adults using functional 

magnetic resonance imaging (fMRI). fMRI analysis revealed two distinct neural networks more 

recruited for REACT and PRED tasks. We observed greater activation for the REACT task 

compared to the PRED task in oculomotor network areas including the frontal, supplementary, 

parietal eye fields, dorsolateral prefrontal cortex, thalamus, and putamen. These structures are all 

involved with the control of saccades. We also observed greater activation for the PRED task 

compared to the REACT task in default network areas, including the medial prefrontal cortex, 

posterior cingulate cortex, inferior parietal lobule, and hippocampus. These structures are known 

to be involved with passive thinking when subjects are not focused on their external 

environments. We also observed greater activation for the PRED task in the cerebellum (crus I), 

which may serve as the internal clock that drives the regular rhythmic behaviour observed for 

predictive saccades. In summary, our findings suggest brain activation in the PRED task reflects 

automated and motor-timed responses, while that for the REACT task reflects externally-driven 
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responses. Therefore, the predictive saccade task is an excellent tool for measuring prediction 

involving fast internally-guided responses. 
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Chapter 1 

General Introduction 

1.1 Introduction 

Prediction, in general terms, refers to a process that involves the use of information 

derived from the past or present to guide future behaviour (Bubic, von Cramon, & Schubotz, 

2010). Because it refers to such a broad process, prediction has been used in reference to a large 

variety of associated behaviours and cognitive processes. For example, some have used it to refer 

to decision making and future planning (Friedman & Scholnick, 1997; Morris & Ward, 2005), 

while others have used it in reference to motor responses to expected stimuli (Wolpert & 

Flanagan, 2001), visual processing (Mehta & Schaal, 2002), music (Keller & Koch, 2008), theory 

of mind (Frith & Frith, 2006), and others (see Bubic et al., 2010, for review). The current thesis 

focuses on prediction associated with the generation of appropriately timed motor responses, 

which can be measured behaviourally. This type of motor prediction may cover large time scales 

or shorter periods of time, such as seconds or less. This is important to consider because for 

motor responses, different brain areas control different levels of timing (Buonomano & 

Karmarkar, 2002). Therefore, for the purpose of our study, we refer to prediction as the future-

directed process involving short term (<1s) motor responses. 

This type of prediction is advantageous because recognition of regularities in our 

environment enables us to preserve resources or energy that can be devoted towards processing 

other novel or unfamiliar stimuli. Consequently, voluntary responses to an expected stimulus tend 

to be much faster than physiologically possible had the stimulus been completely novel. For 

example, in the 100m dash, runners that are able to predict best when the starting gun fires will 

have the best start to the race and will increase their chance of winning. One way in which we can 

study this type of behaviour is through a simple task involving saccades. 
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A saccade is a rapid eye movement that focuses a visual target of interest onto the fovea, 

the area of high spatial acuity in the retina of the eye, enabling us to perceive the target in clear 

detail. The system that controls saccadic eye movements is what allows our visual sensory 

systems to subsequently perceive and quickly make sense of our environment. Because eye 

movements are easy to measure in the laboratory and there is extensive research on the network 

of brain areas that controls saccades (McDowell, Dyckman, Austin, & Clementz, 2008; Müri & 

Nyffeler, 2008) (Figure 1.1), the saccade system has served as an excellent tool for investigating 

various cognitive processes (Hutton, 2008; McDowell et al., 2008; Müri & Nyffeler, 2008; 

Sweeney, Luna, Keedy, McDowell, & Clementz, 2007). In the current study, we are interested in 

using the predictive saccade task, which measures predictive behaviour, as a means to investigate 

the neural mechanisms of prediction. 
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Figure 1.1. Neural circuitry underlying saccadic eye movements. Figure provided by Dr. Brian 

Coe. 

1.2  The Predictive Saccade Task 

Many studies have modified elements of the predictive saccade task, but the method most 

commonly used involves following a visual target that alternates between two fixed positions, 

usually along the horizontal meridian, at some regular time interval (Stark, Vossius, & Young, 

1962). The time in between target jumps is often referred to as the inter-stimulus interval (ISI). 

This paradigm is the most widely used form of the task, and we will refer to it as the traditional 

predictive saccade task. In terms of behaviour, the reaction times of the saccades generated 
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towards each target step gradually become faster. These “predictive saccades” are believed to be 

internally-guided because they are initiated so quickly and may very well involve some internal 

timing mechanism that enables the observed rhythmic behaviour (Joiner & Shelhamer, 2006). 

They depend on the memory of sensory and motor signals generated from previous target steps to 

guide behaviour for future targets. This internal representation of predictive saccades includes 

information about when (timing) and where (location) the stimulus will appear next. This is why 

after approximately three target steps, subjects begin to generate rapid eye movements having 

saccadic reaction times (SRTs) that are less than 100 ms (Joiner & Shelhamer, 2009). It is also 

not unusual that normal healthy subjects may often display SRTs that are less than 0 ms 

(Crawford, Henderson, & Kennard, 1989). This, in fact, more strongly reflects predictive 

behaviour because saccades are generated before the next target has even appeared. 

1.3 Predictive vs. Reactive Saccades 

Predictive saccades are distinguishable from visually-guided or reactive saccades, which 

are generated in response to the appearance of a peripheral target (externally-driven). They differ 

in various saccade measures. For example, compared to reactive saccades, predictive saccades 

tend to be more hypometric and display lower peak velocities (Bronstein & Kennard, 1987; 

Findlay, 1981). These saccade metrics, however, tend to vary across studies and display less 

consistency in the predictive task compared to SRTs. 
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Figure 1.2. Sample saccade data and neuronal response in the superior colliculus (SC). A)  

Sample eye trace and target position data for predictive (PRED) and reactive (REACT) saccade 

tasks. L = left, R = right. ISI = inter-stimulus interval. B) Hypothetical single-unit recording in 

the SC for a saccade in the PRED and REACT tasks (based on Dorris & Munoz, 1998). The 

abrupt increase in activity (~60ms) after target appearance represents the onset of the visual 

transient. 
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Figure 1.3. Cumulative distributions of SRTs in the predictive saccade task for varying ISIs. 

(Kilmade & Munoz, unpublished data). ISI = inter-stimulus interval.  

 

Reactive saccades have longer SRTs (i.e., >100ms) (Figure 1.2) because more time is 

needed for sensory and motor signals to travel through the oculomotor network before the 

saccade is actually initiated (Dorris & Munoz, 1998). This includes the processing of the visual 

stimulus and the subsequent generation of the appropriate saccadic motor command. Also, 

observations from a preliminary study (Figure 1.3) comparing predictive and reactive saccades in 

young adults revealed a sharp increase in the frequency of saccades having SRTs greater than 100 

ms for both predictive (constant ISI: 500, 750, 1000, 1250, 1500ms) and reactive saccade tasks 

(random ISI). Based on these results, we defined a “predictive saccade” as one having an SRT 

that is less than 100 ms for the remainder of this study. The neural mechanisms controlling 

predictive saccades are different from reactive saccades and this is supported by single-unit 

studies in monkeys. 
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1.4 Neurophysiology of Saccades 

Research with non-human primates has contributed much to our understanding of the 

oculomotor network (Figure 1.1). Single-unit recordings in the monkey superior colliculus (SC) 

have shown that this structure plays a very important role in the generation of saccadic eye 

movements (Munoz & Wurtz, 1995b; Sparks & Hartwich-Young, 1989) . For a reactive saccade, 

when a peripheral target appears, sensory information from the retina reaches the visual cortex 

via the retino-geniculo-striate pathway. As shown in Figure 1.1, projections from the visual 

cortex extend to oculomotor regions in the frontal and parietal cortex that feed into the SC. The 

visual cortex also has projections to the SC. The SC then sends signals to the paramedian pontine 

reticular formation (PPRF), and neurons in the PPRF direct the motorneurons that control the six 

extra-ocular muscles guiding eye movements. In the case of the reactive task, a saccade will be 

generated towards the peripheral target. 

Figure 1.2B shows the hypothetical discharge from a visuomotor neuron in the SC for a 

regular reactive saccade in the solid blue line (based on results from Dorris & Munoz, 1998). The 

small peak that occurs before saccade initiation at 100 ms is a result of the visual transient, which 

comes from the sudden appearance of a peripheral target. The flash of the target sets off a cascade 

of activity that travels through the retino-geniculo-striate pathway, and throughout the oculomotor 

network, including the SC. In a special case, however, if there is enough pretarget activity in the 

SC, the visual transient can push the activity past the saccade threshold, such that an express 

saccade is generated. These saccades are the fastest reactive saccades and are represented in 

Figure 1.2B as the dotted blue line. They are short-latency saccades that are believed to access the 

quickest route to and from the brain for sensory processing and subsequent motor output (Dorris, 

Paré, & Munoz, 1997). In humans, SRTs for express saccades are around 90 to 140 ms (Fischer et 

al., 1993; Munoz, Broughton, Goldring, & Armstrong, 1998). Predictive saccades, however, are 
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generated too early to be in response to the processing of a visual target. Unlike express saccades, 

they are driven by a buildup of SC activity that crosses the saccade threshold and is not a result of 

the visual transient (Figure 1.2B).  

This early activity prior to saccade execution has been observed in many studies in a 

population of cells in the SC (Glimcher & Sparks, 1992; Mohler & Wurtz, 1976; Munoz & 

Guitton, 1991; Munoz & Wurtz, 1995a; Sparks, 1978). Interestingly, studies have shown that this 

increase in early activity is associated with faster SRTs (Dorris et al., 1997), and that it may in 

fact reflect motor preparation (Dorris & Munoz, 1998). In their study, Dorris and Munoz (1998) 

varied the predictability of the target appearing into and out of the response field (RF) of the SC 

neuron and found a gradual buildup of activity prior to the initiation of the saccade with the 

greatest buildup occurring when the target was completely predictable into the RF. Progressively 

less buildup of activity was observed as the target became more unpredictable. They also showed 

a relationship between SRT and target probability such that shortest SRTs were observed for 

saccades made towards completely predictable targets, while less predictability was associated 

with longer SRTs. Therefore, based on these results, the early buildup of activity in the SC may 

drive the quick execution of predictive saccades. The question remains, however, as to the source 

of these preparatory signals. We speculate that the oculomotor areas in the frontal cortex may be 

responsible for the buildup of pretarget activity in the SC, driving the fast SRTs observed in the 

predictive saccade task.  

From Figure 1.1, it can be observed that the SC receives direct projections from several 

areas of the frontal cortex that include the frontal eye fields (FEF), supplementary eye field 

(SEF), and the dorsolateral prefrontal cortex (DLPFC) (Fries, 1984; Leichnetz, Spencer, Hardy, 

& Astruc, 1981; Shook, Schlag-Rey, & Schlag, 1990; Stanton, Goldberg, & Bruce, 1988). These 

frontal oculomotor areas that are involved with planning and initiation of saccades can control 
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saccadic behaviour via the SC. In fact, studies have demonstrated that the FEF (Everling & 

Munoz, 2000; Segraves & Goldberg, 1987; Sommer & Wurtz, 2001) and DLPFC (Johnston & 

Everling, 2006) send signals to the SC. Therefore, we propose that these projections from 

oculomotor areas in the frontal cortex (FEF, SEF, DLPFC) may explain the pretarget buildup of 

activity in the SC that initiates predictive saccades. Studies investigating the neural control of 

predictive saccades in humans appear to be consistent with this hypothesis (Gagnon, O’Driscoll, 

Petrides, & Pike, 2002; Nyffeler, Rivaud-Pechouix, Wattiez, & Gaymard, 2008; O'Driscoll et al., 

2000; Pierrot‐Deseilligny et al., 2003; Rivaud, Müri, Gaymard, Vermersch, & Pierrot-

Deseilligny, 1994; Simó, Krisky, & Sweeney, 2005). 

1.5 Neural Control of Predictive Saccades in humans 

A wide variety of methods have been used to investigate the various brain regions that 

control predictive saccades. Several studies have consistently shown involvement of the frontal 

oculomotor areas, including the FEF, SEF, and DLPFC. Human lesion studies have shown that 

damage to the FEF reduces the percentage of predictive saccades made towards the contraversive 

direction, as well as reduces the saccadic gain (a measure of saccadic amplitude versus target 

amplitude) (Rivaud et al., 1994). A single-unit study also showed that increased FEF pretarget 

activity is correlated with shorter reaction times (Everling & Munoz, 2000). Another study 

investigated unilateral lesions to the DLPFC and found a decreased percentage of predictive 

saccades generated in both directions (Pierrot‐Deseilligny et al., 2003). The saccadic gain, 

however, remained normal. Lastly, transcranial magnetic stimulation over the SEF eliminates 

decreased saccade latencies in the predictive saccade task (Nyffeler et al., 2008). Together, these 

studies suggest an important role for the frontal oculomotor areas in the production of predictive 

saccades. 
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 In addition to these brain areas, some subcortical areas have been suggested to be 

involved with predictive saccades. For example, bilateral lesions to the lentiform nuclei (caudate 

nucleus and putamen) of the basal ganglia also results in reduced percentages of short-latency 

saccades when a gap is introduced between targets (Vermersch et al., 1996). Support for basal 

ganglia involvement has been demonstrated by the behavioural deficits observed in patients with 

Parkinson’s and Huntington’s disease (Bronstein & Kennard, 1985; O'Sullivan et al., 1997), both 

of which are neural disorders affecting the basal ganglia. Parkinson’s patients tend to show 

hypometric saccades (Crawford et al., 1989), while Huntington’s patients are unable to predict the 

timing or location of the predictable target (Tian, Zee, Lasker, & Folstein, 1991). How these 

behavioural deficits relate to the role of basal ganglia in predictive saccades has yet to be 

investigated.  

Currently, there are only a few human studies that use more explicit methods for 

investigating neural correlates of predictive saccades. O’Driscoll et al. (2000) used positron 

emission tomography to compare predictive saccades with smooth pursuit. Smooth pursuit refers 

to the eye movements that occur when subjects follow a moving target. Both these types of eye 

movements involve following a predictable target. They found that compared to fixation, both 

eye movement tasks showed increased activation in similar areas, including the FEF and SEF. 

But compared to smooth pursuit, predictive saccades show greater activation in the FEF and 

cerebellum. Cerebellum activity is associated with timing processes (Buonomano & Karmarkar, 

2002) and may act as the “internal clock” (Joiner & Shelhamer, 2006) that guides the regular 

alternating movements observed for predictive saccades. This timing process does not apply for 

smooth pursuit.  

Also, Gagnon, O’Driscoll, Petrides, and Pike (2002) investigated the contributions of 

direction and timing to the production of predictive eye movements using functional magnetic 
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resonance imaging (fMRI). They had subjects perform four saccade tasks of varying 

predictability. These included completely unpredictable (direction and timing unknown), 

completely predictable (direction and timing both known), and two semi-predictable tasks (i.e., 

predictable direction only, predictable timing only). All tasks having a predictive component 

revealed greater activation in the FEF compared to fixation and also when compared to the 

completely unpredictable task.  

Currently, only one study has used fMRI to compare brain areas recruited for predictive 

saccades with that of visually-guided saccades (Simó et al., 2005). For their predictive task, Simó 

et al. (2005) found greater activation in the prefrontal, pre-supplementary motor area, anterior 

cingulate cortex, hippocampus, thalamus, striatum and cerebellum. Interestingly, contrary to what 

previous literature would suggest, they found greater activation in the FEF (medial region) for the 

visually-guided saccade task. Based on a study that showed this area to be more activated for new 

versus familiar sequences (Grosbras et al., 2001), they hypothesized that the medial FEF is more 

involved with sensorimotor transformations. However, the parallel contrast performed by Gagnon 

et al. (2002) showed medial FEF instead more activated for predictive versus reactive saccades. 

Therefore, the functional differentiation between medial and lateral FEF remains speculative and 

warrants further study. Based on their overall results, Simó et al. (2005) argued that behaviour 

from their predictive task relies on a memory-driven system involving prefronto-striatal circuitry, 

as opposed to a sensory processing system for reactive saccades. It may be difficult to relate their 

results to what has been done in previous behavioural studies because the saccade paradigm used 

for their study was slightly modified. As a result, the role of frontal oculomotor areas (i.e., FEF, 

SEF, and DLPFC) in predictive saccades remains unclear and greater study using functional 

neuroimaging with humans is still needed for the traditional predictive saccade task. 
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1.6 Objectives 

Although the predictive saccade task has been widely used, the brain regions controlling 

the predictive behaviour remain poorly understood. This task has been used extensively in various 

clinical populations (Broerse, Crawford, & den Boer, 2001; Bronstein & Kennard, 1985; 

Crawford et al., 1989; Tian et al., 1991) but it is difficult to interpret or conclude neural causes of 

the observed behavioural deficits without first understanding normal behaviour and the brain 

circuitry controlling predictive saccades in healthy populations.  

 The goal of this thesis is to investigate the neural mechanisms of prediction by comparing 

the brain areas that control predictive and reactive saccadic eye movements. We use blood 

oxygen level-dependent (BOLD) fMRI and simultaneous eye tracking to investigate the neural 

correlates of predictive and reactive saccades in young healthy adults. In a first experiment, we 

employ the traditional predictive saccade task: subjects follow a visual target that alternates 

between two fixed locations along the horizontal meridian at a constant ISI of 750 ms (based on 

preliminary results from Kilmade & Munoz, unpublished, see Figure 1.3). For direct comparison, 

we also employ a reactive saccade task that requires subjects to follow a visual target that also 

alternates between two fixed locations, but we randomize the timing between steps so that the ISI 

is unpredictable. In a second experiment, in addition to these two visual tasks, we include a 

predictive and reactive saccade task using an auditory cue to investigate if the change in target 

sensory information reveals differences in behaviour and brain activation patterns. Based on 

neurophysiological studies with monkeys and previous human behavioural and imaging studies, 

we speculate that the frontal oculomotor areas of the brain should prove to be more particularly 

involved with prediction. We hypothesize that the FEF, SEF, and DLPFC are contributing to the 

buildup of pretarget SC activity previously observed for predictive saccades (Figure 1.2B). 



 

  13 

Therefore, we expect greater activation in these brain areas for predictive saccades compared to 

reactive saccades in both auditory and visual conditions. 
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Chapter 2 

Manuscript 

2.1 Introduction 

Our behaviour is guided by the ability to predict future events. Prediction may be defined 

as a process that recognizes familiar stimuli based on past experiences, and subsequently guides 

future responses. This type of predictive behaviour can be assessed using an eye movement task. 

The saccade system has served as an excellent model for investigating various cognitive 

processes (Hutton, 2008; McDowell et al., 2008; Müri & Nyffeler, 2008; Sweeney et al., 2007), 

including prediction. In the predictive saccade task, subjects follow a visual target that alternates 

between two fixed locations at some constant inter-stimulus interval (ISI) (Stark et al., 1962). 

Successful performance in this task reveals saccadic reaction times (SRTs) that generally drop 

below 100 ms, which is faster than physiologically possible had saccades been generated in 

response to the appearance of the peripheral target (i.e., reactive saccades). What remains unclear, 

however, are the neural mechanisms that control this predictive behaviour. 

 Single-unit studies with non-human primates have contributed much to our understanding 

of the oculomotor system (Figure 1.1). Studies have shown that early buildup of activity in 

saccade neurons in the superior colliculus (SC) is associated with faster SRTs when monkeys are 

instructed to look towards predictable visual targets (Dorris et al., 1997) and may reflect motor 

preparation signals (Dorris & Munoz, 1998). For predictive saccades, early SC activity builds to 

surpass saccade threshold before the target even appears (Figure 1.2B, red trace). Because we 

know that the frontal and supplementary eye fields (FEF, SEF), and dorsolateral prefrontal cortex 

(DLPFC),  send projections to the SC (Fries, 1984; Leichnetz et al., 1981; Shook et al., 1990; 

Stanton et al., 1988), and that FEF and DLPFC can directly influence SC activity (Everling & 
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Munoz, 2000; Johnston & Everling, 2006; Sommer & Wurtz, 2001), these frontal oculomotor 

areas may be contributing to the early buildup of SC activity for predictive saccades.  

Previous studies with humans are consistent with this hypothesis. For example, there are 

deficits in predictive saccade performance when FEF (Rivaud et al., 1994), DLPFC 

(Pierrot‐Deseilligny et al., 2003), or SEF (Nyffeler et al., 2008) are injured or impaired. 

Neuroimaging studies have also observed greater activation in FEF and SEF for the predictive 

saccade task (Gagnon et al., 2002; O'Driscoll et al., 2000). There remains, however, a lack of 

research studying this task with functional magnetic resonance imaging (fMRI). To our 

knowledge, only one fMRI study exists that compares predictive and reactive saccades (Simó et 

al., 2005). Interestingly, Simó et al. (2005) observed greater activation in the medial FEF for 

reactive saccades compared to predictive and argued that this region plays a more important role 

for saccades made towards unpredictable targets. Therefore, the role of frontal oculomotor areas 

in predictive saccades remains poorly understood and further study with fMRI is needed to 

compare predictive with reactive saccades. 

 Although the predictive saccade task has been widely used, it has not been well studied 

with human neuroimaging. As a result, there remains a poor understanding of the brain areas that 

control predictive saccades, especially in healthy people (see Broerse et al., 2001; Hutton, 2008; 

McDowell et al., 2008; Müri & Nyffeler, 2008; Sweeney et al., 2007, for reviews). The current 

study investigates the process of prediction by using fMRI to compare the brain structures that 

control predictive (PRED) saccades (SRTs < 100ms) with those that control reactive (REACT) 

saccades (SRTs > 100ms) in a healthy adult population. Based on previous studies, we 

hypothesize that the FEF, SEF, and DLPFC will reveal greater activation for PRED compared to 

REACT conditions.  
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2.2 Methods (Experiment 1) 

2.2.1 Participants 

Twenty subjects were scanned in the MRI machine, but data from two subjects were 

excluded from analyses. Data were removed from one subject due to excessive fatigue, which 

resulted in minimal eye tracking in addition to lack of performance. The other was removed due 

to the inability to track the eyes, which resulted in no behavioural data. The remaining eighteen 

volunteers were all right-handed (11 females) and were between 18 and 25 years of age (Mean = 

21.3, SD = 1.8). All subjects had normal or corrected to normal vision and did not have any 

history of head injury or neurological illness. This study was approved by the Health Sciences 

and Affiliated Teaching Hospitals Research Ethics Board (Kingston, ON), and written informed 

consent was received from all subjects.  

2.2.2 Procedure 

Behaviour 

  Subjects performed three behavioural tasks in the MRI scanner. In the predictive (PRED) 

saccade task, subjects followed a green circular dot that alternated between two fixed locations 

(eccentricities of ±10º from center and along the horizontal plane) at a predictable ISI of 750 ms 

(Figure 2.1A). This was chosen because preliminary data showed this ISI yielded the shortest 

saccadic reaction times (SRTs) and the greatest percentage of predictive saccades (SRTs < 

100ms) (Figure 1.3). In the visually-guided, or reactive (REACT) saccade task, the green dot 

alternated unpredictably between the same two fixed locations; however, the four ISIs used (450, 

600, 900, 1050ms; Mean = 750ms) were randomized for each target step. Based on a previous 

study, subjects were instructed, “move your eyes in time with the dot” for the PRED task, and 

“follow the dot” for the REACT task (Isotalo, Lasker, & Zee, 2005) to appropriately elicit more 
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predictive saccades in the PRED task. Lastly, subjects were also given periods of fixation (FIX), 

which were 12s, during which they stared at a stationary fixation cross at the center of the screen.  

 

 

Figure 2.1. Experiment 1 behavioural and imaging methods.  A) Behavioural paradigm used for 

the saccade tasks. Predictive (PRED) and reactive (REACT) tasks differed only in the 

interstimulus intervals (ISIs) between target steps. B) MRI protocol: blocked-design with periods 

of fixation intermixed between experimental blocks. 

 

Imaging 

We used a blocked-design such that each experimental run consisted of PRED and 

REACT blocks presented in alternating order with blocks of FIX in between (PRED-FIX-

REACT-FIX, repeated four times) (Figure 2.1B). All subjects were given six runs to complete. 

Both the PRED and VIS blocks were each 24s and were matched in terms of the number of 

saccades required (32 saccades per block), target amplitude (10º), and direction (16 rightward; 16 

leftward). FIX blocks were 12s. 

2.2.3 Materials 

 Subjects were scanned while lying supine in a Siemens 3Tesla whole-body MRI system 

(Erlangen, Germany) equipped with a head gradient set. High resolution structural images were 
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obtained first using a T1-weighted MPRAGE sequence. Functional scans consisted of T2*-

weighted echo-planar imaging (EPI) volumes sensitive to BOLD contrast (Kwong et al., 1992; 

Ogawa, Lee, Kay, & Tank, 1990). These were acquired over six runs, each a duration of 

approximately five minutes. Three dummy scans were included at the beginning of each run to 

allow the MRI magnet to reach steady state longitudinal magnetization. Each volume consisted of 

45 × 3.3 mm thick slices; flip angle = 77º; TE = 30 ms and TR = 3s. Acquisition was transverse-

oblique to avoid the eyes and to cover all of the brain, including the cerebellum.  

Images were obtained using a 12-channel head coil. Participants viewed a screen via a 

mirror situated on top of the head coil. Visual displays were presented using custom-made 

software written in MatLab and projected using a NEC LT265 DLP projector. MR-compatible 

headphones (NordicNeuroLab Audiosystem) were given to subjects to attenuate scanner noise.  

Eye movements were measured from each participant’s right eye (sampling rate, 1000Hz) 

using the EyeLink 1000 fibre optic camera (SR Research, Ottawa, ON). Calibration steps were 

conducted at the beginning of each experimental run to ensure validity of measurements. 

2.2.4 Data Analysis 

Behaviour 

 Behavioural data were analyzed off-line using custom scripts written in Matlab 7.9 (The 

Mathworks Inc., Natick, MA, USA). Mean SRTs were calculated for each of the 32 target steps 

for both PRED and REACT conditions. SRTs were calculated by subtracting the time of the first 

saccade made in the target direction from the time of target onset. Data were excluded from a 

given target step if eye position data were not available. This was often due to loss of eye tracking 

(e.g., obscured pupils). If more than four consecutive saccades were missed, data from the entire 

block (24s) were excluded from the analysis.  

Imaging 
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 All fMRI data were pre-processed and analyzed using BrainVoyager (Version 1.10, Brain 

Innovation, Maastricht, Holland). Pre-processing steps included slice scan time correction with a 

cubic spline interpolation, three-dimensional motion correction to the first volume of the first run, 

3D spatial smoothing with a 4mm FWHM Gaussian kernel, and temporal filtering (high-pass 

filter with cut-off of 2 cycles/run and linear trend removal). Functional images were then 

coregistered to the structural image. 3-D structural images were normalized into standard 

Talairach space (Talairach & Tournoux, 1988). This was done by aligning them first into the 

anterior commissure – posterior commissure (AC – PC) plane and then using trilinear 

interpolation to warp the structural images into Talairach coordinates. These parameters were 

then applied to the coregistered functional data.  

 Our experimental tasks were modeled with boxcar predictors for the three block types 

used in the study: predictive (PRED), reactive (REACT), and fixation (FIX). These were 

convolved with BrainVoyager’s 2 gamma hemodynamic response function (HRF) to model the 

BOLD response. Additional predictors were also included for the six realignment parameters, 

which were covariates of no interest.  

Group analysis was conducted using a random-effects general linear model (GLM) with 

separate subject predictors. For whole-brain analyses, we reported peak voxels that passed whole-

brain corrected (false discovery rate [FDR], q < .05) and cluster-size corrected thresholds (p < 

.05; nine contiguous voxels, as estimated using BrainVoyager’s Cluster-level Statistical 

Threshold Estimator at 1000 iterations). Contrast images were produced comparing PRED and 

REACT tasks to FIX, as well as PRED and REACT tasks with each other. Brain areas showing 

clusters of significant activation were determined using labels corresponding to the Talairach 

coordinates (Talairach Daemon Client version 2.4, Research Imaging Centre, University of Texas 

Health Science Centre at San Antonio; http://ric.uthscsa.edu/projects/talairachdaemon.htm). 
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Clusters of activation in the cerebellum were labeled using a 3D MRI cerebellum atlas 

(Schmahmann et al., 1999). When we compared FIX with eye movement blocks (i.e. FIX>PRED, 

FIX>REACT), we found large clusters of activation in areas known to be involved with the 

default network, including medial prefrontal cortex, posterior cingulate cortex, precuneus, and 

bilateral inferior parietal lobules. These areas are often activated when subjects are not 

responding to any stimuli and are passively thinking during rest conditions (Mazoyer et al., 2001; 

Raichle et al., 2001; Shulman et al., 1997). For our contrasts of interest, we report main peak 

voxels for each cluster in Table 2.2-Table 2.4. 

We also conducted functional connectivity analyses to investigate the network of brain 

areas that exhibited strong correlations of activity with each other. This was assessed using the 

RFX Granger Causality Mapping v2.3 plug-in in Brain Voyager. This method requires a specified 

brain region, or seed, and correlates its activity with all other voxels in the brain. Seed voxels of 5 

× 5 × 5 mm (125mm
3
) were selected from the clusters of activation that yielded the highest level 

of significance in the contrast comparing PRED and REACT. For PRED>REACT, the region-of-

interest (ROI) selected was in the posterior cingulate cortex (PCC), and for REACT>PRED, this 

was the supplementary eye field (SEF). Using these seed ROIs, we first assessed functional 

connectivity at the single-subject level. Instantaneous correlations were calculated for BOLD 

activation produced during the PRED and REACT conditions. The resulting statistical maps for 

each subject were included for group level analyses, where we performed a group t-test 

comparing all voxels to a baseline of zero. We report only clusters that survived a threshold t-

value of 3.96 (p < .001 uncorrected) that were 10 voxels large. 
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2.3 Results (Experiment 1) 

2.3.1 Behaviour 

Figure 2.2 displays the SRT plots for every target step in each saccade task and the 

cumulative distributions of SRTs. We found a greater percentage of predictive saccades in PRED 

compared to REACT (Figure 2.2B, Table 2.1). Figure 5A shows that the REACT task, on 

average, elicited almost exclusively reactive saccades for all target steps (SRTs >150ms). In the 

PRED condition, many SRTs fell below 100 ms and were, therefore, defined as predictive 

saccades. Saccades reached predictive levels by target step 3, and appeared to “plateau” by target 

step 7 (Figure 2.2A).  

A paired-samples t test was conducted to compare the mean SRTs between PRED and 

REACT tasks that revealed significantly faster reaction times for PRED compared to REACT 

(t(31) = 19.69, p < .001) . Pair-wise comparisons were also conducted to compare the 32 target 

steps between the two saccade tasks (Bonferroni-corrected). Apart from the first target step (t(17) 

= 1.70, p = .11), SRTs for all target steps in the REACT task were significantly greater than the 

corresponding steps in the PRED task (ps < .001).  

We also conducted paired sample t tests (Bonferroni-corrected) for the SRTs for all target 

steps within PRED and REACT. For PRED, SRTs for targets 1 through 4 are all significantly 

greater than their subsequent targets (ps < .002). Target 5 is significantly greater than all 

subsequent targets (ps < .002) except for target 6 (t(17) = 2.69, p = .015) and 9 (t(17) = 3.09, p = 

.007). Target 6 is significantly greater than targets 10 and 11 (ps < .002) but is not significantly 

different from any other subsequent target. SRTs for targets 7 onwards are not significantly 

different from each other (ps > .002), which suggests that by target 7, SRTs have reached a 

“plateau”. For REACT, SRTs for all 32 target steps are not significantly different from each other 

(ps > .002). 
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Figure 2.2. Saccadic reaction times (SRTs) for Experiment 1. A) Mean SRT ± SE plotted for 

each saccade task (PRED, REACT) for each target step. B) Plots of the cumulative distributions 

of SRTs. 
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Table 2.1. Percentage of Predictive Saccades (SRTs <100ms) by Condition. 

 PRED REACT 

 Vis Aud Vis Aud 

Experiment 1 71.6 - 11.6 - 

Experiment 2 71.4 84.6 11.8 16.4 

Vis = Visual, Aud = Auditory targets. 

 

2.3.2 Imaging 

All subjects participating in this study completed the experiment in the MRI scanner. 

Table 2.2-Table 2.4 display the main peaks of the clusters of activation for the four contrasts of 

interest. We created contrasts that compared both saccade tasks separately with FIX (i.e., 

PRED>FIX, REACT>FIX), as well as contrasts comparing both saccade tasks with each other 

(REACT>PRED, PRED>REACT). The REACT>FIX contrast revealed greater activation in the 

cortical eye fields (i.e., FEF, SEF, PEF), bilateral middle occipital gyri (MOG), and putamen 

(Figure 2.3B). This was expected because we essentially compared an eye movement condition 

with no eye movements. Interestingly, however, the PRED>FIX contrast only revealed increased 

activation in the left lingual and precentral gyrus, as well as the left middle occipital gyrus 

(Figure 2.3A).   
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Figure 2.3. Contrast images subtracting saccade tasks (PRED, REACT) with fixation (FIX). 

Activation patterns (positive values) are displayed on the mean structural brain of all subjects. A) 

Contrast of FIX subtracted from PRED. Slices are in the sagittal plane (z-coordinates in Talairach 

space). B) Contrast of FIX subtracted from REACT. Slices are in the horizontal plane (y-

coordinates). Activations are considered significant at q <.05 (FDR corrected), and with cluster 

sizes of at least 9 voxels. 
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Table 2.2. MRI Activation Peaks: PRED>FIX and REACT>FIX 

Anatomical region Talairach coordinates   

 x y z t-stat Size 

PRED>FIX      

Frontal lobe      

L precentral gyrus -45 -10 43 4.56 73 

Occipital lobe      

L lingual gyrus 0 -76 -2 11.43 1736 

L MOG -42 -73 4 4.36 37 

      

REACT>FIX      

Frontal lobe      

L FEF -45 -10 43 8.34 198 

R FEF 42 -7 46 6.06 131 

SEF -6 -7 55 6.70 108 

Parietal lobe      

L PEF -27 -49 43 3.95 30 

R PEF 21 -58 49 4.63 23 

Occipital lobe      

L lingual gyrus -6 -82 -5 11.3 1516 

L MOG -42 -73 4 5.25 78 

R MOG 36 -61 4 4.00 53 

Other      

L putamen -21 -7 10 5.31 52 

R putamen 18 5 7 5.93 58 

      

x, y, z Talairach coordinates specify the location of the peak voxel (highest t-statistic) of a cluster in an 

anatomical region. L = left, R = right. MOG, middle occipital gyrus; FEF/SEF/PEF, frontal, supplementary, 

and parietal eye fields. 
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Table 2.3. MRI Activation Peaks: PRED>REACT 

Anatomical region Talairach coordinates   

 x y z t-stat Size 

Frontal lobe      

L insula (posterior) -39 -16 13 8.19 161 

R insula (posterior) 36 -13 16 6.17 92 

R precentral gyrus 57 -10 13 7.70 168 

mPFC/ACC -3 41 1 7.30 497 

L SFG -24 23 49 6.50 170 

L MFG -39 23 19 5.04 47 

Parietal lobe      

L PCC -9 -49 7 8.37 398 

L PCC -9 -40 34 7.41 127 

R PCC 15 -55 16 6.27 138 

L IPL -42 -73 25 6.35 170 

R precuneus 9 -49 31 5.04 25 

Temporal lobe      

L parahippocampal gyrus -30 -37 -8 8.02 203 

R parahippocampal gyrus 24 -28 -11 8.00 203 

Occipital lobe      

R cuneus 3 -79 22 7.37 219 

R lingual gyrus 12 -91 1 5.99 24 

Other      

R cerebellum (Crus I) 12 -76 -32 5.89 73 

      

x, y, z Talairach coordinates specify the location of the peak voxel (highest t-statistic) of a cluster in an 

anatomical region. L = left, R = right. ACC/PCC, anterior and posterior cingulate cortex; mPFC, medial 

prefrontal cortex; SFG/MFG, superior and middle frontal gyrus; FEF/SEF/PEF, frontal, supplementary and 

parietal eye fields; IPL, inferior parietal lobule. 
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Table 2.4.  MRI Activation Peaks: REACT>PRED 

Anatomical region Talairach coordinates   

 x y z t-stat Size 

Frontal lobe      

L FEF -24 -10 49 6.95 180 

R FEF 39 -4 43 9.32 489 

L insula (anterior) -33 11 16 6.30 84 

R insula (anterior) 27 17 13 5.63 184 

R DLPFC 27 41 37 5.06 54 

Parietal lobe      

L PEF -30 -52 46 6.48 181 

R PEF 30 -58 37 6.40 302 

Temporal lobe      

R STS & R angular gyrus 42 -25 -2 5.75 246 

Occipital lobe      

L IOG -42 -76 -5 7.81 72 

R MOG 36 -64 4 5.84 104 

Other      

L cerebellum (lobule VI) -39 -58 -20 6.73 420 

R thalamus 15 -19 13 6.37 117 

L putamen -21 11 7 4.75 17 

R putamen 27 17 13 5.63 257 

      

x, y, z Talairach coordinates specify the location of the peak voxel (highest t-statistic) of a cluster in an 

anatomical region. L = left, R = right. MOG/IOG, middle and inferior occipital gyrus; FEF/SEF/PEF, 

frontal, supplementary and parietal eye fields. 
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Figure 2.4. Contrast map of REACT subtracted from PRED. Clusters of activation are displayed 

on the mean structural brain. Voxels that yield positive values (PRED>REACT) are shown in 

“warm” colours (i.e., orange/yellow), and those that yield negative values (REACT>PRED) are 

shown in “cool” colours (i.e., blue/green). Activations are considered significant at q < .05 (FDR 

corrected), and with cluster sizes of at least 9 voxels.  

 

In contrast to our hypothesis, the PRED>REACT contrast revealed increased activation 

in areas including the posterior cingulate cortex (PCC), anterior cingulate cortex (ACC) and 

medial prefrontal cortex (mPFC), bilateral parahippocampal gyri and posterior insula, left inferior 

parietal lobule (IPL), right cerebellum (Crus I) and visual areas in the occipital cortex (Figure 
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2.4). Interestingly, many of these areas are associated with the default network that are largely 

activated when subjects are not responding to any stimuli and are passively thinking during rest 

conditions (Mazoyer et al., 2001; Raichle et al., 2001; Shulman et al., 1997). The cerebellum 

activation observed may reflect the processing of the regular timing needed to generate rhythmic 

eye movements (Buhusi & Meck, 2005). On the other hand, the REACT>PRED contrast showed 

greater activation in oculomotor areas including all cortical eye fields (i.e., FEF, SEF, PEF), right 

DLPFC, bilateral putamen, and the thalamus (Figure 2.4), which are all areas associated with the 

oculomotor network (Figure 1.1). Cerebellum (lobule VI) activation was also observed and may 

reflect coordination of the visual stimulus and subsequent saccadic behaviour (Ohtsuka & Noda, 

1992).  

We also conducted connectivity analyses to investigate if the brain areas in Figure 2.4 

form a functional neural network: one that is more activated for PRED and another that is more 

activated for REACT.  This was done using the “RFX GCM plug-in” available in BrainVoyager 

(Version 2.10, Brain Innovation, Maastricht, Holland), which uses Granger Causality mapping 

(Roebroeck, Formisano, & Goebel, 2005). This method takes a specified seed region and 

correlates its BOLD activity with all other voxels in the brain. Results of the functional 

connectivity analyses are displayed in Figure 2.5, where areas in orange/yellow reflect the 

significance of the correlations. Seed regions were selected from the clusters of activation that 

yielded the highest level of significance in the contrast comparing PRED and REACT. For 

PRED>REACT, the seed region selected was in the posterior cingulate cortex (PCC), and for 

REACT>PRED, this was in the supplementary eye field (SEF).  For the PRED condition, we 

found several areas that displayed correlated activity with the PCC seed region. These included 

the mPFC, bilateral IPL, and bilateral hippocampi, which are all areas associated with the default 

network (for review, see Buckner, Andrews-Hanna, & Schacter, 2008). For the REACT 
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condition, areas that displayed correlated activity with the SEF seed region included oculomotor 

areas: FEF, SEF, PEF, thalamus, and putamen. Due to software limitations in Brain Voyager, the 

significance values of correlated voxels could not be extracted. Therefore, the results of this 

connectivity analyses are only preliminary, and further analysis is still needed. 

 

 

Figure 2.5. Connectivity map displaying areas having correlated activity with seed regions. Seeds 

are indicated with blue circles.  

 

2.4 Methods (Experiment 2) 

2.4.1 Participants 

Nineteen right-handed volunteers (10 females) between 19 and 29 years of age were 

recruited for this experiment (Mean = 22.4, SD = 2.3). Data from one subject were excluded from 
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analysis due to excessive fatigue and resulting eye tracking problems. All subjects had normal or 

corrected to normal vision and did not have any history of head injury or neurological illness. 

This study was also approved by the Health Sciences and Affiliated Teaching Hospitals Research 

Ethics Board (Kingston, ON), and written informed consent was received from all subjects. 

2.4.2 Procedure 

Behaviour 

  Subjects performed five tasks in the MRI scanner, four experimental tasks and one 

control. The two visual saccade tasks from the first experiment were used in the second 

experiment, one predictive (PRED_Vis) and one reactive (REACT_Vis). We also included two 

related tasks that employed auditory cues (i.e., short white noise bursts, 100ms), such that 

subjects generated saccades towards the direction of the sound that were either predictive or 

reactive (Figure 2.6A). The visual display shown during the auditory tasks consisted of two green 

circular dots that remained fixed on the screen throughout the duration of the experimental block. 

They were located in the left and right positions along the horizontal plane at eccentricities of 

±10° from center. Therefore, subjects had persistent visual stimuli throughout the entire task in 

addition to the auditory cues. Subjects listened for the cue presented to the left or right ear via 

headphones and subsequently generated a saccade towards the corresponding dot. Similar to the 

visual saccade tasks, there was a predictive (PRED_Aud) and reactive (REACT_Aud) condition. 

For the two PRED tasks, we used ISIs of 750 ms and for the two REACT tasks, we used five ISIs 

(500, 625, 750, 875, 1000ms) that were randomized for each target step. Periods or blocks of 

fixation (FIX), which were 3, 5, or 7 s, were included as a baseline. Instead of the “fixation cross” 

used in Experiment 1, fixation cues consisted of pictorial images that instructed participants what 

task would be presented next. An ear signalled the auditory task, while an eyeball signalled the 
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visual task. The colour of these images informed subjects if the timing would be regular (white) 

or random (red).  

 

 

Figure 2.6. Experiment 2 behavioural and imaging methods. A) Sample behavioural paradigm: 

Predictive auditory (PRED_Aud) saccade task. Saccade tasks with visual cues were the same as 

Experiment 1. B) MRI protocol. Blocks were presented pseudorandomly and intermixed with 

periods of fixation averaging 5s in length. 

 

Imaging 

 All subjects completed five experimental runs. Each run consisted of the four 

experimental conditions presented in 15s blocks with interleaved blocks of FIX averaging 5s in 

between (Figure 2.6B).  The block order was pseudorandomized and counterbalanced across the 

five runs. Subjects, therefore, completed the same sequence of tasks in each run. Due to technical 

error, however, three subjects were incorrectly given the sequence for Run 1 on all five runs. To 

ensure this did not affect our behavioural data, we produced SRT plots and cumulative 

distributions of SRTs for these three subjects that confirmed these subjects demonstrated the 

same general behavioural pattern as the rest of the subjects. FIX block durations varied (i.e., 3, 5, 

or 7s), and this “jittering” was done intentionally to avoid biasing effects that may result from 
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having regular events at integer durations of the volume acquisition time (TR). This is an issue 

that would affect PRED and not REACT.  

2.4.3 Materials 

Materials used for neuroimaging and eye tracking were the same as Experiment 1. 

Functional scans consisted of echo-planar imaging (EPI) volumes (gradient-echo method) that 

were acquired over five runs, each a duration of approximately five minutes. Two dummy scans 

were included at the beginning of each run to allow the MRI magnet to reach steady state 

longitudinal magnetization. Each volume consisted of 41 × 3.3 mm thick slices; flip angle = 83º; 

TE = 30 ms and TR = 2.75s. Acquisition was transverse-oblique to avoid the eyes and to cover all 

of the brain, including the cerebellum. 

2.4.4 Data Analysis 

Behaviour 

 Mean SRTs were calculated for the 20 target steps for all experimental conditions in the 

same way as Experiment 1. Data exclusion criteria were also the same. Saccade metrics, 

including amplitude, peak velocity and accuracy, were analyzed for predictive saccades (SRTs 

<100ms) in the PRED conditions, and for reactive saccades (SRTs >100ms) in the REACT 

conditions. Amplitude was measured as the distance (in degrees) between the start and end points 

of the saccade, and velocity referred to the peak velocity of the saccade in degrees per second. 

Saccade accuracy was measured as the distance (in degrees) from the final end point of the 

saccade to the visual target.  

Imaging  

 All fMRI data were pre-processed and analyzed using BrainVoyager (Version 1.10, Brain 

Innovation, Maastricht, Holland). Pre-processing steps were the same as Experiment 1 except for 
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three-dimensional motion correction: we aligned all functional images to the first volume of their 

respective runs because this was a better way for correcting the variability in head position 

between runs.  

 The five tasks were modeled with boxcar predictors: PRED (Vis, Aud), REACT (Vis, 

Aud), and FIX. These were convolved with a 2 gamma HRF to model the BOLD signal. Six 

predictors were also included for realignment parameters, which were covariates of no interest.  

Group analysis was conducted using a random-effects general linear model (GLM) with 

separate subject predictors. Group-level statistical maps were created using a threshold of q < .05 

(FDR), and corrected for multiple-comparisons across the voxel population at p < .05 (9 

contiguous voxels). We report main peak voxels for each cluster in Table 2.5-Table 2.8.  

2.5 Results (Experiment 2) 

2.5.1 Behaviour 

Figure 2.7A displays the SRTs for each experimental task. Similar to Experiment 1, both 

REACT tasks (Aud, Vis), on average, elicited reactive saccades (SRTs >100ms) for target steps 1 

through 20. SRTs for PRED fell below 100 ms by target step 3. Interestingly, SRTs in PRED_Vis 

fell below zero to plateau at a value around -30 ms, while in PRED_Aud, SRT values reached a 

much lower value of approximately -150 ms. These negative values reveal that subjects on 

average moved their eyes before the next target was even heard or seen, which subjects were 

appropriately generating predictive behaviour. Except for target 2 (p = .008), Bonferroni-

corrected pair-wise comparisons revealed significant differences between the PRED_Vis and 

PRED_Aud tasks for targets 1 to 20 (ps < .003).  
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Figure 2.7. SRT plots for Experiment 2. A) Mean SRT ± SE plotted for each experimental 

condition (PRED, REACT) for each target step. B) Cumulative distributions of SRTs. 

 

Interestingly, SRTs for the first target step were significantly slower in the auditory 

condition than the visual condition for both PRED (p < .001) and REACT tasks (p < .001). This 

suggests that subjects required less time at the beginning of a visual task to coordinate their eye 
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movements with the first stimulus. This could be attributed to the visual grasp reflex, which is a 

quick and automatic saccadic response to the sudden appearance of a peripheral target (Rafal, 

Machado, Ro, & Ingle, 2000). This would not apply for the auditory tasks because in addition to 

the auditory cue, subjects were presented with two visual targets simultaneously in either 

periphery (left and right) at the beginning of the block. Therefore, responding with a saccade 

towards the visual target in the visual tasks would be expected to be much faster. 

Paired-samples t tests (Bonferroni-corrected) were conducted to compare differences 

between the 20 target steps within each of the four tasks and these results are shown in the 

Appendix. In general, for both PRED tasks, the SRTs dropped with each target step until step 8, 

after which all subsequent steps were not significantly different from each other (ps > .003). This 

suggests that many target steps were required for subjects to settle on a constant rhythm for 

making saccades. Also, for both REACT tasks, the SRTs generally remained constant throughout 

the block except the SRT for the first target step, which was significantly greater than the SRTs 

for all subsequent targets (ps < .003). This may be attributed to subjects requiring more time to 

disengage from fixation to start the task and generate the appropriate response. 

Paired-samples t tests (Bonferroni-corrected) were also conducted to compare the 20 

target steps between tasks (PRED, REACT) within each sensory condition (visual, auditory). For 

both sensory systems, apart from the first target (ps > .15), SRTs for all target steps in the 

REACT task were significantly greater than the corresponding steps in the PRED task (ps < 

.001). This confirms that saccadic behaviour is very different between the PRED and REACT 

tasks.  

Also, Figure 2.7B displays the cumulative distribution of SRTs. This shows that the 

PRED task properly elicited a significantly greater number of predictive saccades than the 
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REACT task (Table 2.1). Interestingly, the auditory condition yielded a greater proportion of 

predictive saccades than the visual condition.   

Previous studies have shown that predictive saccades tend to be hypometric and display 

slower peak velocities (Bronstein & Kennard, 1987; Findlay, 1981). We also included these 

metrics in our behavioural analyses to investigate if our subjects displayed similar behaviour. 

Figure 2.8 displays the saccade metrics compared across task (PRED, REACT) and sensory 

conditions (Vis, Aud). A 2 × 2 repeated measures ANOVA was conducted for all three saccade 

measures (i.e., amplitude, peak velocity, accuracy). The variables were Task with two levels 

(PRED, REACT) and Modality with two levels (Vis, Aud). For saccadic amplitude (Figure 2.8A), 

we found a significant main effect of Modality (F(1,17) = 23.21, p < .001) but no significant main 

effect of Task (F(1,17) = .32, p = .58) or interaction effect (F(1,17) = 2.06, p = .17).  

For peak velocities (Figure 2.8B), we found a significant main effect of Modality 

(F(1,17) = 19.19, p < .001)  and a significant interaction effect (F(1,17) = 26.06, p < .001). There 

was no significant main effect of Task (F(1,17) = .65, p = .43). We conducted pair-wise 

comparisons for the interaction effect using the Sidak correction for multiple comparisons and 

found that saccades in PRED_Vis were significantly slower than REACT_Vis (p < .05) and 

PRED_Aud (p < .001).  

 

Figure 2.8. Saccade metrics for Experiment 2. *p < .05 
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Lastly, for saccade accuracy (Figure 2.8C), we found no significant main effect of 

Modality (F(1,17) = .05, p = .83) or Task (F(1,17) = 2.78, p = .11), but we found a significant 

interaction effect (F(1,17) = 14.80, p < .01). Pair-wise comparisons revealed that saccades from 

PRED_Vis showed the greatest deviation away from target position compared to both 

REACT_Vis (p < .01) and REACT_Aud (p < .01). 

In general, these results show that saccades in the PRED_Vis condition displayed the 

greatest differences in metrics compared to the other conditions. Interestingly, this was the only 

condition where saccades were not generated towards a visual target. All other conditions had a 

peripheral target present to guide the saccades. This even included the PRED_Aud condition 

because in addition to the auditory cue, the visual stimuli were persistent throughout the entire 

block.  

2.5.2 Imaging 

 All subjects completed the experiment in the MRI scanner. Table 2.5-Table 2.8 display 

the main peaks of the clusters of activation for the contrasts of interest. First, we compared PRED 

with REACT for both visual and auditory conditions (Figure 2.9). For the visual conditions, the 

PRED>REACT contrast (orange-yellow colours) showed greater activation in areas including the 

mPFC, PCC, bilateral parahippocampal gyri, right cuneus, and cerebellum (Crus I). The 

REACT>PRED contrast (blue-green colours) revealed greater activation in the oculomotor 

circuit, including the SEF, FEF, right middle and superior temporal gyri (MTG, STG), and the 

cerebellum (lobule VI). These results were consistent with Experiment 1. For the auditory 

condition, we saw similar areas of activation for the equivalent contrasts. The PRED>REACT 

contrast showed greater activation in areas including medial and bilateral prefrontal cortices, 

PCC, bilateral parahippocampal gyri, bilateral middle occipital gyrus and cuneus, and bilateral 
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cerebellum (Crus I). The REACT>PRED contrast revealed greater activation in the cortical eye 

fields (i.e., FEF, SEF, PEF), right DLPFC, bilateral putamen, thalamus and cerebellum (lobule 

VI). This was also similar to that observed from the visual conditions. Interestingly, we 

consistently saw greater activation in Crus I of the cerebellum for PRED, and in lobule VI for 

REACT. Crus I may be more involved with motor timing (Schubotz, Friederici, & Yves von 

Cramon, 2000) of predictive saccades, while lobule VI may be more involved with stimulus-

driven or visually-guided saccades (Ohtsuka & Noda, 1992). 

 

 

Figure 2.9. Contrast maps displaying PRED-REACT for auditory and visual conditions. 

Activation maps are displayed on the mean structural brain. Voxels that yield positive values 

(PRED>REACT) are shown in “warm” colours (i.e., orange/yellow), and those that yield 

negative values (REACT>PRED) are shown in “cool” colours (i.e., blue/green). Activations are 

considered significant at q < .05 (FDR corrected), and with cluster sizes of at least 9 voxels.  
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Table 2.5. MRI Activation Peaks: PRED>REACT (Auditory) 

Anatomical region Talairach coordinates   

 x y z t-stat Size 

Frontal lobe      

L SFG -21 17 40 7.88 407 

L PFC -36 41 -2 7.11 559 

R PFC 39 38 -5 5.12 26 

L ACC/ventral mPFC -18 56 19 5.68 34 

R ACC/ventral mPFC 3 14 -2 6.94 222 

L dorsal mPFC -6 53 37 6.52 496 

R dorsal mPFC 3 65 25 6.34 139 

L MFG -45 23 22 6.16 100 

L paracentral lobule -9 -34 64 5.28 12 

R paracentral lobule 9 -31 61 6.47 160 

L insula (posterior) -36 -13 16 7.59 76 

R insula (posterior) 33 -13 22 8.16 115 

Cingulate gyrus 0 38 -2 5.39 108 

Parietal lobe      

L PCC -15 62 10 6.39 849 

R PCC 6 -55 25 5.83 35 

L IPL -36 -61 28 6.37 345 

R IPL 39 -64 25 5.59 109 

L precuneus -3 -67 28 5.33 43 

R postcentral gyrus 24 -31 61 4.16 83 

      

x, y, z Talairach coordinates specify the location of the peak voxel (highest t-statistic) of a cluster in an 

anatomical region. L = left, R = right. SFG, superior frontal gyrus; mPFC, medial prefrontal cortex; 

ACC/PCC, anterior and posterior cingulate cortex; IPL, inferior parietal lobule; MTG/ITG, middle and 

inferior temporal gyrus. 
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Table 2.5 (cont’d). MRI Activation Peaks: PRED>REACT (Auditory) 

Anatomical region Talairach coordinates   

 x y z t-stat Size 

Temporal lobe      

L parahippocampal gyrus -21 -28 -5 9.09 530 

R parahippocampal gyrus 12 -37 7 8.34 550 

L temporal pole -45 8 -20 7.38 312 

R temporal pole 42 17 -17 6.05 192 

L MTG -51 -40 -5 6.03 153 

R MTG 57 -1 -14 5.41 65 

L ITG -57 -16 -14 3.84 20 

R ITG 51 -61 -14 5.40 41 

Occipital lobe      

L lingual gyrus -6 -88 -14 6.84 49 

L MOG -24 -91 19 5.83 93 

R MOG 33 -82 16 5.33 163 

L cuneus -3 -91 31 5.36 145 

R cuneus 18 -88 37 5.44 47 

Other      

L cerebellum (Crus I) -33 -67 -32 5.87 89 

R cerebellum (Crus I) 27 -67 -35 5.54 308 

R cerebellum (lobule X) 3 -43 -38 4.66 15 

      

x, y, z Talairach coordinates specify the location of the peak voxel (highest t-statistic) of a cluster in an 

anatomical region. L = left, R = right. MOG, middle occipital gyrus. 
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Table 2.6. MRI Activation Peaks: REACT>PRED (Auditory) 

Anatomical region Talairach coordinates   

 x y z t-stat Size 

Frontal lobe      

SEF 0 -1 55 10.53 1174 

L FEF -42 -7 46 9.74 264 

R FEF 18 -10 52 9.03 171 

L insula (anterior) -27 17 10 6.24 17 

R insula (anterior) 39 8 10 5.69 85 

R DLPFC   22  38 22 5.38 60 

Parietal lobe      

L PEF -27 -49 55 5.50 119 

R PEF 6 -46 49 7.40 157 

Temporal lobe      

L STG -54 -43 22 7.17 269 

R STG 51 -37 19 11.02 491 

Other      

L putamen -18 -1 13 7.84 249 

R putamen 21 -4 16 10.00 331 

L thalamus -15 -13 7 5.47 34 

R thalamus 12 -13 13 7.08 22 

L cerebellum (lobule VI) -33 -52 -23 7.75 237 

R cerebellum (lobule VI) 24 -40 -23 8.41 107 

R cerebellum (declive) 0 -64 -17 6.56 105 

R red nucleus 6 -19 -2 5.43 44 

      

x, y, z Talairach coordinates specify the location of the peak voxel (highest t-statistic) of a cluster in an 

anatomical region. L = left, R = right. FEF/SEF/PEF, frontal, supplementary and parietal eye fields; STG, 

superior temporal gyrus. 
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Table 2.7. MRI Activation Peaks: PRED>REACT (Visual) 

Anatomical region Talairach coordinates   

 x y z t-stat Size 

Frontal lobe      

mPFC -12 47 13 7.56 292 

L insula (posterior) -45 -13 22 7.35 28 

L IFG -39 29 10 5.85 44 

Parietal lobe      

L PCC -21 -52 16 5.99 112 

R PCC 21 -58 16 5.88 44 

L paracentral lobule -3 -25 46 5.55 21 

Temporal lobe      

L parahippocampal gyrus -27 -7 -11 6.24 91 

R parahippocampal gyrus 27 -37 -2 5.89 75 

L STG -36 -52 22 5.20 14 

Occipital lobe      

R cuneus 6 -85 22 6.63 278 

Other      

L caudate -6 8 4 5.55 21 

R cerebellum (Crus I) 21 -73 -35 5.18 31 

      

x, y, z Talairach coordinates specify the location of the peak voxel (highest t-statistic) of a cluster in an 

anatomical region. L = left, R = right. mPFC, medial prefrontal cortex; IFG, inferior frontal gyrus; PCC, 

posterior cingulate cortex. 
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Table 2.8. MRI Activation Peaks: REACT>PRED (Visual) 

Anatomical region Talairach coordinates   

 x y z t-stat Size 

Frontal lobe      

SEF 3 -1 61 7.90 183 

R FEF 21 -7 52 6.98 154 

L FEF -24 -7 46 6.52 110 

Temporal lobe      

R STG  51 -37 19 5.78 32 

R MTG 48 -67 7 5.03 30 

Other      

R cerebellum (lobule VI) 33 -46 -20 5.19 17 

      

x, y, z Talairach coordinates specify the location of the peak voxel (highest t-statistic) of a cluster in an 

anatomical region. L = left, R = right. STG/MTG, superior and middle temporal gyrus; FEF/SEF/PEF, 

frontal, supplementary and parietal eye fields. 

 

 

Next, we conducted contrasts comparing the two REACT tasks (Vis, Aud) and another 

separate contrast comparing the two PRED tasks (Vis, Aud) (Figure 2.10). For both contrast 

maps, we found greater activation in auditory cortex for the auditory tasks, and greater activation 

in visual cortex for the visual tasks. This suggests that differences between the REACT tasks and 

differences between the PRED tasks are mostly due to the different sensory systems involved.  

We also compared the PRED-REACT subtraction between visual and auditory 

conditions. In this contrast, we found no areas of activation that survive whole-brain correction. 

This suggests that the brain activation patterns associated with PRED-REACT are similar in the 

visual and auditory tasks.  
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Figure 2.10. Contrast maps showing VIS-AUD for both the predictive and reactive task. 

 

Because of the similarities within visual and auditory conditions, we collapsed them into 

REACT and PRED tasks, and ran a final contrast that subtracted REACT-FIX from PRED-FIX 

(Figure 2.11). To produce this contrast, we created a separate model that split the FIX blocks 

evenly into two separate predictors such that they were presented in alternating order (e.g., 

PRED-FIX1-REACT-FIX2-etc.). We did this so that we could have independent baselines to 

compare the network associated with PRED with the network associated with REACT. When we 

did this, we still saw two separate networks activated: default areas for PRED and oculomotor 

areas for REACT.  
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Figure 2.11. Contrast map comparing the subtractions of saccade tasks with fixation. Auditory 

and visual conditions were collapsed. Voxels that yield positive values are shown in “warm” 

colours (i.e., orange/yellow), and those that yield negative values are shown in “cool” colours 

(i.e., blue/green). Activations are considered significant at q < .05 (FDR corrected), and with 

cluster sizes of at least 9 voxels. 

 

2.6 Discussion 

The purpose of this study was to investigate the neural mechanisms underlying prediction 

by contrasting the brain activation patterns for the predictive and reactive saccade tasks. We 

demonstrated two distinct neural networks that were differentially activated for each type of task. 

Although we hypothesized that the SEF, FEF, and DLPFC would be more activated for the 
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production of predictive saccades, we instead observed greater activation in these and other 

oculomotor network areas for the REACT tasks. For the PRED tasks, we found greater activation 

in areas including the medial prefrontal cortex (mPFC), posterior cingulate cortex (PCC), inferior 

parietal lobule (IPL), and hippocampus, which are all areas associated with the default network 

(Buckner et al., 2008).  We consistently found greater activation in Crus I of the cerebellum for 

predictive saccades. From these findings, we propose three things. First, the REACT tasks 

recruited brain structures involved with the oculomotor circuitry to guide more sensory-driven 

responses. This suggests that the frontal oculomotor areas may not be driving the pretarget 

buildup of activity in the superior colliculus (SC) observed for predictive saccades (Figure 1.2B, 

red trace). Second, default network activation may imply that predictive saccades are repetitive 

and well-learned motor responses that subsequently enable subjects to disengage from focusing 

on the task and to think freely or “mind-wander”. Finally, we propose that the cerebellum may act 

as the internal timing mechanism that is responsible for driving the early buildup of SC activity 

required to initiate predictive saccades.   

2.6.1 REACT>PRED 

Though contrary to our initial hypothesis, our results for REACT>PRED contrasts are, in 

fact, not inconsistent with recent studies. For example, a similar fMRI study required subjects to 

generate tapping responses to a visual cue that occurred at regular or random intervals (Lutz, 

Specht, Shah, & Jancke, 2000). These were equivalent to our PRED and REACT tasks, 

respectively. In this tapping version of the contrast REACT>PRED, Lutz et al. (2000) found 

greater activation in similar areas including the cerebellum, thalamus, sensorimotor cortex, 

bilateral pre-supplementary motor areas (SMA), and SMA proper. This suggests that our results 

with REACT saccades may extend to other motor responses as well. Lutz et al. (2000) found 

greater activation only in the precuneus for PRED>REACT. 



 

  48 

Our results were also similar to another fMRI study that compared predictive and reactive 

saccades. Simó et al. (2005) found greater activation in SEF and FEF for their REACT task 

compared to PRED. We found similar brain areas of activation even though they manipulated 

target location to elicit reactive saccades, while we manipulated timing (randomized ISIs). They 

had seven target locations along the horizontal meridian and the target would jump 3° 

unpredictably to either the left or right with equal probability. While they tried to argue that 

medial FEF was more involved with reactive saccades, we did not observe any distinction in 

activation between medial and lateral FEF. We instead found large clusters of activation for 

REACT tasks in the right and left FEF that included both medial and lateral regions. This slight 

difference between our studies may be due to statistical power. Compared to their study, our 

subjects performed more saccades for each condition per run and completed more runs as well 

(Experiment 1). In addition, Simó et al. (2005) only had 10 subjects participate in their study, 

while we were able to conduct a group-level random effects analysis with 18 subjects. However, 

both our studies showed the same general pattern for both predictive and reactive saccades. The 

REACT tasks may have elicited greater activation in frontal oculomotor areas because the motor 

demands required to achieve the appropriate responses were more complex compared to the 

PRED tasks. There was greater emphasis on initiating the correct behaviour quickly in response 

to an unpredictable external stimulus. Therefore, greater activation of the oculomotor network in 

the REACT saccade task may reflect the recruitment of a predominantly sensory-driven motor 

system to control behaviour. 

Interestingly, these results are also not inconsistent with monkey neurophysiology 

studies. Based on previous studies (Dorris et al., 1997; Dorris & Munoz, 1998), we originally 

speculated that early buildup of SC activity in predictive saccades (Figure 1.2B) may have been 

attributed to the SEF, FEF and DLPFC because the SC receives direct projections from these 
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areas in the frontal cortex (Figure 1.1). Because the predictive saccades had much lower SRTs 

than reactive saccades, this led us to hypothesize that these frontal areas would therefore be more 

greatly recruited in the PRED task. Upon closer inspection, however, the tasks performed by the 

monkeys in the study by Dorris and Munoz (1998) were more similar to our REACT tasks rather 

than the PRED tasks. Both the monkeys and our subjects were required to maintain fixation after 

which they had to generate a saccade towards the next target. Also, they both knew where this 

next target would appear, but not when it would occur. Because the behavioural requirements 

were similar between the monkeys and our human subjects, we can expect that neural processes 

controlling the saccadic responses were also similar. Therefore, the buildup of SC activity may 

still reflect frontal cortex sending preparatory signals but in our study, this applied more for the 

reactive saccade task. This would explain why our fMRI results showed greater activation of 

SEF, FEF, and DLPFC for the REACT rather than PRED task.  

The results of our study do, however, conflict with previous findings from Gagnon et al., 

(2002). In their fMRI contrast comparing completely predictable with completely unpredictable 

saccades, they found greater activation in FEF and SEF for the predictable condition. Several 

reasons may explain the differences between our studies. First, they did not use the same 

predictive saccade task that we did. For their four different saccade tasks, there were three target 

locations: two peripheral and one central. In every trial, subjects were required to return back to 

the central target before making saccades towards the next peripheral target. It is possible that 

their saccade tasks may have imposed a greater cognitive load on their subjects. Secondly, they 

only had seven participants in the fMRI portion of their study. But most importantly, the 

subtraction for their contrast is different from our PRED>REACT contrast. Our REACT task had 

predictable direction and unpredictable timing, which is more similar to their “direction 
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predictable task” (DPT). Therefore, a more analogous subtraction would have been between their 

completely predictable task and DPT, which was not shown in their study. 

2.6.2 PRED>REACT 

Our results do not contradict previous studies that showed impaired predictive saccade 

performance when SEF (Nyffeler et al., 2008), FEF (Rivaud et al., 1994) and DLPFC 

(Pierrot‐Deseilligny et al., 2003) are damaged or impaired. Although our PRED>REACT 

contrasts did not show activation in these oculomotor areas, this does not imply that those areas 

play no role in the PRED task because our study design does not test the level of contribution of 

these areas to the production of predictive saccades. Future neuroimaging studies comparing 

predictive saccade performance between patients with lesions to these frontal oculomotor areas 

and healthy controls would better investigate the relationship between the neural and behavioural 

deficits. 

2.6.2.1 Default Network 

 Interestingly, however, our results showed activation in the default network for the 

PRED>REACT contrasts, which are areas that have been shown to be activated when subjects are 

not engaged in a task and are left to think passively and undisturbed (Mazoyer et al., 2001; 

Raichle et al., 2001; Shulman et al., 1997). Interestingly, Simó et al. (2005) found similar areas 

active in their equivalent contrast, such as the inferior parietal lobule, hippocampus, and anterior 

cingulate cortex. The PRED task is not externally-driven like the REACT task and therefore, does 

not necessarily require visual processing of the target in order to generate a response. Also, the 

PRED task is extremely simple and repetitive with only two locations for saccades to alternate 

between. As a result, these factors may allow subjects to “mind wander” during this task in a 
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similar manner to when they are at rest in a passive condition such as FIX, and may explain why 

we see greater activation in default network areas.  

This system has only recently begun to be more appreciated as greater evidence has 

demonstrated this network to be preferentially active when subjects are not focused on their 

external environment. Several studies (Binder et al., 1999; McKiernan, Kaufman, Kucera-

Thompson, & Binder, 2003; McKiernan, D'Angelo, Kaufman, & Binder, 2006) have investigated 

brain activation patterns associated with stimulus-independent thoughts (SITs), which occur when 

subjects are thinking about things unrelated to the current task they are required to perform. One 

fMRI study found greater activation in default network areas when comparing rest with an 

orienting task involving tone detection (Binder et al., 1999).  Subjects were also probed 

periodically for SITs and there were almost six times as many SITs for rest periods than for the 

task. Other studies have manipulated task difficulty and found that easier tasks produced more 

SITs than difficult tasks, and that greater activation in default network was associated with 

greater occurrences of SITs (McKiernan et al., 2003; McKiernan et al., 2006).  Similarly, our 

subjects may have been engaging in SITs during the predictive saccade task, which would explain 

the activation of default brain areas.  

 This, however, does not explain the predictive behaviour observed in the PRED task. 

Previous studies (Dorris et al., 1997; Dorris & Munoz, 1998) have demonstrated that predictive 

saccades are generated when an early buildup of SC activity exceeds the saccade threshold 

(Figure 1.2B). Our results suggest that the frontal oculomotor areas may not be driving this 

buildup of activity because they yielded greater activation in the REACT>PRED contrast. We, 

instead, propose that signals to the SC may instead be coming from the cerebellum, an important 

structure related to timing. 
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2.6.2.2 Cerebellum 

 Our fMRI results also showed increased activation in different areas of the cerebellum for 

the PRED and REACT task. The PRED task recruited posterior and lateral parts of the 

cerebellum, while the REACT tasks recruited lateral areas that were more anterior and superior. 

Previous studies have shown that predictive saccades may be controlled by some timing 

mechanism or “internal clock” (Joiner & Shelhamer, 2006; Joiner, Lee, Lasker, & Shelhamer, 

2007). Interestingly, there is a growing body of evidence showing that the cerebellum is involved 

with the timing of motor responses at the millisecond level (for review, see Buhusi & Meck, 

2005; Buonomano & Karmarkar, 2002; Ivry, 1996). Our study suggests that this processing of 

time may occur in the lateral parts of the hemispheric lobule Crus I, also known as the superior 

semi-lunar lobule. Functional neuroimaging has revealed this part of the cerebellum to be 

associated with temporal processing (Schubotz et al., 2000). Also, patients with lesions to the 

lateral cerebellum display impaired timing abilities when required to tap to a regular metronome 

beat (Ivry, Keele, & Diener, 1988; Ivry & Spencer, 2004). Lastly, anatomical studies using cat 

models have revealed cerebellar projections to visual areas in the SC (Edwards, Ginsburgh, 

Henkel, & Stein, 1979; Kawamura, Hattori, Higo, & Matsuyama, 1982; Roldan & Reinoso-

Suarez, 1981). Both Edwards et al. (1997) and Roldan et al. (1981) found that all the deep 

cerebellar nuclei project to the SC, including the lateral nuclei, which receives most of its input 

from the lateral cerebellar hemispheres. Therefore, signals from the lateral cerebellum may be 

projecting to the SC via the deep lateral nuclei. These signals may be contributing to the early 

buildup of SC activity that exceeds saccade threshold for the initiation of a predictive saccade 

(Figure 1.2B, red trace). Thus, the cerebellum (Crus I) may serve as the internal timing 

mechanism that drives the fast rhythmic eye movements observed in the PRED task. 
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The more anterior and superior areas of the cerebellum (hemispheric lobules VI) were 

more greatly activated for the REACT tasks and may be more involved with motor coordination. 

In our study, this would be the coordination of sensory signals received from visual or auditory 

stimuli and the reactive saccade response. Many studies have shown saccade-related activity in 

the medio-posterior cerebellum in lobules VI and VII around the vermis (Gruart & Delgado-

García, 1994; Helmchen, Straube, & Büttner, 1994; Helmchen & Büttner, 1995; Ohtsuka & 

Noda, 1995; Thier, Dicke, Haas, & Barash, 2000). It has also been shown that neurons displaying 

saccade activity in this area show greater discharge for visually-guided saccades compared to 

internally-guided saccades (Ohtsuka & Noda, 1992). Though we did not find greater activation in 

medial parts of lobule VI, the lateral areas may communicate with medial areas to guide reactive 

saccades. Greater study with neuroimaging is still needed to better dissociate predictive and 

reactive saccade functions in the different areas of the cerebellum. 

2.6.3 Limitations and Future Directions 

 Prediction is a very broad term that encompasses several cognitive and behavioural 

processes. The traditional predictive saccade task measures a very simple aspect of prediction. It 

is an excellent behavioural tool for eliciting predictive motor responses that have very short 

reaction times. In fact, our results suggest that this task was so simple that subjects were most 

likely generating stimulus-independent thoughts, much in the same way one can think freely 

while riding a bike. To probe neural correlates of more complex motor prediction, a task that 

employs a more difficult but predictable sequence of stimuli may be necessary to more actively 

engage subjects throughout the duration of the entire task. This could have greater implications 

for the behaviours observed in music and dance. For example, analogous tasks may include 

playing a musical instrument where the instrumentalist must generate a complex sequence of 

movements in response to visual cues presented on paper (i.e., music notes), or perhaps 
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choreography where a dancer must also generate a complex sequence of motor responses in 

synchrony with auditory cues from music. There is a growing body of neuroscience research that 

has attempted to study this at a very simplified level, utilizing various finger tapping tasks to 

investigate sensorimotor synchronization (see Repp, 2005, for review). However, neural systems 

underlying this behaviour are still poorly understood, and it would be beneficial to investigate if 

saccade studies are consistent with findings from the current tapping literature.  

Though the PRED task is very good at eliciting short-term motor prediction, it would be 

beneficial to develop new paradigms to study cognitive aspects of prediction. Perhaps utilizing a 

similar behavioural task to Dorris and Munoz (1998) in combination with human fMRI may 

better investigate the process of “anticipation” (Bubic et al., 2010). While our PRED task 

restricted us to blocked fMRI designs (around seven target steps were required before rhythmic 

predictive saccades were elicited), a study of this type would be more compatible with an event-

related design, which would enable us to investigate neural processes on a trial-by-trial basis. 

This task would be more effective at measuring the prediction processes that occur when a 

subject waits in anticipation for an expected target. In relation to our earlier example, this more 

closely resembles the cognitive processing that occurs in runners that eagerly wait for the firing 

gun at the starting line of a race. While this would look at prediction at a short-term scale, still 

other tasks would be required to probe prediction over a longer time scale (i.e., minutes, hours, 

etc.), which is outside the scope of this study. 
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Chapter 3 

General Discussion 

3.1 Summary of Major Findings 

 Contrary to our initial hypothesis, we did not find increased activation in the frontal 

oculomotor areas for the predictive (PRED) task compared to the reactive (REACT) task. Instead, 

in both Experiments 1 and 2, when we compared REACT>PRED, we consistently observed 

activation in frontal, supplementary, and parietal eye fields, thalamus, and putamen. Functional 

connectivity analyses also showed significant correlations of BOLD signal among these areas, 

which is not surprising because these areas have all been shown to play important roles in the 

oculomotor network controlling saccades (Leigh & Zee, 1999; Moschovakis, Scudder, & 

Highstein, 1996; Munoz & Everling, 2004; Pierrot-Deseilligny, Rivaud, Gaymard, Müri, & 

Vermersch, 1995; Schall & Thompson, 1999; Scudder, Kaneko, & Fuchs, 2002; Sparks, 2002). 

When we compared PRED>REACT, we consistently observed activation in the medial prefrontal 

cortex, posterior cingulate cortex, hippocampus, and inferior parietal lobule, which are all areas 

associated with the default network (see Buckner et al., 2008, for review). Functional 

connectivity analyses also showed strong correlations of activity among these brain areas. This 

strongly suggests the presence of two distinct neural networks recruited during the PRED and 

REACT tasks. Lastly, the cerebellum may act as the internal timing mechanism that drives 

predictive saccades. 

3.2 Behaviour and Saccade Metrics 

In Experiment 2, our imaging data showed brain activation patterns that were fairly 

similar for the visual and auditory conditions (Figure 2.9). In the same way, the SRT data showed 

similar patterns for both conditions (Figure 2.7). However, there were several differences in the 
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behaviour that are worth mentioning. Our results showed that visual conditions displayed faster 

SRTs than auditory conditions for the saccade made towards the first target. The first saccades in 

the visual tasks may have been much faster because they were subject to the visual grasp reflex 

(Rafal et al., 2000), which is a fast automatic orienting response towards a peripheral target that 

suddenly appears. This would not apply to the auditory conditions because two target 

placeholders appeared together at the beginning of the task, and they remained fixed on the screen 

for the remainder of the task for subjects to generate saccades to. Therefore, SRTs for the first 

targets in the auditory tasks were slower. 

 We also observed in the PRED conditions that saccades in the auditory tasks reached a 

plateau of SRTs (~-150ms) that were shorter compared to the visual tasks (~-30ms) (Figure 

2.7A). There are several reasons why this might be the case. First, synchronizing motor responses 

to an auditory cue may be more dominant compared to visual cues. Though not statistically 

significant, a study comparing tapping synchronization to a visual or auditory stimulus showed 

that the intervals between finger taps were shorter for auditory rather than visually cued responses 

(Jäncke, Loose, Lutz, Specht, & Shah, 2000). Others have also noted auditory dominance in 

studies involving sensorimotor synchronization with auditory and visual stimuli (Aschersleben & 

Bertelson, 2003; Repp & Penel, 2002; Repp & Penel, 2004). Second, faster SRTs in PRED_Aud 

compared to PRED_Vis may be due to the instructions that were given and the visual feedback 

that was perceived. For example, all subjects were instructed to “move their eyes in time with the 

dot”. Because the PRED_ Vis task had a target that alternated from left to right, subjects were 

able to better synchronize their eye movements with the available visual feedback. If they moved 

too quickly, they would have been able to perceive that they were too early and would adjust the 

latencies of their responses accordingly to be more “in time with the dot”. This may explain why 

the SRTs for the PRED_Vis task plateaued at a value that was much closer to the zero line 
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(Figure 2.7A). The PRED_Aud task, however, did not have an alternating visual target to which 

subjects could synchronize their saccades. They only had the auditory cue to rely on. Therefore, 

subjects were most likely able to coordinate saccadic eye movements more precisely with target 

movements for the PRED_Vis task compared to the PRED_Aud task. 

We also analyzed several saccade metrics in our behavioural data, including amplitude, 

peak velocity, and accuracy for Experiment 2 only (Figure 2.8). These metric data were not 

available from Experiment 1 because most subjects had eye tracking problems, and as a result, 

calibration steps were required to be more liberal. This, however, did not influence SRT results 

because information about the direction of saccade movement was preserved.  

Previous literature has shown that saccades generated towards auditory targets with no 

visual information tend to display longer SRTs, hypometricity, and greater inaccuracy (Goldring, 

Dorris, Corneil, Ballantyne, & Munoz, 1996; Zambarbieri, Schmid, Magenes, & Prablanc, 1982). 

We did not observe these behaviours because our auditory tasks were in fact multisensory in that 

visual target information was also provided and persisted throughout the entire task. There is a 

large body of evidence showing that combined visual and auditory information leads to shorter 

SRTs and greater accuracy (Colonius & Arndt, 2001; Corneil, Van Wanrooij, Munoz, & Van 

Opstal, 2002; Frens & Opstal, 1995; Harrington & Peck, 1998; Hughes, Nelson, & Aronchick, 

1998). This multisensory information may explain why saccades in our auditory tasks displayed, 

in general, not only faster SRTs, but also hypermetricity, faster peak velocities and greater 

accuracy. 

 We also found that saccades in the PRED_Vis displayed the greatest differences in 

metrics compared to the other three experimental conditions. Similar to previous studies 

(Bronstein & Kennard, 1987; Findlay, 1981) these included hypometricity, slower peak 
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velocities, and greater inaccuracy. Interestingly, PRED_Vis is the only condition where saccades 

were not generated towards a visual target. All other conditions had a peripheral visual target 

available to guide saccadic responses. As mentioned earlier, this included both auditory 

conditions because visual anchors were present throughout the entire block for subjects to 

generate saccades to. Because of these behavioural differences in metrics, one may expect neural 

differences between PRED_Vis and PRED_Aud as well. However, we observed similar brain 

activation patterns between both of these predictive tasks (Figure 2.10). This may be because a 

common underlying neural system that drives the production of auditory- and visually-cued 

predictive saccades may be concerned predominantly with the timing or rhythm of the movement. 

This is consistent with a previous study showing that the same internal clock is established for 

predictive saccades regardless of whether auditory or visual information is provided (Joiner et al., 

2007).  

3.3 PRED>FIX and REACT>FIX 

 In Experiment 1, in addition to comparing behavioural and imaging data between PRED 

and REACT tasks, we also produced contrasts that compared them to FIX (Figure 2.3). We did 

this expecting to find activation in cortical eye fields as a way to confirm in combination with 

behavioural data that subjects were performing the saccade tasks properly. Although we found 

greater activation in FEF and SEF for REACT>FIX (Figure 2.3B), we did not observe greater 

activation in these areas when we conducted the contrast PRED>FIX (Figure 2.3A). This may be 

due to neural changes as a result of some form of motor learning. For example, one study 

compared brain activation patterns of subjects who performed novel finger tapping sequences in 

an initial session, with a subsequent session after one week of mental or motor training (Nyberg, 

Eriksson, Larsson, & Marklund, 2006). Results showed a reduction of activation in cortical motor 
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areas after both types of training. Similarly, our PRED task employed an easily learned sequence 

of visual or auditory stimuli to generate motor responses, which may explain the great reduction 

of activation in the FEF and SEF.  

3.4 Limitations and Future Directions 

Several additional limitations exist in the current study that warrant further study for the 

predictive saccade task. First, we acknowledge the possibility that our results for the 

PRED>REACT contrast could also mean that these default areas are specifically recruited to 

perform the predictive task. However, due to software limitations in Brain Voyager, we were 

unable to conduct further functional connectivity analyses. Analyses comparing the strengths of 

correlations between PRED and resting state conditions (i.e., FIX) are required to address this 

possibility.  

Second, we also recognize that our REACT tasks were not completely unpredictable 

because although timing was unknown, subjects still knew which direction the target would 

appear next. As a result, though they were few, subjects still generated predictive saccades in the 

REACT task (see Table 2.1). Also, previous studies have suggested that predictable directions 

elicit greater percentages of predictive saccades than predictable timing (Gagnon et al., 2002). To 

better dissociate the neural processes involved with true prediction and reaction, behavioural 

paradigms need also to reflect and compare completely predictable and unpredictable tasks. 

Gagnon et al. (2002) tried to do this but even their unpredictable condition had a predictable 

direction component to it (subjects were always required to return back to centre before 

generating the saccade for the next trial). A better task is needed that consists of stimuli with 

unpredictable timing and direction to truly elicit completely reactive responses. 
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 To our knowledge, the current study is the first to investigate the traditional predictive 

saccade task using fMRI with healthy young adults. Future studies may include investigating the 

link between behavioural deficits observed in clinical populations with neural deficits. As 

mentioned earlier, the predictive saccade task has been widely used in clinical groups, such as 

Parkinson’s (Crawford et al., 1989), Schizophrenia (Broerse et al., 2001), and Huntington’s 

disease (Tian et al., 1991). Therefore, it would be beneficial to subsequently study their predictive 

saccade behaviour with fMRI to observe differences in brain activation patterns between patient 

groups and controls. It remains to be answered if these patient groups will also exhibit default 

network activation while executing predictive saccades. By linking neural and behavioural 

deficits, the predictive saccade task may prove useful as a clinical tool for probing 

neuropathology.  

3.5 Summary and Conclusions 

The results of our study demonstrate that the network of brain areas engaged for the 

REACT task is different from that for the PRED task. We observed these differences because the 

behavioural requirements were slightly different between these two tasks. For the REACT task, 

subjects were required to visually process the sudden appearance of a peripheral target before the 

appropriate saccadic response could be made. Therefore, the REACT task elicited sensory-driven 

responses, which may explain why we observed greater activation in the oculomotor network 

areas for this task.  

On the other hand, behaviour in the PRED task was not guided by external stimuli 

because reaction times were too quick to be a result of visual processing. In the PRED task, 

subjects were required to learn a regular sequence of target events and to produce saccades in 

synchrony with the stimuli. Because there were only two possible target locations, this sequence 

was easily learned and subjects quickly began to initiate regular and rhythmic saccadic behaviour. 
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Interestingly, we observed greater activation for this task in default network areas. These areas 

have been shown in past studies to be recruited when people think independently of task stimuli 

(Binder et al., 1999; McKiernan et al., 2003; McKiernan et al., 2006). This suggests that because 

the motor requirements were easily learned and executed, subjects were able to mentally 

disengage from the task and think freely instead.  

We also provide evidence that the Crus I of the cerebellum is involved with timing and 

may be driving the rhythmic behaviour observed in the PRED task. Therefore, this shows that the 

predictive saccade task is an excellent measure for simple predictive behaviour that elicits rapid 

motor responses toward predictable targets of known location and timing. 
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Chapter 5 

Appendix 

Tables displaying mean differences of SRTs between target steps within conditions for 

Experiment 2.
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Table 6.1. Mean differences between target steps in PRED_Vis. 

TS 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1 54.92* 132.4* 175.2* 190.1* 195.4* 210.4* 210.2* 231.3* 224.5* 224.9* 228.8* 220.8* 244.1* 230.7* 245.6* 236.9* 232.7* 231.8* 248.5* 

2  77.46* 120.2* 135.2* 140.5* 155.5* 155.3* 176.3* 169.6* 169.9* 173.9* 165.9* 189.2* 175.8* 190.7* 182.0* 177.8* 176.9* 193.5* 

3   42.78* 57.7* 63.01* 78.03* 77.82* 98.87* 92.15* 92.47* 96.38* 88.43* 111.7* 98.28* 113.2* 104.5* 100.3* 99.45* 116.1* 

4    14.92 20.24 35.25* 35.04 56.09* 49.37* 49.69* 53.6* 45.65* 68.94* 55.5* 70.44* 61.74* 57.55* 56.67* 73.3* 

5     5.32 20.33 20.12 41.17* 34.45 34.77* 38.68 30.72 54.02* 40.58 55.52* 46.82* 42.63 41.75 58.38* 

6      15.02 14.81 35.86* 29.14 29.46* 33.37 25.41 48.71* 35.27 50.2* 41.51* 37.31* 36.44 53.06* 

7       -0.21 20.84* 14.12 14.44 18.35 10.39 33.69 20.25 35.18* 26.49 22.29 21.42 38.04* 

8        21.05 14.33 14.65 18.56 10.6 33.9 20.46 35.4 26.7 22.5 21.63 38.25 

9         -6.72 -6.4 -2.49 -10.44 12.85 -0.59 14.35 5.65 1.46 0.58 17.2 

10          0.32 4.23 -3.73 19.57 6.13 21.07 12.37 8.18 7.3 23.92 

11           3.91 -4.04 19.25 5.81 20.75 12.05 7.86 6.98 23.61 

12            -7.96 15.34 1.9 16.83 8.14 3.94 3.07 19.69 

13             23.3 9.86 24.79 16.1 11.9 11.03 27.65 

14              -13.44 1.5 -7.2 -11.4 -12.27 4.35 

15               14.93 6.24 2.04 1.17 17.79 

16                -8.69 -12.89 -13.76 2.86 

17                 -0.63 -0.82 1.77 

18                  -0.87 15.75 

19                   2.79 

TS = target step. *p<.05. 
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Table 6.2. Mean differences between target steps in REACT_Vis. 

TS 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1 20.02 30.71 39.68 29.85 29.23 36.49 41.76* 46.5* 55.41* 50.44* 50.66* 48.99* 66.51* 52.34* 53.79* 49.22* 55.31* 57.96* 57.79* 

2  10.69 19.65 9.83 9.21 16.47 21.74 26.48 35.39* 30.42* 30.64 28.97 46.49* 32.32 33.77* 29.2 35.29 37.94 37.77* 

3   8.96 -0.86 -1.48 5.78 11.05 15.79 24.7* 19.73 19.95 18.28 35.8* 21.63 23.08 18.51 24.6 27.25 27.08* 

4    -9.83 -10.45 -3.18 2.08 6.82 15.73 10.77 10.99 9.32 26.84 12.67 14.12 9.55 15.64 18.29 18.11 

5     -0.62 6.65 11.91 16.65 25.56* 20.59* 20.82* 19.14 36.66* 22.5 23.94 19.37 25.46* 28.12 27.94* 

6      7.26 12.53 17.27 26.18* 21.21 21.43* 19.76 37.28* 23.11 24.56* 19.99 26.08* 28.73 28.56* 

7       5.26 10 18.92 13.95 14.17 12.5 30.02 15.85 17.3 12.73 18.82 21.47 21.29* 

8        4.74 13.65 8.68 8.91 7.23 24.76 10.59 12.03 7.47 13.55 16.21 16.03 

9         8.91 3.94 4.17 2.49 20.01 5.85 7.29 2.72 8.81 11.47 11.29 

10          -4.97 -4.74 -6.42 11.1 -3.07 -1.62 -6.19 -0.097 2.55 2.38 

11           0.22 -1.45 16.07 1.9 3.35 -1.22 4.87 7.52 7.35 

12            -1.67 15.85 1.68 3.13 -1.44 4.65 7.3 7.12 

13             17.52 3.35 4.8 0.23 6.32 8.97 8.8 

14              -14.17 -12.72 -17.29 -11.2 -8.55 -8.73 

15               1.45 -3.12 2.97 5.62 5.44 

16                -4.57 1.52 4.17 4.00 

17                 6.09 8.74 8.56 

18                  2.65 2.48 

19                   -0.18 

TS = target step. *p<.05. 
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Table 6.3. Mean differences between target steps in PRED_Aud. 

TS 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1 178.5* 313.0* 369.4* 384.1* 398.2* 407.3* 416.9* 413.5* 433.9* 440.4* 450.4* 435.1* 445.0* 450.5* 458.2* 446.3* 456.4* 445.7* 460.4* 

2  134.4* 190.9* 205.6* 219.7* 228.8* 238.3* 235.0* 255.4* 261.8* 271.9* 256.6* 266.5* 271.9* 279.7* 267.7* 277.9* 267.2* 281.9* 

3   56.48* 71.16* 85.28* 94.37* 103.9* 100.6* 121.0* 127.4* 137.5* 122.2* 132.1* 137.5* 145.2* 133.3* 143.5* 132.8* 147.4* 

4    14.68 28.81* 37.9* 47.43* 44.09* 64.48* 70.94* 81.01* 65.68* 75.59* 81.04* 88.77* 76.84* 86.97* 76.27* 90.97* 

5     14.12 23.21 32.75* 29.4* 49.8* 56.26* 66.32* 50.99* 60.91* 66.35* 74.08* 62.16* 72.29* 61.59* 76.28* 

6      9.09 18.63 15.28 35.68* 42.13* 52.2* 36.87* 46.78* 52.23* 59.96* 48.04* 58.16* 47.46* 62.16* 

7       9.54 6.19 26.59* 33.04* 43.11* 27.78* 37.69* 43.14* 50.87* 38.95* 49.08* 38.37* 53.07* 

8        -3.35 17.05 23.51* 33.57* 18.24* 28.16 33.61* 41.34* 29.41 39.54* 28.84 43.53* 

9         20.4 26.85* 36.92* 21.59 31.5 36.95* 44.68* 32.76 42.89* 32.18 46.88* 

10          6.46 16.52 1.19 11.11 16.56 24.29 12.36 22.49 11.79 26.48* 

11           10.07 -5.26 4.65 10.1 17.83 5.9 16.03 5.33 20.03 

12            -15.33 -5.42 0.033 7.76 -4.16 5.97 -4.74 9.96 

13             9.91 15.36 23.09* 11.17 21.3 10.59 25.29* 

14              5.45 13.18 1.25 11.38 0.68 15.38 

15               7.73 -4.19 5.93 -4.77 9.93 

16                -11.92 -1.8 -12.5 2.2 

17                 10.13 -0.57 14.12 

18                  -10.7 3.99 

19                   14.7 

TS = target step. *p<.05. 
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Table 6.4. Mean differences between target steps in REACT_Aud. 

TS 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1 114.5* 149.0* 145.3* 134.3* 136.8* 137.6* 139.5* 115.9* 140.7* 137.2* 138.0* 120.1* 127.9* 130.3* 130.8* 128.1* 143.4* 136.8* 120.8* 

2  34.5 30.8 19.8 22.3 23.1 25.0 1.4 26.2 22.7 23.4 5.6 13.4 15.8 16.3 13.6 28.8 22.3 16.3 

3   -3.7 -14.7 -12.2 -11.4 -9.5 -33.1 -8.4 -11.8 -11.1 -28.9 -21.1 -18.7 -18.2 -20.9 -5.7 -12.2 -18.2 

4    -11.0 -8.5 -7.7 -5.8 -29.4 -4.6 -8.1 -7.3 -25.2 -17.4 -15.0 -14.5 -17.2 -1.9 -8.5 -14.4 

5     2.5 3.3 5.2 -18.4 6.4 2.9 3.7 -14.2 -6.4 -4.0 -3.5 -6.2 9.1 2.5 -3.5 

6      0.8 2.8 -20.9 3.9 0.4 1.2 -16.7 -8.9 -6.5 -5.9 -8.7 6.6 0.0 -5.9 

7       1.9 -21.7 3.1 -0.4 0.4 -17.5 -9.7 -7.3 -6.8 -9.5 5.8 -0.8 -6.8 

8        -23.6 1.1 -2.3 -1.6 -19.4 -11.7 -9.2 -8.7 -11.4 3.8 -2.8 -8.7 

9         24.7 21.3 22.0 4.2 12.0 14.4 14.9 12.2 27.4 20.9 14.9 

10          -3.5 -2.7 -20.6 -12.8 -10.4 -9.8 -12.6 2.7 -3.9 -9.8 

11           0.7 -17.1 -9.3 -6.9 -6.4 -9.1 6.1 -0.4 -6.4 

12            -17.9 -10.1 -7.6 -7.1 -9.8 5.4 -1.2 -7.1 

13             7.8 10.2 10.7 8.0 23.3 16.7 10.8 

14              2.4 3.0 0.3 15.5 8.9 3.0 

15               0.5 -2.2 13.0 6.5 0.5 

16                -2.7 12.5 6.0 0.0 

17                 15.2 8.7 2.7 

18                  -6.6 -12.5 

19                   -5.9 

TS = target step. *p<.05. 


