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Abstract 

Prediction is the process of using information from either the past or present to guide 

future behaviour. It is needed to compensate for neural delays between a sensory input and an 

appropriate motor output. We designed an eye movement task to clarify the behavioural control 

and neural correlates that are involved in both temporal and spatial prediction. A task involving 

temporally and spatially predictive and non-predictive saccades was employed in a magnetic 

resonance imaging (MRI) machine in which four conditions were tested: spatially/temporally 

predictive (ST-PRED), temporally predictive/spatially non-predictive (T-PRED), spatially 

predictive/ temporally non-predictive (S-PRED), and spatially/temporally non-predictive (NON). 

Data from 24 normal human participants (mean age = 22.4 yrs) showed distinct behavioural 

differences between conditions. All participants elicited primarily predictive saccades (saccadic 

reaction time: SRT < 100ms) in the ST-PRED condition. The NON condition elicited primarily 

reactive saccades (SRT > 100ms). The average SRT of the S-PRED condition fell between the 

average of the ST-PRED and NON conditions, and no significant differences in SRT were 

observed between the T-PRED and the NON conditions. Analysis of the functional imaging data 

identified regions of interest with activations that correlated to the predictive conditions. 

Contrasts of predictive conditions isolating both spatially and temporally predictive areas 

showed activation of the parietal eye fields (PEF), insular cortex, and dorsolateral prefrontal 

cortex (DLPFC) which may play a role in the control of predictive saccades. Contrasts that 

isolated spatially predictive areas also showed activation of the PEF, insular cortex, and DLPFC 

while contrasts that isolated temporally predictive areas showed select activation of the 

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

observed for the temporal aspect of predictive saccades. Surprisingly, activation or frontal areas 



iii 
 

responsible for saccadic control such as the Frontal and Supplementary Eye fields were equal 

among all conditions. The behavioural differences validated the activity of the contrasts to isolate 

brain areas that are correlated with both spatial and temporal prediction. The results from these 

contrasts indicated that brain activation in the ST-PRED and S-PRED conditions reflects 

predictive responses to visual stimuli while brain activation in the T-PRED condition reflects 

motor-timed responses. This suggests that utilizing a predictive saccade task is a valuable tool 

for simultaneously testing both spatial and temporal prediction that involves fast internally-

guided responses. 
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Chapter 1 

General Introduction 

1.1 Introduction 

Prediction refers to any type of processing which incorporates the information derived from 

the past and present to guide future behaviour or generate information on the future state of the 

body or environment (Bubic et al., 2010). This is a general process involved in various aspects of 

information processing such as perception (Bar, 2004; Fenske et al., 2006), motor and cognitive 

control (Wolpert & Flanagan, 2001), decision making (Friedman & Scholnick, 1997; Morris & 

Ward, 2005), theory of mind (Frith & Frith, 2006), music (Keller & Koch, 2008), visual 

processing, and many others (DeLong et al., 2005; Ueda et al., 2003; Nitschke et al., 2006; 

Partiot et al., 1995; see Bubic et al., 2010, for review).  This thesis focuses on the generation of 

accurately timed, predictive motor responses to temporally and spatially predictive stimuli. 

Short term motor prediction exists in part due to the presence of inherent delays within the 

sensory and motor systems as well as in the cognitive processing between the sensory and motor 

systems. To compensate for these delays, anticipatory motor actions to expected stimuli in the 

environment are advantageous to optimize behaviour. Temporal information for predictive motor 

movements can be processed over a range of timings from the magnitude of microseconds to 

days (Buonomano & Karmarkar, 2002). For the purpose of this study, we define prediction as 

short term motor responses on the order of less than 1 second. 

Short term motor prediction is crucial to daily life as recognition of regularities in the 

environment conserves attentional resources that could otherwise be used for novel or 

unexpected stimuli. Reaction times towards predictive stimuli tend to be significantly faster than 

physiologically possible had the response to the stimulus been reactive. For example, in many 
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sports, such as soccer, the goalkeeper will tend to use cues in the behaviour of the opposing 

player and predict the future location of the ball before the ball is even kicked. Saccadic eye 

movements prove to be an excellent tool to study this process. 

A saccadic eye movement is a ballistic eye movement that redirects the fovea onto an area of 

interest in the visual field. This enables subsequent high-acuity detailed visual analysis of that 

location. We use saccadic eye movements to intake visual information to perceive our 

environment. Saccadic eye movements are an excellent tool for research as they are easy to 

measure and the network of brain areas controlling the generation of saccades optimize visual 

processing is well understood (Fig 1.1). Eye movements are a valuable behavioural research tool 

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

Sweeney et al., 2007). The measurement of saccadic eye movements may be paired with 

functional magnetic resonance imaging (fMRI) to measure the neural correlates of many 

cognitive processes in humans such as attention (Culham et al 1998, Perry et al 2000), language 

and reading (Carpenter et al 1999, Righi et al 2010), and prediction (O’Driscoll et al, 2000). In 

this study, we use a predictive saccade task to measure the neural correlates of both spatial and 

temporal motor prediction. 
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Figure 1.1. Neural circuitry controlling the planning and production of saccadic eye movements 

(Munoz & Coe, 2011). FEF, frontal eye fields; GPe, globus pallidus (external segment); LGN, 

lateral geniculate nucleus; PEF, parietal eye fields; PFC, prefrontal cortex; PPRF, parapontine 

reticular formation; riMLF, rostral interstitial nucleus of the medial longitudinal faciculus; SCi, 

superior colliculus intermediate layers; SCs, superior colliculus superficial layers; SEF,  

supplementary eye fields; SNr, substantia nigra pars reticulate; STN, subthalamic nucleus. 

 

1.2 Temporal and spatial prediction 

In all forms of prediction, events that occur in a non-random fashion may be recognized 

by the brain and regularities or relationships between the events may be exploited. This 

knowledge can be used to predict future events where these regularities may be recognized. As 

mentioned previously, prediction can take place on different time scales. Expectations may be 

formulated on knowledge accumulated over long-term experience (Bar, 2007), or learned on a 

short-term scale with exposure to non-random patterns (Schubotz, 2007). Furthermore, 
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predictive responses may occur over a large time scale as well. Long-term prediction occurs 

primarily “offline” where responses are not immediately relevant. However, short-term or 

“online” prediction is typically necessary for regulating ongoing behaviour. For example, in 

motor control, an online predictive mechanism must be in place to regulate behaviour within a 

sensorimotor cycle, or the timeframe between a sensory input and a motor output (Pezzulo et al, 

2008).  

Within motor-prediction, on both a long and short-time scale, there are two domains to 

consider: temporal and spatial. In other words, the expectation of when and where something 

will occur, respectively. The temporal domain of motor prediction has been well studied in 

various forms. Finger-tapping, in which a pacing stimulus (auditory or visual) is applied and a 

subject must match a given rhythm, has been well tested (Catalan et al., 1998; Colebatch et al., 

1991; Sadato et al. 1996; see Witt et al. 2008 for review). This task requires the recognition of a 

consistent pace as well as a motor output to match the stimulus. As mentioned before, there must 

be an “online” prediction mechanism to compensate for the sensory-motor delays within this task 

(Pezzulo et al. 2008). This is applicable to any musician as a motor output or action on an 

instrument must be made in time with a given beat or rhythm. Spatial prediction on the other 

hand, is highly applicable to various areas such as sports. For example, in baseball, a player loses 

sensory information of a pitch at least 5.5 feet from the plate, and must predict the location of the 

ball over the plate, and start a swing much sooner (Bahill et al., 1984). Again, an “online” 

prediction mechanism must exist to predict, in this case, the future state of the baseball. 

The temporal and spatial components of prediction share significant overlap and are most 

often concurrently tested. Saccadic eye movements have frequently been used to test both the 
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behaviour and the neural correlates of predictive motor movements (Simo et al 2005, Grosbras et 

al. 2001, Gagnon et al 2002). 

1.3 The Temporally and Spatially Predictive Saccade Task 

A predictive saccade task that is commonly employed involves a subject following a visual 

target that alternates between two fixed positions, along the horizontal meridian, at a regular time 

interval (Stark et al., 1962). The time in between target jumps is often referred to as the inter-

stimulus interval (ISI). In this task, the saccadic reaction times (SRTs) towards the presentation 

of each target step quickly become faster, eventually allowing the fovea to land on the target 

without the sensorimotor delays that would be present if the stimuli were novel. These saccades 

are believed to be internally-guided or “predictive” as they are initiated before the brain 

perceives the sensory stimulus. There may very well be an internal timing mechanism that allows 

for the observed rhythmic behaviour (Joiner & Shelhamer, 2006). Predictive saccades require 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 on 

when (temporal prediction) and where (spatial prediction) the stimulus will appear next. This is 

why after several target steps, participants begin to generate saccades with SRTs that are less 

than 100ms, or faster than the time it takes the brain to process the visual information (Joiner & 

Shelhamer, 2009). Furthermore, participants may produce even faster SRTs that are less than 

0ms (Crawford, Henderson, & Kennard, 1989). This further reflects predictive behaviour as 

saccades are generated even before stimulus presentation. As mentioned previously, motor 

prediction is comprised of temporal and spatial components. While this task consists of temporal 

and spatial prediction, it does not tease apart the mechanisms behind both temporal and spatial 

prediction.  
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Here, we propose a modified predictive saccade task. In this task, we employ a stimulus 

presentation similar to the traditional predictive saccade task (Gagnon et al. 2002). However, the 

location of the stimulus varies between one of sixteen possible, marked spatial locations that 

form a circular pattern around the central fixation point. Unlike previous paradigms, where there 

are only two spatial locations, having sixteen possible locations greatly reduces chances of 

successful guesses or the employment of working memory for the spatially non-predictive 

conditions (Fig. 2.1A). Like the traditional predictive saccade task, the ISI may be randomized or 

known.  Most importantly, spatial prediction can be independently controlled by having the 

stimuli presented in either a clockwise fashion (predictive) or randomized between the sixteen 

spatial locations.  

1.4 Saccadic eye movements 

1.4.1 Predictive Saccades vs. Reactive Saccades 

There are various saccade measures that distinguish a predictive saccade (internally 

driven) from a reactive saccade or visually triggered saccade (externally driven), which is a 

saccade that is made in response to the appearance of a peripheral visual stimulus. Both the peak 

velocity and peak saccadic gain of predictive saccades are significantly reduced when compared 

to reactive or externally drive saccades (Bronstein and Kennard 1987; Findlay 1981). However, 

the difference between predictive and reactive saccades in these metrics is variable between 

studies. A more robust metric that better differentiates predictive and reactive saccades is 

saccadic reaction time (SRT). 

 There are inherent delays between the processing of the sensory input to produce an 

appropriate saccadic motor response within the oculomotor circuit. As a result, reactive saccades 

have a significantly longer SRT as compared to predictive saccades (Dorris & Munoz, 1998). 
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Furthermore, as seen in Figure 1.2, in a preliminary study using adult participants, we found a 

sharp increase in frequency of SRTs at 100ms for various interstimulus intervals (ISIs). 

Therefore, in our tasks, we define a predictive saccade as a saccade that occurs with an SRT of 

less than 100ms after stimulus appearance and a reactive saccade as any saccade with an SRT of 

more than 100ms. The neural circuit underlying the control of predictive and reactive saccades 

have been well studied and is supported by single-unit studies in monkeys (Munoz & Everling, 

2004, Munoz et al. 2000). 

 

 

 

Predictive saccades 
<100ms 
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Figure 1.2. Cumulative frequency distribution of SRTs in a predictive saccade task for various 

interstimulus intervals (ISIs). Participants performed saccades to two spatially fixed targets while 

the targets varied in ISI. More predictive saccades (SRT<100ms) were made with a fixed ISI 

compared to a random ISI. Participants made the most predictive saccades with a fixed ISI of 

750 ms (Kilmade & Munoz, unpublished data). 

1.4.2 Oculomotor circuitry  

Research with monkeys has significantly contributed to our understanding of the 

oculomotor network (Fig.1.1). This research has elucidated the critical role of the superior 

colliculs (SC) in the generation of the saccadic eye movements (Munoz & Wurtz, 1995; Sparks 

& Hartwich-Young, 1989). During a reactive saccade, the retina is stimulated by the appearance 

of a target. The visual signal then reaches the visual cortex via the retino-geniculo-striate 

pathway. In turn, the visual cortex projects towards the cortical eye fields that then project to the 

SC. The SC also receives projections from the visual cortex and retina directly. The SC then 

stimulates the parapontine reticular formation which in turn, activates and appropriate 

combination of the extra-ocular muscles to induce a saccade towards the visual target. 

Dorris and Munoz (1998) characterized the discharge of neurons in the intermediate layer 

of the SC (SCi). In the case of express saccades, which are the fastest reactive saccades, saccade 

neurons in the intermediate layer of the SC show pretarget activity, which allows the visual 

target to push the activity past saccadic threshold to generate a saccade (Fig. 1.3). These are 

short-latency saccades that are generated by a neuronal mechanism that accesses the most direct 

route through the oculomotor circuit to generate a saccade.  
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Predictive saccades, generated before visual processing of the target can occur (Dorris & 

Munoz 1998). In contrast to express saccades, they are driven by the pretarget buildup activity in 

the SC that crosses the saccadic threshold without a response to a visual target (Fig. 1.3). 

Activity of the SC prior to saccadic execution has been observed in various studies 

(Glimcher & Sparks, 1992; Mohler & Wurtz, 1976; Munoz & Guitton, 1991; Munoz & Wurtz, 

1995a; Sparks, 1978).  Studies have also shown that this increase in early activity is associated 

with faster SRTs (Dorris et al., 1997), and that it may reflect motor preparation (Dorris & Munoz 

1998). In this study, the predictability of the target appearing inside versus outside of the 

response field (RF) of the SC neuron was varied. There was a gradual buildup of activity prior to 

the initiation of the saccade. The greatest buildup of activity was observed when the target 

appearing in the RF was completely predictable. Less buildup of activity was observed as the 

target appearing in the RF became less predictable. There was a strong relationship between SRT 

and target predictability. The probability of target appearing in the RF was inversely correlated 

to SRT. Therefore, an early buildup of activity in the SC may be the driving force behind the 

execution of predictive saccades.  

 The SC receives direct projections from several fronto-cortical areas including the FEF, 

SEF, and DLPFC (Fries, 1984; Leichnetz et al., 1981; Shook et al., 1990; Stanton, Goldberg, & 

Bruce, 1988). These frontal oculomotor areas that are involved with planning and execution of 

saccades may have a role in controlling predictive saccades via the SC. Furthermore, studies 

have shown that the FEF (Everling & Munoz, 2000; Segraves & Goldberg, 1987; Sommer & 

Wurtz, 2001), SEF (Huerta et al., 1990, Shook et al., 1990), and DLPFC (Selemon & Goldman-

Rakic, 1988, Johnston & Everling, 2006) project directly to the SC; Theses fronto-cortical 
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oculomotor areas may provide the pretarget buildup of activity in the SC that precedes predictive 

saccades. 

 

Figure 1.3. Neuronal response in the superior colliculus (SC) during predictive, express, and 

reactive saccades (adapted from Dorris & Munoz, 1998). Pretarget activity is evident in 

predictive saccades. During express and reactive saccades, the sharp increase in activity (~60ms) 

after target onset represents the onset of the visual transient.    

1.4.3 Neural Control of Predictive saccades in humans 

Various methods exist to identify the neural substrate of predictive saccades in humans. 

Cortical oculomotor areas, including the FEF, SEF, and DLPFC have been consistently 

implicated in the control of predictive saccades (Everling & Munoz, 2000; Segraves & Goldberg, 

1987; Sommer & Wurtz, 2001, Huerta et al, 1990, Shook et al, 1990, Selemon & Goldman-

Rakic, 1988, Johnston & Everling, 2006). Lesion studies of the FEF have found that there was a 
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significant decrease in the amplitude gain of all saccades (including predictive saccades) to 

contralesional side (Rivaud et al 1994). Furthermore, the percentage of predictive saccades 

towards to contralesional side was significantly decreased. Unilateral lesion studies of the 

DLPFC found no effect on the saccadic gain, but show a bilateral reduction of the percentage of 

predictive saccades (Pierrot-Deseilligny et al., 2003). Therefore, it is suggested that the DLPFC 

may play a role in the temporal control of predictive saccades. Finally, transcranial magnetic 

stimulation of the SEF eliminates the decreased saccade latencies in the predictive saccade task 

(Nyffeler et al., 2008). These studies suggest that the fronto-cortical oculomotor areas are critical 

in the production of predictive saccades. 

Further studies suggest the involvement of subcortical areas in the control of predictive 

saccades. In a study of patients with a bilateral lesion to the lentiform nucleus, the percentage of 

predictive saccades made was significantly decreased when a gap existed between visual targets 

(Vermersch et al. 1996). Along with predictive saccades, these patients also had deficits in 

executing memory guided saccades and saccade sequences which may indicate that the lentiform 

nucleus is important for the internal representation of the target for correct planning and 

execution of the saccade. Furthermore, studies involving patients with Parkinson’s and 

Huntington’s disease have found various behavioural deficits in their saccadic behaviour 

(Bronstein & Kennard, 1985; O'Sullivan et al., 1997). Both of these neurological disorders affect 

the basal ganglia. Parkinson’s disease is characterized with a degredation of the dopaminergic 

cells in the substantia nigra which leads to a general decrease of excitation in basal ganglia 

circuits. While Parkinson’s patients could still generate predictive saccades, they were slower to 

learn the temporal pattern of the predictive saccades. Moreover, their saccades were significantly 

more hypometric as compared to controls (Crawford et al. 1989). Huntington’s disease is 
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characterized by a breakdown of the projections to the external segment of the globus pallidus 

(GPe) (Ligot et al 2010). As seen in Figure 1.1, it is a key player in the indirect circuit of the 

basal ganglia. This degeneration in Huntington’s disease therefore leads to a reduction of 

inhibitory outflow of the basal ganglia. Patients with Huntington’s disease are unable to 

anticipate the timing and location of a predictive visual target (Tian et al 1991). The exact role of 

these subcortical structures in the generation and control of predictive saccades, however remain 

poorly understood. 

There are only a few human studies which explicitly investigate the neural correlates of 

predictive saccades. A positron emission tomography (PET) study investigated the neural 

correlates of predictive saccades and smooth pursuit compared to fixation (O’Driscoll et al. 

2000). Smooth pursuit eye movements allow the eyes to continuously follow and track a moving 

object.  Compared with fixation, pursuit and predictive saccades activated areas including the 

FEF, SEF, V5 and the medial cuneus, while predictive saccades activated areas such as the 

cerebellum and FEF compared to pursuit. The authors suggested that a frontal-cerebellar loop 

may be critical for the timing involved with predictive saccades (O’Driscoll et al, 2000). The 

cerebellum is also implicated in timing in various other studies (Buonomano & Karmarkar, 2002, 

Joiner & Shelhamer, 2006) and may be critical for an internal rhythm needed in the predictive 

saccade task. 

Several studies have used fMRI to explore the neural correlates of prediction (Simo et al 

2005, Grosbras et al. 2001, Gagnon et al 2002). Simo et al. (2005) found greater activation in the 

prefrontal, pre-supplementary motor area, anterior cingulate cortex, hippocampus, thalamus, 

striatum, and cerebellum during the predictive task. However, contrary to previously literature, 

greater medial-FEF activation was shown in the visually guided saccade task. In other literature, 
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the medial-FEF has been shown to be more activated for new sequences versus familiar ones 

(Grosbras et al. 2001). The exact role of the FEF in predictive saccades is not yet clear. To our 

knowledge, only one study has attempted to separate the role of the temporal and spatial domains 

of prediction. Gagnon et al. 2002, investigated the neural activations of unpredictable (direction 

and timing unknown), predictable (direction and timing known), and two semi-predictable 

(either direction or timing known). They also found greater activation of the FEF during 

predictive saccades versus reactive saccades. Furthermore, conditions where the target is 

spatially or temporally predictable employ primarily overlapping structures such as the 

precentral gyrus in the area of the FEF compared to unpredictable conditions. However, the 

lenticular nuclei were more active only when the timing was known, while the caudate was more 

active when target direction was known. It is difficult to relate these results as the saccade 

paradigms employed in these studies are different. Therefore, the role of frontal areas (i.e., FEF, 

SEF, DLPFC) and subcortical areas (i.e., Basal Ganglia)  in predictive saccade control remains 

unclear. 

1.5 Principles of Magnetic Resonance Imaging 

1.5.1 The MR Signal 

This thesis employs the use of functional magnetic resonance imaging (fMRI) to measure 

brain activity during a predictive saccade task. Magnetic resonance imaging (MRI) relies on the 

magnetic properties of the hydrogen nuclei (a single proton) found in tissues, as well as their 

interaction with radio frequency pulses to produce detailed images of the body (Odeblad and 

Lindstrom, 1955; Lauterbur, 1973; Haacke et al., 1999, see Huettel et al, 2014 and Stroman, 

2011 for review). Hydrogen is present in water and lipids and therefore, in virtually all biological 

tissue including of course, neural tissue.  There are two magnetic properties of the hydrogen 
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nucleus that are crucial to the generation of the MR signal: 1) the hydrogen nucleus possesses a 

north and south pole. 2) It spins on this axis. At rest, or in a normal state, the spin of the 

hydrogen nuclei is random and in all directions. The direction of the magnetic moment is 

therefore random. However, when placed in a strong magnetic field (B0), the direction of the 

magnetic moment is forced into alignment with the magnetic field.  The magnetic moment of the 

proton may adopt one of two orientations, parallel or anti-parallel in relation to the direction of 

the magnetic field. When the magnetic moment of the proton is aligned parallel to B0, the energy 

is at a minimum, and in an anti-parallel alignment, the energy is at a maximum. Since the 

preferred state of alignment is the one that requires the least energy (parallel alignment), more 

protons align with B0 than against it.  

Due to the abundance of hydrogen atoms in biological tissue, tissues inside an MRI 

become weakly magnetized with a magnetic moment (M0) that is parallel to B0. However, 

hydrogen nuclei do not immediately fall into alignment or equilibrium. Hydrogen nuclei will 

precess around the direction of the static magnetic field at a frequency that is dependent on B0. 

The nuclei may be perturbed out of equilibrium with the application of a radiofrequency (RF) 

pulse. This pulse is an oscillating electromagnetic field (B1) that is oriented in a perpendicular 

direction to B0 and is tuned to the same oscillation frequency as the hydrogen nuclei. The amount 

that the nuclei are perturbed from equilibrium is known as the flip angle. The MR signal is 

produced and recorded in the receiver coil of the MRI system as an electrical signal induced by 

the rotating magnetization of the hydrogen nuclei. After the RF pulse, the hydrogen nuclei return 

to equilibrium through a process known as “relaxation”.  In this process, the hydrogen nuclei 

lose energy as a result of the magnetic interaction between the nuclei. There are two orthogonal 

components to relaxation: A longitudinal component, which is parallel to B0, and a transverse 
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component, which is transverse to B0. The longitudinal relaxation is characterized by the 

magnetization returning to its equilibrium value of M0. The time for this process is known as 

time T1. The transverse relaxation is characterized by the magnetization decay to its equilibrium 

value of 0. The time for this process is known as time T2. It is important to note that these 

orthogonal relaxation rates are not equal. Transverse relaxation occurs more quickly compared to 

longitudinal relaxation. Furthermore, the relaxation rates vary between different tissues due to 

the differences in respective water and lipid contents. Relaxation rates are generally longer in 

environments with more mobile water compared to environments where the water is more 

restricted. For example, cerebral spinal fluid will have a longer relaxation time compared to 

adipose tissue. This provides the basis to distinguish different tissues and structures in images.  

1.5.2 Imaging Methods 

Following the initial RF pulse, the MR signal will decay due to spin relaxation (Hahn, 

1950). Inhomogeneous variations on the magnetic field will cause different rates of nuclei 

precession as well as a loss of magnetization. The exponential decay of the total transverse 

magnetization depends on both the relaxation time (T2) as well as the magnetic field variation 

across the imaged sample. This is characterized by time T2*. Since the MR signal decays 

exponentially to 0 milliseconds after the first RF pulse, creating an echo is needed to properly 

measure the MR signal. 

Fundamentally, there are two methods to increase signal detection. Both methods reverse 

the effects of a loss of signal and create an echo by having the MR signal return after decay. The 

first method, “spin-echo” (SE), is formed by applying a second RF pulse at some time after the 

first RF pulse. After the first RF pulse, the signal MR signal begins to dephase. The second RF 

pulse is applied at 180° to the first RF pulse in the plane transverse to B0. The second RF pulse 
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therefore cancels out variations in the magnetic field and returns the signal into phase to form the 

spin echo. A second method to increase the signal is the “gradient echo” (GE). After the initial 

RF pulse, a magnetic field gradient is formed, and then another gradient is formed in the opposite 

direction. Like the SE, the magnetization is brought back into phase, and the GE is formed. The 

time between RF pulses is known as the repetition time (TR), and the time between the RF pulse 

and the formation of the echo is known as echo time (TE).  

The spin echo cancels out the effects of inhomogeneities in the magnetic field, however it 

doesn’t counteract the effects of transverse relaxation. Therefore, the signal strength of SE is 

dependent on T2 as well as TE. With the gradient echo, the signal strength is dependent on TE 

and T2* since the magnetic field variations are not canceled out. 

1.5.3 Specific applications of MRI 

Blood Oxygen Level Dependent (BOLD) 

The BOLD contrast mechanism is a method of functionally imaging of the brain, 

correlating blood oxygen levels with hypothesized changes in neural activity (Ogawa & Lee, 

1990; Ogawa, Lee, Kay, & Tank, 1990; Ogawa, Lee, Nayak, & Glynn, 1990). The BOLD 

contrast mechanism exploits two physiological concepts that have been well established. First, 

when a neuron is more active, by receiving more excitatory or inhibitory inputs, it has a higher 

metabolic demand, and thus more oxygen. Local vasculature responds by bringing more 

oxygenated blood to areas of increased neural activity. Other functional imaging techniques such 

as positron emission tomography (PET) employ this concept by measuring the distribution of 

radioactive tracers injected into the bloodstream. Secondly, the metalloprotein in red blood cells 

that carry oxygen, haemoglobin (Hb), has different magnetic properties depending on whether it 

is oxygenated or deoxygenated (Pauling & Coryell, 1936). In its oxygenated form, Hb has a 
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much weaker effect on the local magnetic field compared to when it is in its deoxygenated form. 

In its deoxygenated form, Hb will affect the local magnetic field and renders it non-uniform. 

This reduces the relaxation time and the MR signal. The difference in the MR signal allows for a 

differentiation between oxygenated and deoxygenated Hb in a local area of neural tissue. The 

increase in firing rate of a neural region (inhibitory or excitatory) increases the metabolic 

demand and causes a change in the cerebral blood flow (CBF). The local vasculature delivers 

more oxygenated blood than is consumed; therefore the level of oxygenated Hb in a local neural 

region may be correlated with relative levels of neural activity (Logothetis, 2002). 

To employ the BOLD contrast mechanism in functional imaging, a stimulus, such as an 

auditory tone or a light is applied to the subject. The MR signal increase is delayed from the 

stimulus onset due to the time needed for oxygenated blood to reach the region of interest. It lasts 

approximately 20 seconds and then returns to baseline. This response function is known as the 

haemodynamic response function (HDR). In a block design, two or more conditions are 

alternated in blocks with an additional rest condition between each block to allow for the HDR to 

return to baseline. Each condition differs in only the cognitive process of interest, therefore, the 

BOLD response difference between the conditions differentiate the conditions represents the 

cognitive process of interest. The increase in BOLD response to a stimulus is additive when 

stimuli are presented in rapid succession. Therefore, the BOLD response that is captured for that 

stimulus is robust in nature and offers considerable statistical power. 

Eye Tracking and fMRI 

Eye tracking has been commonly used to effectively study various cognitive processes 

(Hutton, 2008; McDowell et al., 2008; Müri & Nyffeler, 2008; Sweeney, Luna, Keedy, 

McDowell, & Clementz, 2007). Because of its non-invasive nature, and its ability to be paired 
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with fMRI, eye tracking paradigms implemented in an MRI scanner are ideal for not only 

studying the behavioural results of various cognitive processes, but their neural correlates as 

well.  

1.6 Thesis Objectives 

Although the behaviour for predictive saccades is well established, the neural mechanism, or 

underlying neural circuitry that supports predictive saccade generation remains poorly 

understood.  Predictive saccade tasks have also been well tested in clinical populations (Broerse 

et al., 2001; Bronstein & Kennard, 1985; Crawford et al., 1989; Tian et al., 1991). However, the 

underlying causes in the neural circuitry behind the deficits in predictive saccades within these 

populations cannot be fully elucidated without first understanding normal behavior and the brain 

circuitry controlling predictive saccades in healthy individuals. 

The goal of this thesis is to investigate the underlying neural mechanisms behind prediction 

by comparing brain areas that control predictive and reactive saccadic eye movements in both the 

temporal and spatial manipulations of prediction. With the use of BOLD fMRI combined with 

eye tracking, we can investigate the neural correlates of temporally predictive and spatially 

predictive saccades in healthy human controls. We employ a modified predictive saccade task 

where participants follow a visual target that alternates between a central location and one of 

sixteen known points on a circle. The spatial location may be predictable (the target jumps 

between the central location and the outer circle in a clockwise manner) or unpredictable (the 

target jumps between the central location and a random point on the outer circle). The ISI may 

also be predictable (750ms) or randomized (between 450, 600, 900, 1050ms). Therefore, there 

are four possible conditions in this task: spatially/temporally predictive (ST-PRED), temporally 

predictive/spatially non-predictive (T-PRED), spatially predictive/temporally non-predictive (S-
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PRED), and spatially/temporally non-predictive (NON). We employ contrasts to isolate areas 

correlated with temporal prediction, spatial prediction, and both temporal and spatial prediction. 

Based on neurophysiological studies in non-human primates and previous human behavioural 

and imaging studies, we hypothesize that the frontal oculomotor areas of the brain should 

contribute to predictive saccade behaviour. Specifically, we hypothesize that areas such as the 

FEF, SEF, and DLPFC contribute to the buildup of pretarget SC activity previously observed for 

predictive saccades. 
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Chapter 2 

 

The Neural Correlates of Spatially and Temporally Predictive Saccades 

 
2.1 Introduction 

 To compensate for significant neural delays between sensory events and subsequent 

motor processing, our motor systems require a level of online prediction. Prediction is defined by 

the use of past and present information to guide future behaviour. The prediction of a future 

event may occur in either the temporal or spatial domain. In the case of eye movements, there is 

a predictive component in smooth pursuit (O’Driscoll et al, 2000) and saccadic eye movements 

also are known to exhibit predictive qualities (Stark et al, 1962, Bronstein & Kennard, 1987). 

Both spatially and temporally, predictive behaviour may be tested in a saccadic eye movement 

task. 

 Saccadic eye movements have been essential in testing various behaviours and cognitive 

processes including prediction. The predictive saccade paradigm has been previously used to 

assess predictive behaviour (Stark et al., 1962) where a stimulus is presented between two fixed 

spatial locations at either a fixed or randomized temporal inter-stimulus interval (ISI). Saccadic 

reaction times in this task quickly drop below 100ms which is physiologically impossible if these 

saccades were reactive and elicited from the presentation of the peripheral stimulus. The 

behavioural responses in a predictive saccade task have been established; less is known, 

however, of the underlying neural mechanisms controlling prediction. Furthermore, many 

predictive saccadic paradigms did not separately elucidate the behavioural control of the 

temporal and spatial components of prediction. While the traditional predictive saccade paradigm 
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varies the temporal predictability, the spatial predictability remains fixed. Therefore spatial 

predictability isn’t explicitly assessed.  

 Single unit recordings in monkeys have greatly contributed to the understanding of the 

oculomotor circuit (Fig. 1.1). Studies have shown early buildup of activity of visuomotor 

neurons in the superior colliculus (SC) has been associated with quicker SRTs when monkeys 

are making saccades towards predictable visual targets (Dorris et al., 1997) and may reflect 

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

accumulates to surpass saccade threshold before visual responses related to the target appearance 

reach the SC. The SC receives many inputs from cortical areas such as the frontal and 

supplementary eye fields (FEF, SEF), as well as the dorsolateral prefrontal cortex (DLPFC) 

(Fries, 1984; Leichnetz et al., 1981; Shook et al., 1990; Stanton et al., 1988). Furthermore, the 

FEF and DLPFC are known to influence activity in the SC directly (Everling & Munoz, 2000; 

Johnston & Everling, 2006; Sommer & Wurtz, 2001). Activity in these fronto-cortical 

oculomotor areas may therefore be influencing the early buildup of activity in the SC associated 

with predictive saccades.  

 Studies in humans have also supported this hypothesis. Deficits in predictive saccade 

performance have been found in participants when areas such as the FEF (Rivauld et al., 1994), 

DLPFC (Pierrot-Deseilligny et al., 2003), and SEF (Nyffeler et al., 2008) are impaired or 

lesioned. Functional imaging of these areas has observed a greater activation of the FEF and SEF 

during a predictive saccade task (Gagnon et al. 2002, O’Driscoll et al., 2000). Furthermore, the 

functional imaging study done by Gagnon et al. (2002) is the only study to our knowledge that 

directly compares the temporal and spatial components of prediction. Conversely, a separate 

study found a greater activation in the medial FEF for reactive saccades compared to predictive 
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saccades (Simo et al. 2005). Therefore, the role of fronto-cortical oculomotor areas in the 

generation of predictive saccades remains poorly understood and further study with functional 

imaging is needed to compare reactive saccades with temporally and spatially predictive 

saccades. 

 Although the predictive saccade task has been widely used, it does not independently test 

the spatial and temporal domains of prediction, nor has it been widely used with human 

neuroimaging. As a result, the neural correlates that control predictive saccades warrant further 

study. The current study investigates the process of prediction in both the spatial and temporal 

domains by using fMRI to compare the brain structures that control temporally predictive 

saccades, spatially predictive saccades, temporally and spatially predictive saccades, and reactive 

or non-predictive saccades in a healthy population. Based on previous work, we hypothesize that 

the FEF, SEF, and DLPFC will reveal a greater activation in the predictive conditions compared 

to the non-predictive conditions. 

2.2 Methods 

2.2.1 Participants 

 All experimental procedures were approved by the Queen’s University Research and 

Ethics board, and complied with the principles of the Canadian Tri-council Policy Statement on 

Ethical Conduct for Research Involving Humans and the principles of the Declaration of 

Helsinki (1964).  All participants were recruited through the Queen’s University community and 

gave their written and informed consent. Twenty-six healthy participants (ages: 21-25yrs, mean: 

22.3 yrs, 13 male) were originally recruited for the study. However, data from 2 participants (1 

male) were removed due to excessive fatigue where the eye lids occluded the pupil and 

compromised eye tracking. All participants were right handed, as assessed by the Edinburgh 
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Handedness Inventory (Appendix A), had normal or corrected to normal vision, and had no 

history of neurological illness or head injury. 

2.2.2 Saccade paradigm 

 Participants were first trained in the saccade task in a 0T MRI to familiarize them with 

the task and for them to receive online feedback to optimize their behaviour. The 0T, or sham, 

does not image the brain, but replicates the environment of the MRI to acclimatize participants to 

the task. Participants then performed the task in the MRI scanner. The task consisted of four 

conditions of varying spatial and/or temporal predictability: spatially/temporally predictive (ST-

PRED), temporally predictive/spatially non-predictive (T-PRED), spatially predictive/temporally 

non-predictive (S-PRED), and spatially/temporally non-predictive (NON). Each condition began 

with a target spot at the centre of the screen as well as an outer circle (radius of 5° eccentricity 

from the centre) with sixteen perpendicular ticks marking the possible spatial location of a future 

target (centrifugal steps, Fig. 2.1A). The target jumped from the centre to the outer ring at one of 

the sixteen locations (centrifugal step) and back to centre (centripetal step). The participants were 

instructed to follow the target to the best of their ability and move their eyes in time with the dot 

if possible. There were four possible predictive conditions: ST-PRED, T-PRED, S-PRED, NON 

(Fig. 2.1B). In the spatially predictive cases (ST-PRED, S-PRED), the target appeared between 

the central fixation and the outer ring to the centrifugal step clockwise from the previous 

centrifugal step. In the spatially non-predictive cases (T-PRED, NON), the target moved back 

and forth in a randomized fashion. The target appeared at each centrifugal target location twice 

throughout the trial as to remove any possible interaction with working memory. Having the 

target appear at each centrifugal target location twice, instead of once allowed the participant to 

learn the spatial and temporal pattern of the trial and remain in the strategic state for longer to 
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strengthen the BOLD responses recorded. In the temporally predictive cases (ST-PRED, T-

PRED), the interstimulus interval (ISI) was 750ms whereas in the temporally non-predictive 

cases (S-PRED, NON), the ISI was randomized between 450, 600, 900, and 1050ms (mean = 

750ms). Between each condition, participants were also given a fixation period (FIX) that lasted 

12 seconds, during which they fixated upon a stationary fixation at the centre of the screen. 

Additionally, for the spatially predictive conditions (ST-PRED, S-PRED), there were three 

different initial positions for the first centrifugal saccade. One third of the participants started at 

each possible starting location: The first tick at the top of the circle (0°), the 6th tick (135°), and 

the 12
th

 tick (270°). This was to eliminate any directional bias that may appear in the functional 

imaging. 

 A block design was used where each experimental run consisted of twelve blocks (3 

blocks per condition) alternating with blocks of FIX in between (Fig. 2.1C). Five different 

sequences of runs were created where the twelve blocks of the conditions were randomly 

interleaved. Each subject performed 4-5 of the blocks. Each condition was 80s and was matched 

in terms of number (64) of saccades, direction of saccades (2 saccades to and from each tick), 

and target amplitude (10°).  
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Figure 2.1. Experimental paradigm and imaging methods. A) Behavioural paradigm used for the 

predictive saccade task. Interstimulus intervals (ISIs) were predictive (ST-PRED, T-PRED) or 

non-predictive (S-PRED, NON). Subsequent spatial location of stimulus was also predictive 

(ST-PRED, S-PRED) or non-predictive (T-PRED, NON). B) Four possible predictive conditions 

with varying spatial and temporal predictability. C) MRI protocol: blocked-design with periods 

of fixation (pink) intermixed between experimental blocks (Blue: ST-PRED, Green: T-PRED, 

Orange: S-PRED, Red: NON).  
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2.2.3 Eye tracking and visual display 

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

using the EyeLink 1000 fibre optic camera (SR Research, Kanata, Ontario, Canada). In the 

scanner, participants laid supine and the visual stimuli were back-projected onto a screen at the 

head of the bore of the MRI. A mirror angled at approximately 45° was attached to the head coil 

to allow participants to see the stimuli on the display screen. Visual displays were presented 

using Experiment Builder (SR Research, Kanata, Ontario, Canada) and projected using a NEC 

LT265 DLP projector (Tokyo, Japan) with refresh rate of 60 Hz and a resolution of 1025x768. 

MR compatible headphones (NordicNeuroLab Audiosystem) were given to the subject to 

attenuate scanner noise. A nine point calibration was performed at the beginning of each 

functional run to ensure the accuracy of measurements. 

2.2.4 Functional magnetic resonance imaging parameters 

 All scans were obtained using a Siemens 3 Tesla Magnetom Trio system (Erlangen, 

Germany) with a receiving-only 12 channel head coil. An initial localizer scan was taken to 

identify the location of the head in the bore of the magnet to position the slices for all the 

subsequent scans. A high resolution anatomical images were obtained using a T1-weighted MP-

RAGE sequence (repetition time, TR= 1760ms; echo time TE= 2.2ms; flip angle, FA= 9 °; field-

of-view, FoV=256x256; matrix size 256x256; 1mm cubic-voxel resolution; 176 volumes). 

Functional scans consisted of a T2*-weighted echo-planar imaging (EPI) volumes sensitive to 

BOLD contrast (TR= 2750ms, TE= 30ms, FA=84°, FoV=211x211, matrix size 64x64, 3.3mm 

cubic-voxel resolution; 168 volumes) (Kwong et al.,1992; Ogawa, Lee, Kay, & Tank,1990). 
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These consisted between four and five runs for each subject, each with a duration of 

approximately twelve minutes. Three dummy scans (3TR) were included at the beginning of 

each run to allow the longitudinal component of the MR signal to reach a steady state before 

commencing data acquisition. Acquisition was transverse-oblique to avoid the eyes and cover all 

of the brain, including the cerebellum.  

2.2.5 Data Analysis   

Behaviour 

Behavioural data were analyzed offline using custom scripts written in Matlab 8.2 

(Mathworks Inc., Natick, MA, USA). Mean SRTs were calculated for each of the 64 target steps 

for all four of the predictive conditions (ST-PRED, S-PRED, T-PRED, and NON). SRTs were 

calculated by subtracting the time of the first saccade made in the target direction from the time 

of the target appearance. Approximately 8% of blocks were excluded due to the following 

criteria.  Data were excluded from a given target step if eye position data were not available due 

to loss of eye tracking (e.g., obscured pupils). If more than four consecutive saccades were 

missed, data from the entire block (64 saccades) were excluded from subsequent behavioural and 

functional imaging analysis. Furthermore, any error of eye position from the target that was 4° or 

more in any direction (visual angle between adjacent targets on the outer ring) resulted in the 

entire trial excluded. These exclusion criteria ensured that the number of saccades, their 

direction, and their amplitude was the exact same in every condition and for every subject. 

Due to the constant spatial predictability of centripetal saccades irrespective of the 

condition, the centripetal and centrifugal SRTs were analyzed together as well as separately. A 

two-way ANOVA was used to test the effect of spatial and temporal predictability on the SRTs, 

as well as the interaction between the temporal and spatial predictability. We then conducted 
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Bonferroni corrected paired-sample t-tests to determine the differences between the individual 

conditions. Furthermore, a paired-sample T-test was conducted to test the differences of SRTs 

between centripetal and centrifugal saccades. 

Imaging 

 All fMRI data were pre-processed and analyzed using Brain Voyager QX v2.8 (Brain 

Innovation, Maastricht, Holland). The first two functional volumes acquired were discarded from 

analysis to ensure the longitudinal component of the MR signal had reached steady state. For the 

remaining volumes, pre-processing steps included slice scan time correction with a cubic spline 

interpolation, three-dimentional motion correction to the first volume of the first run, 3D spatial 

smoothing with a 4.0mm FWHM Gaussian kernel, and temporal filtering (high-pass filter with 

cut-off cycles/run and linear trend removal). Coregistration of the functional images to the 

structural images was performed to align each functional scan to the structural image.  3D 

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 five block types in 

this study: Fixation (FIX), spatially and temporally predictive (ST-PRED), temporally 

predictive/spatially non-predictive (T-PRED), spatially predictive/temporally non-predictive (S-

PRED), and spatially and temporally non-predictive (NON). These were convolved with 

BrainVoyager’s 2 gamma haemodynamic response function (HRF) to model the BOLD 

response.  
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 Group analysis was conducted using a fixed-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<0.05) and cluster size corrected thresholds 

(p<0.05); nine contiguous voxels, as estimated using BrainVoyager’s cluster-level statistical 

threshold estimator at 1000 iterations).  Various contrasts were produced comparing FIX to ST-

PRED, ST-PRED and NON for temporal and spatial prediction, ST-PRED and T-PRED for 

spatial prediction, as well as ST-PRED and S-PRED for temporal prediction. Brain areas 

showing significant activation were identified 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). Clusters of activation in the cerebellum 

were identified using a 3D MRI cerebellum atlas (Schmahmann et al., 1999).  

2.3 Results 

2.3.1 Behavioural 

All Saccades 

 The majority of saccades from both the ST-PRED (82%) and the S-PRED (66%) 

conditions were predictive (<100ms), while NON (23%) and T-PRED (31%) elicited primarily 

reactive saccades. The high number of accurate predictive saccades in the NON and T-PRED 

conditions was a result of the spatial predictability of the centripetal saccades. The SRTs were 

therefore separated into centripetal and centrifugal SRTs and analyzed separately. 

Centrifugal saccades 

 Figure 2.2 B and D display the mean SRT plots for every target step in each predictive 

condition and Figure 2.2 A and C illustrate the cumulative distributions of SRTs for all four 
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predictive conditions. There was a greater percentage of predictive saccades in ST-PRED 

compared to NON (Fig. 2.2A, Table 2.1). Figure 2.2A shows that ST-PRED elicited saccades 

with SRTs that fell primarily below 100ms and were, therefore defined as predictive saccades. 

The S-PRED condition also elicited predictive saccades below SRTs of 100ms, but not as many 

as the ST-PRED condition. Within 5 and 7 saccade steps, respectively, ST-PRED and S-PRED 

conditions reached predictive levels. SRTs continued to decrease for the two conditions at a 

lower rate until saccade step 21 (Fig. 2.2 B and D). The NON condition elicited primarily 

reactive saccades (SRTs >150ms) throughout the condition. Interestingly, we found that the 

SRTs in the T-PRED condition were also reactive with SRTs above 150ms throughout the entire 

trial.  

 Due to the decrease in SRTs up to the ninth saccade step, only saccades from step nine to 

the end of the trial were included in both the behavioural and functional analyses. A two-way  

ANOVA was conducted to compare the mean SRTs between the four conditions and revealed 

significant main effect of spatial (F(1,20)=61.876, p<0.001) and temporal 

(F(1,20)=144.039,p<0.001) predictability on SRTs as well as a significant interaction between 

spatial and temporal predictability (F(1,20)=37.779, p>0.001) on SRTs. As illustrated in Figure 

2.2C, the mean SRTs of ST-PRED were significantly faster compared to every other  predictive 

condition (ST-PRED compared to S-PRED: t=-8.495, p<0.001; T-PRED: t=-14.211, p<0.001; 

NON: t=-15.339, p<0.001). Although the SRTs of the S-PRED condition were slower than ST-

PRED, they were significantly faster than those of the T-PRED and NON conditions (T-PRED: 

t= -10.732 ,p<0.001; NON: t= -11.575, p<0.001). Interestingly, the SRTs in the T-PRED 

condition were not significantly faster than the NON condition (t= -2.645, p=0.092). 

Centripetal Saccades 
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 Due to the universal spatial predictability of the centripetal saccades, the SRTs of the 

centripetal saccades were analyzed separately from the centrifugal saccades. Because the spatial 

prediction of the centripetal saccades was universal across all four predictive conditions, the 

centripetal steps for T-PRED and ST-PRED were identical (spatially and temporally predictive). 

Similarly, the centripetal steps for S-PRED and NON were identical (spatially predictive, 

temporally non-predictive). Interestingly, the NON condition still elicited reactive saccades, 

despite the spatial predictability. Although the identical spatial predictability between the 

conditions, a significant main effect of both spatial (F(1,20)= 45.735, p<0.001) and temporal 

(F(1,20)= 55.723, p<0.001) predictability of the conditions was found.  Surprisingly, there was a 

significant interaction between the spatial and temporal predictability (F(1,20)= 7.003, p=0.016).  

Not surprisingly, ST-PRED condition still yielded the fastest SRTs compared to the other 

conditions (ST-PRED compared to S-PRED: t= -5.428, p<0.001; T-PRED: t= -8.547, p<0.001; 

NON: t= -11.561, p<0.001). Although SRTs in the S-PRED condition were significantly faster 

than NON (t= -3.633, p=0.012), it was not significantly faster than the T-PRED condition (t=-

0.143, p=0.99). Finally, the SRTs in the T-PRED condition were significantly faster than the 

NON condition (t= -6.247, p<0.001) even though the SRTs of the centrifugal saccades were not 

significantly different between the two conditions. 
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Figure 2.2 Saccadic reaction times for the predictive saccade task across all four predictive 

conditions (ST-PRED, T-PRED, S-PRED, NON). Cumulative SRT plots for centrifugal (A) and 

centripetal (C) saccades. Mean saccadic reaction times plots per saccade step for centrifugal (B) 

and centripedal (D) saccades. Mean SRT ± SE plotted for each predictive condition at each 

saccadic step. Gray shading from 0-100ms indicates predictive saccadic reaction times.  
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2.3.2 Imaging 

Activation of cortical oculomotor areas 

 All participants who participated in this study completed the experiment in the MRI 

scanner. Tables 2.1-2.3 display the main peaks of the clusters of activation for the four contrasts 

of interest. We created contrasts that compared the four predictive conditions with FIX (ST-

PRED, S-PRED, T-PRED, NON - FIX) to reveal that cortical oculomotor areas were active in 

the task (Fig. 2.3). A conjunction analysis of these contrasts revealed greater activation of the 

SEF, FEF, and parietal eye fields (PEF) in all four predictive conditions compared to fixation.  

An ROI GLM contrast revealed significantly greater activation of the SEF (t=5.093, 

p<0.000001) in either of the two spatially predictive conditions (ST-PRED, S-PRED), compared 

to either of the spatially non-predictive conditions (T-PRED, NON). Right FEF activation was 

significantly greater in S-PRED compared to all other conditions (T-PRED: t=3.06, p=0.0022; 

NON: t=2.88, p=0.004) including ST-PRED (t=2.57, p=0.01). Interestingly, right FEF activation 

in the ST-PRED condition was not statistically different than the T-PRED (t=1.56, p=0.11) and 

NON conditions (t=1.17, p=0.24). Furthermore, left FEF activation was not statistically different 

between any conditions (p>0.1). Finally, bilateral PEF activation was significantly greater in 

spatially predictive conditions compared to spatially non-predictive conditions (t=4.19, 

p=0.000028). 
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Figure 2.3: Activation of cortical oculomotor areas. Conjunction analysis of Fixation > predictive 

condition (ST-PRED, T-PRED, S-PRED, NON). The frontal, supplementary, and parietal eye 

fields (FEF,SEF, PEF) were significantly active in each predictive condition compared to 

fixation.  

Spatially and Temporally predictive areas 

The contrast ST-PRED-NON was made to isolate both spatially and temporally 

predictive areas (Fig.2.4). The contrast revealed greater bilateral activation of cortical eye areas 

such as the DLPFC and PEF. As mentioned previously, FEF and SEF activation was not 

significantly different in this contrast as hypothesized. Furthermore, contrary to our hypothesis, 

no significant cerebellar activation in this contrast was observed despite its role in temporal 

control.  Activation of the anterior cingulate cortex, insular cortex, and right precuneus were also 

observed (Table 2.1).   
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Figure 2.4. Contrast map of the NON condition subtracted from ST-PRED. Clusters of activation 

are displayed on a mean structural brain. Voxels that yield positive values (ST-PRED>NON) are 

displayed in warm colours. Activations are considered significant at q<0.05 (FDR). 
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Table 2.1. MRI Activation Peaks in predictive condition ST-PRED compared to NON 

Anatomical region Talairach Coordinates 
   

 
x y z t(16407) p-value size 

ST-PRED>NON       

Frontal       

L DLPFC -40 40 20 3.614 0.000728 819 

R DLPFC 40 40 20 4.12 0.00009 964 

Mid-Cingulate Gyrus -2 -9 43 3.67 0.000476 974 

Mid-Cingulate Gyrus 2 20 29 3.63 0.000581 871 

L Insula -39 0 10 4 0.000094 1000 

R Insula 37 0 10 3.78 0.000384 964 

       

Parietal       

L PEF -40 -46 34 4.21 0.000225 908 

R PEF 33 -46 34 3.48 0.000746 939 

R Precuneus 10 -68 41 3.74 0.000307 967 

L Fusiform Gyrus -22 -85 -14 2.98 0.003251 527 

       
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.  

Temporally predictive areas 

 To isolate temporally predictive areas, three contrasts were made: ST-PRED - S-PRED, 

T-PRED - NON, and T-PRED - S-PRED (Fig. 2.5 A, B, and C, respectively). The T-PRED -

NON contrast revealed no significant activation. This was expected as the two conditions were 

not statistically different behaviourally. The other two contrasts revealed common activation of 

the anterior (t=3.16, p=0.002038) and posterior (t=3.65, p=0.000327) cingulate gyri (Fig. 2.5 

A,B). Furthermore, significant activation of the cuneus was observed (t=3.1, p=0.002201). 

Surprisingly, no significant cerebellar activation was observed. Previous studies have found that 

the cerebellum is preferentially active during metronomic tasks.  
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Furthermore, a conjunction analysis was run between the temporally predictive contrasts to 

determine the correlates of temporal prediction without confounds of the single contrasts alone. 

T-PRED - NON was excluded in the conjunction analysis due to its negative result (Fig. 2.6). 

 

Figure 2.5 Temporally predictive regions of interest. Contrast map of A) the S-PRED condition 

subtracted from ST-PRED (top row), B) S-PRED condition subtracted from T-PRED, and C) 

NON subtracted from T-PRED. Clusters of activation are displayed on a mean structural brain. 

Voxels that yield positive values (A) ST-PRED>S-PRED, B) T-PRED>S-PRED) are displayed 

in warm colours. Activations are considered significant at q<0.05 (FDR). 
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Figure 2.6 Conjunction analysis of temporally predictive contrasts (ST-PRED>S-PRED, T-

PRED>S-PRED). 
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Table 2.2 MRI activation peaks: Temporally predictive areas 

Anatomical region Talairach Coordinates 
   

 
x y z t(16407) p-value size 

ST-PRED>S-PRED       

Frontal       

L Middle Frontal Gyrus -29 28 45 2.97 0.003425 551 

L Middle Frontal Gyrus -24 58 21 3.58 0.001106 574 

Limbic       

Anterior cingulate -5 35 21 3.16 0.002038 924 

Posterior cingulate -5 -60 11 3.65 0.000327 999 

Occipital       

Cuneus -5 -87 16 3.1 0.002201 856 

T-PRED>NON       

T-PRED>S-PRED       

Anterior Cingulate -4 41 13 3.63 0.000401 878 

Posterior Cingulate -7 -49 24 4.13 0.000062 1000 

       
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.  

Spatially predictive areas 

 Three contrasts were also made to isolate spatially predictive areas: S-PRED - NON, S-

PRED - T-PRED, and ST-PRED - T-PRED (Fig. 2.7 A, B, and C, respectively). All three 

contrasts revealed common, bi-lateral activation of the insular cortex, middle frontal gyrus 

(MFG), and PEF. S-PRED - NON and S-PRED - T-PRED revealed significant activation of the 

SEF. Surprisingly, cerebellar activation was observed in S-PRED - T-PRED and ST-PRED - T-

PRED. As mentioned previously, we hypothesized that cerebellar activation may be due to the 

metronomic nature of the task, however, it did not show up in the temporally predictive contrasts 

nor was activation revealed in the ST-PRED - NON contrast.  
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Furthermore, a conjunction analysis was performed to observe common areas of activation 

between all three contrasts testing spatial prediction (ST-PRED - T-PRED, S-PRED - T-PRED, 

S-PRED – NON; Fig.2.8). This contrast was made to isolate ROIs correlated to spatial prediction 

and remove confounds from any of the single contrasts such as areas involved in integrating both 

spatial and temporal prediction.  
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Figure 2.7. Spatially predictive regions of interest. Contrast map of A) the NON condition 

subtracted from S-PRED (top row), B) T-PRED condition subtracted from S-PRED, and C) T-

PRED subtracted from ST-PRED. Clusters of activation are displayed on a mean structural brain. 

Voxels that yield positive values (A) S-PRED>NON, B) S-PRED>T-PRED, C)ST-PRED>T-

PRED) are displayed in warm colours. Activations are considered significant at q<0.05 (FDR). 
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Figure 2.8. Conjunction analysis of spatially predictive contrasts. Voxels that yield positive 

values (S-PRED>NON, S-PRED>T-PRED, and ST-PRED> T-PRED) are displayed in warm 

colours. 
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Table 2.3 MRI activation Peaks: Spatially predictive areas 

Anatomical region Talairach Coordinates 
   

 
x y z t(16407) p-value size 

S-PRED>NON       

Frontal       

R Insula 38 10 4 4.26 0.000099 1000 

L Insula -43 6 4 3.53 0.000843 999 

R DLPFC  34 39 22 4.32 0.00007 989 

L DLPFC  -35 41 25 2.8 0.00559 329 

R DLPFC 47 4 38 3.68 0.000565 860 

SEF 3 2 55 4.02 0.00021 987 

Parietal       

R PEF 38 -47 38 3.77 0.000564 945 

L PEF -38 -52 38 3.25 0.00171 851 

SPRED>TPRED       

Frontal       

R DLPFC 34 41 22 4.97 0.000014 980 

L DLPFC -34 40 22 2.8 0.005608 766 

L Insula -39 4 8 3.64 0.000546 1000 

R Insula 38 8 8 4.9 0.000006 1000 

SEF 3 2 55 3.954 0.000492 960 

       

Temporal       

R Inferior Temporal Gyrus 41 -66 0 3.79 0.000464 928 

L Inferior Temporal Gyrus -46 -67 0 3.08 0.003 649 

Parietal       

R PEF 52 -38 30 4.79 0.00007 927 

L PEF -56 -37 30 3 0.003414 600 

Cerebellar       

 -42 -52 -42 2.89 0.004605 341 

ST-PRED>T-PRED       

Frontal       

R Inf Frontal Gyrus  39 47 2 3.39 0.001351 956 

R DLPFC 39 41 25 4.3 0.000055 929 

L DLPFC -41 35 25 3.12 0.00247 849 

R Inf Frontal Gyrus  50 4 19 3.47 0.000765 991 

L Inf Frontal Gyrus  -49 3 19 3.04 0.003064 834 
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R Insula 38 4 7 3.19 0.002005 947 

L Insula  -41 3 7 3.44 0.000849 1000 

Parietal       

R PEF 34 -78 7 3.16 0.002475 684 

L PEF -46 -70 1 3.26 0.002321 503 

Cerebellar activation       

Crus II -25 -66 -41 3.28 0.002365 534 

 18 -64 -41 3.32 0.002136 552 

 42 -54 -41 3.74 0.000985 392 

       
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.  
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2.4 Discussion 

  The purpose of this study was to explore the neural correlates of spatial and temporal 

prediction by contrasting brain activation patterns in saccadic task conditions with various 

degrees of temporal and spatial predictability of target timing and location. We demonstrated that 

similar networks were active while spatially and temporally predicting as well as spatially 

predicting alone. We also showed a distinct network for the temporally predictive condition. We 

initially hypothesized that the SEF, FEF, and DLPFC would be preferentially activated in the 

predictive conditions. We observed DLPFC in contrasts isolating spatial prediction as well as 

both spatial and temporal prediction together while SEF and FEF activity were also observed in 

spatially predictive contrasts. Activity from these ROIs, however was not observed in the 

temporally predictive contrasts. Instead, ACC and PCC activity were observed. Surprisingly, 

activity in areas implicated in metronomic tasks was not observed in the temporally predictive 

contrasts. From these findings, we propose three things. First, we suggest that spatial prediction 

may be driven by cortical eye fields such as the FEF, DLPFC, SEF, and PEF. Second, the 

temporal prediction aspect of the saccadic task may be driven by the ACC and PCC instead of 

metronomic ROIs such as the cerebellum and the pre-SMA. Finally, different networks may be 

engaged for temporal prediction when the stimulus is temporally and spatially predictive as 

compared to when it is temporally predictive alone.  

2.4.1 Predictive saccades 

 As hypothesized, the ST-PRED condition elicited predictive centrifugal saccades with the 

fastest reaction times while the NON condition elicited reactive saccades (Fig. 2.1). The S-PRED 

condition also elicited predictive saccades; however the T-PRED condition did not. The lack of 

predictive saccades in the T-PRED condition was most likely a result of not having the ability to 
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plan the spatial location of the saccade and therefore not knowing exactly which way to generate 

a saccade, even if the temporal information was known throughout the trial. The participants’ 

attention would have been spread to the entire outer circle for each saccade. Whereas in the S-

PRED condition, participants were able to spatially plan every successive saccade and focus their 

attention on that specific location.  

 The centripetal saccades between the S-PRED condition and NON condition were 

identical, and no significant differences were found between the reaction times of those two 

conditions. However, the centrifugal saccades were significantly faster in the S-PRED condition. 

Therefore, any difference in neural activity between the two conditions is likely driven by the 

centrifugal saccades. Interestingly, even though centripetal saccades were identical in spatial and 

temporal predictability between the ST-PRED and T-PRED conditions, the reaction times 

between the two were significantly different. Participants may not be fully utilizing spatially and 

temporally predictive information of the centripetal saccades in the T-PRED condition. This may 

be a result of the higher cognitive effort of the centrifugal saccades between the ST-PRED and 

T-PRED conditions.  

2.4.2 Predictive brain areas 

Our ROI analysis indicated a significant activation of the rFEF, SEF, and PEF in spatially 

predictive conditions compared to spatially unpredictable conditions including ST-PRED>NON 

which has been found previously (Nyffeler et al., 2008, Rivauld et al., 1994). Our study 

replicates results from Gagnon et al., (2002) where they found greater activation in the FEF and 

SEF for the predictive condition. This result is also consistent with monkey neurophysiology 

studies. Previous studies (Dorris et al., 1997; Dorris & Munoz 1998) have shown that a robust 

early buildup of activity in the SC is correlated with predictive saccades. This early buildup is 
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speculated to originate from the frontal cortex because of the strong anatomical connections 

between these cortical areas and the SC (Fig. 1.1). We hypothesized that since predictive 

saccades have much lower or even negative SRTs, these frontal areas would therefore be 

preferentially recruited during our predictive conditions.  

However, this result is contrary to Simo et al. (2005) who found, using fMRI, greater 

activation in SEF and FEF for their reactive saccade task condition compared to a predictive 

saccade condition. Simo et al. (2005) used a paradigm that consisted of seven target locations 

along the horizontal meridian where the target would jump 3° unpredictably to either the left or 

the right (for their reactive saccade condition). The difference in activation may be task 

dependent where participants may have been able to spatially prepare either a leftward or 

rightward saccade even if they didn’t yet know the amplitude of the saccades prior to the 

initiation of the saccade. This preparation activity may have been enough to evoke greater 

activation in the FEF during the block, as has been seen in monkey neurophysiology (Schiller 

and Tehovnik, 2001). One of the differences in our design was the number of stimuli in both the 

x and the y plane. Although the amplitude of the saccade was the same in each case, the direction 

was not predictable prior to the initiation of the saccade. 32 centrifugal saccades are made in 

each block with 16 possible locations. As this is conventionally beyond the capacity of working 

memory (Turner & Engle, 1986), we argue that saccade preparation in our task did not influence 

our NON condition (equivalent to their REACT condition).   

 We also found significant activation from bilateral PEF, DLPFC, and MCC. PEF and its 

homologue in monkeys have been extensively studied and have been shown to modulate visual 

attention and saccadic eye movements (Andersen et al. 1992, Colby et al. 1999). The PEF also 

has anatomical projections to the frontal lobe including the DLPFC (Pierrot-Deseilligny et al. 
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2005). Along with the FEF and SEF, both lesion studies (Pierrot-Deseilligny et al. 1994, Pierrot-

Desseilligny et al. 2002, Pierrot-Deseilligny et al 2005) and studies in monkeys (Basso, G. et al 

2003, Fujii and Gaybiel 2003) have indicated a role of the DLPFC in the production of predictive 

saccades. Along with its anatomical connection to the SC, the DLPFC is known to modulate a 

variety of cognitive and behavioural functions including working memory and planning (Rowe et 

al. 2000, Mars and Grol, 2007). From our results, the DLPFC may also play a role in the 

planning and/or execution of predictive saccades. Finally, previous work has implicated the 

cingulate cortex in pre-movement activity with reciprocal connections to the supplementary 

motor area (Nguyen et al. 2014). This may explain the activity of the MCC in this contrast. 

However, the MCC does not appear in other contrasts isolating temporal or spatial prediction and 

further work must be done to elucidate its role in predictive saccades.  

 Surprisingly, the most robust result in this contrast came from bilateral insula in our 

study. The insular cortex is known to be involved in a variety of cognitive processes such as 

risky decision making (Critchley et al 2001; Smith et al 2009), moral decision making (Hsu et al 

2008), bodily awareness (Craig 2009, Karnath, et al 2005), pain (Baliki et al 2009), and 

emotional anxiety (Stein et al 2007). It is also involved in motor control, including eye 

movement (Williamson et al. 1999). However, further study is needed to fully elucidate the role 

of the insula in predictive eye movements. 

 2.4.3 Spatially predictive areas  

 Significantly active areas common in the spatially predictive contrasts (ST-PRED>T-

PRED, S-PRED> T-PRED, S-PRED>NON) were quite similar to the general predictive contrast 

(ST-PRED-NON). These included the insular cortex, DLPFC, and PEF. SEF activation was also 

observed during the S-PRED-NON and S-PRED-T-PRED contrast, but not the ST-PRED>T-
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PRED contrast (Fig. 2.8A,B). A possible explanation is that the SEF is active when actively 

predicting a spatial location without predictive temporal information, but a different network 

may be active when predictive temporal information is provided in conjunction to the spatial 

information.  

 In contrast, Crus II of the cerebellum is active in the ST-PRED condition when compared 

to the T-PRED condition while no significant activity was observed in the other spatially 

predictive contrasts (Fig. 2.5C). Although the timing of the stimulus presentation was known in 

both conditions, the behavioural data suggests that it was not be used in the T-PRED condition as 

saccades elicited were reactive (Fig. 2.2 B). Furthermore, even with the spatial and temporal 

information of centrifugal saccades in both the T-PRED and ST-PRED conditions, the reaction 

times were significantly faster in the ST-PRED condition. The cerebellum has been implicated in 

timing processes and may serve as the “internal metronome” to drive the timing of the predictive 

saccades (Buonomano &Karmarker 2002, Joiner & Shelhamer, 2006). Therefore, participants 

may have been using the metronomic information in the ST-PRED condition more than in the T-

PRED condition.  

2.4.4 Temporally predictive areas 

 Areas commonly associated with metronomic or finger tapping tasks such as the 

cerebellum (Buonomano &Karmarker 2002, Joiner & Shelhamer, 2006) were not observed in 

these contrasts. However, robust activation of the anterior and posterior cingulate cortices was 

observed (Fig. 2.6). One known role of the ACC is in error detection (Bush et al 2000), which 

may have a role when monitoring the timing of the saccades. This effect seems to be dependent 

on the known timing of the stimuli even when the behaviour is not predictive (T-PRED>S-

PRED). 
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2.4.5 Limitations and future directions 

 Prediction is a broad term that encompasses many cognitive and behavioural processes. 

Although this task tested both the temporal and spatial aspects of prediction, it only tested 

prediction on a short term timeframe and a working area space. The findings of this experiment 

may not generalize to longer term prediction nor larger working areas such as picking up a 

person from the airport weeks or months in advance. The modified version of the predictive 

saccade task was excellent for eliciting predictive behaviour in spatially predictive conditions, 

however the T-PRED condition failed to elicit predictive behaviour as defined by SRT. 

Furthermore, regions of interest preferentially active in the temporally predictive saccade 

conditions, were quite different than those hypothesized compared to studies investigating 

sensorimotor synchronization (Repp, 2005). However, neural networks underlying this behaviour 

remains poorly understood and it is not clear whether it is task dependent or if there is a common 

network controlling metronomic behaviour across different motor outputs. 

 Although FEF/SEF activity was observed with the ROI analysis in the spatially predictive 

conditions, activation of these areas were not overly robust. Their exact role in these various 

predictive conditions still remains unclear. The activation of the FEF/SEF may be relatively 

similar (compared to other regions of interest), but the processing that is occurring within these 

regions may be different between the conditions. Future analysis of the data could include multi-

voxel pattern analysis (MVPA) to attempt to tease apart the different roles of these areas in 

predictive eye movement tasks. Univariate analysis shows the average activation of an ROI 

compared between different conditions. With the use of MVPA, different patterns in single voxel 

activation may be observed, even if those patterns average out to similar activation across an 

ROI between different conditions.  
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 In this task, we looked at short term motor prediction as a single entity. However, we did 

not specifically explore the different learning epochs that occur during prediction. There are 

arguably various independent cognitive aspects to prediction such as learning/recognizing the 

stimulus and reacting to the stimulus in a predictive manner. This was not possible in our task 

due to the nature of the block design. However, a task similar to the behavioural task in Dorris 

and Munoz (1998), may be adapted in combination with fMRI in an event related design task to 

explore the role of different neural correlates in various phases of prediction. For example, one 

could explore the anticipation of the target versus the execution of the predictive saccade. A task 

like this may explain possible cognitive processing when one is waiting for a red light to turn 

green or when one is awaiting a gun at the beginning of a race. While a study such as this would 

provide a more complete picture of prediction on a short term scale, other studies will be 

required to explore prediction over a longer time frame and larger working space.  

2.4.6 Conclusions 

 We designed a task that successfully tested spatially and temporally saccades and 

characterized their main effects and the interaction between the two. We also explored the 

involvement of oculomotor areas within the task and elucidated the role of these areas in spatial 

and temporal prediction. We found that areas such as SEF, PEF, DLPFC, and insula are involved 

in spatial prediction, whereas areas the anterior and posterior cingulate gyrus are involved in 

temporal prediction. Finally, even though there was cerebellar activation in a spatially predictive 

contrast, it may still reflect metronomic activity from the ST-PRED condition.  
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Chapter 3 

General Discussion 

3.1 Summary of Major Findings 

 The goal of this thesis was to investigate the underlying neural mechanisms behind 

prediction by comparing brain areas that control predictive and reactive saccadic eye movements 

in both temporal and spatial manipulations of prediction. We hypothesized that areas such as the 

FEF, SEF, and DLPFC contribute to the buildup of pretarget SC activity previously observed for 

predictive saccades. In support of our hypothesis, we found increased activation of these cortical 

oculomotor areas for the spatially predictive saccade conditions when compared to spatially non-

predictive saccade conditions. This is supported by studies finding that these areas have all been 

shown to play important roles in eliciting predictive saccades (Everling & Munoz, 2000; 

Segraves & Goldberg, 1987; Sommer & Wurtz, 2001, Huerta et al, 1990, Shook et al, 1990, 

Selemon & Goldman-Rakic, 1988, Johnston & Everling, 2006). We also found cingulate cortex 

activation in temporally predictive conditions when compared to temporally non-predictive 

conditions. Temporally predictive correlates which have been shown in finger tapping and 

metronomic experiments were not observed in our task which may have been a task dependent 

effect. Overall, the temporal and spatial predictive condition elicited similar activation patterns 

as the spatially predictive contrasts when compared to the non-predictive condition. This 

represents two distinct neural networks that may be at play when predicting something spatially 

or spatially and temporally as compared to just predicting temporally. 

3.2 Behaviour and Saccade Metrics 

 We created a task to successfully elicit accurate predictive saccades in the conditions 

with the exception of temporally predictive, spatially non predictive condition. However, 
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although strong main effects of both temporal and spatial prediction on saccadic reaction times 

were found, we have yet to characterize how temporal and spatial information affects saccadic 

reaction times when it is varied. Furthermore, the interaction between spatial and temporal 

predictability on saccadic reaction times may also be explored in future projects. Varying the 

predictive saccade task with different levels of spatial predictability may be done by having a 

percentage of the saccades at a subsequent clockwise location and the rest be random (80% 

clockwise 20% random). Varying the temporal prediction may either be done similarly to 

varying spatial predictive information, or have the timing of the saccades follow a Gaussian 

function with varying standard deviations of possible interstimulus intervals. We may gain 

greater insight into how much we rely on predictive information to guide our saccades.  

3.3 Neural Correlates of Predictive Saccades 

Areas such as the PEF, DLPFC, and Insular cortex were preferentially active when 

performing spatially predictive saccades (Figure 2.7 and 2.8), while the anterior and posterior 

cingulate were preferentially active when performing temporally predictive saccades. In contrast 

to our hypothesis, we didn’t find FEF or SEF activity that preferentially active in either the 

spatially or temporally predictive conditions. However, when comparing any of the conditions to 

fixation, oculomotor areas such as the FEF and SEF were definitely active. This means that 

while the average activation throughout any given predictive condition was similar in these 

oculomotor areas, the processes and networks that these areas are involved in may not 

necessarily be the same.  We aren’t able to tease this apart with univariate analysis, however 

techniques such as multi-voxel pattern analysis, where the pattern of voxel activation is analyses 

instead of overall activation, may be able to differentiate FEF and SEF activity when performing 

either spatially or temporally predictive saccades. 
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3.4 Limitations and Future Directions  

One limitation to our task was the inability to tease apart the differences between the 

centrifugal and centripetal saccades. There were clear differences in reaction times between 

reaction times in the centrifugal saccades of the T-PRED and ST-PRED condition even though 

they were the same in spatial and temporal predictability. We created the task where the 

centrifugal saccades vary in temporal and spatial predictability. The centripetal saccades were 

necessary to balance the direction of all eye movements across every condition. However, we 

were unable to vary the spatial predictability of the centripetal saccades while maintaining a 

control of saccade direction between every condition. Due to the short interstimulus intervals in 

every condition, the block contained activity relating to both centripetal and centrifugal 

processes which doesn’t allow for analysis to separate the two. There were clear differences in 

reaction times between reaction times in the centrifugal saccades of the T-PRED and ST-PRED 

condition even though they were the same in spatial and temporal predictability. It’s likely that 

the spatial non-predictable targets in the T-PRED condition didn’t allow participants to fully use 

the metronomic predictability of the targets to generate their saccades; that is, they weren’t able 

to form a rhythm as effectively as in the ST-PRED condition. As a result, their saccadic reaction 

times for the centripetal saccades were slightly slower in the T-PRED condition compared to the 

ST-PRED condition.  

Due to the strict exclusion criteria for acceptable trials in the behavioural data, data 

containing varying strategies were not analyzed. For example, if participants tried to predict the 

location of targets in the T-PRED condition (because of the known timing), chances are that an 

erroneous saccade would have been made, leading to and exclusion of the trial. However, the 

exclusion criteria ensured identical saccade kinematics (saccade direction and amplitude) 
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throughout all four conditions and in every subject, thus removing any possible functional 

imaging artifacts due to motor execution. 

Only a correlation between the mentioned regions of interest and their respective aspects 

of prediction were found. However, to explore a more causal role and specific function of these 

regions of interest in the predictive network, one could employ transcranial magnetic stimulation 

(TMS). For example, TMS applied to superficial cortical areas such as the DLPFC while a 

participant performs a predictive saccade task, could elucidate exactly how predictive saccades 

would be affected, ultimately leading to a better understanding of the roles these areas perform in 

predictive saccades. Such a study could be run on the same population of healthy young controls, 

and the behavioural results could be compared directly to the existing data. Further research 

could compare the behavioural effects of temporarily perturbing these ROIs to the behaviour of 

patients with permanent lesions due to stroke or concussion. 

We explored the neural correlates of predictive saccades. Spatial and temporal prediction, 

however, extends to other cognitive processes and sensorimotor systems. Finger tapping tasks 

and playing musical instruments, for example, require online processes for beat anticipation 

(Catalan et al., 1998; Colebatch et al., 1991; Sadato et al. 1996; Witt et al. 2008). Furthermore, 

any sport requiring intercepting a ball with a bat, or catching the ball, requires information about 

the future temporal and spatial state of the ball to make a successful catch (Bar 2007, Schubotz 

2007). Although, we explored the behavioural and neural correlates of predictive saccades, then 

neural correlates of prediction in other sensorimotor modalities still warrant further research. 

3.5 Summary and Conclusions 

 We designed a task that simultaneously tests spatially and temporally predictive saccades 

in the MRI scanner. We characterized two distinct brain networks involved in spatial prediction 
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in temporal prediction: The parietal eye fields, dorsolateral prefrontal cortex, and the insular 

cortex are active while performing spatially predictive saccades, whereas the anterior and 

posterior cingulate sulcus are active while performing temporally predictive saccades. 

Furthermore, cerebellar activation was observed and may be necessary for the metronomic 

aspect of short-term motor prediction.  
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Appendix A 

 

Edinburgh Handedness Inventory1 

    

Please indicate with a one (1) your preference in using your left or right hand in the following tasks. 

 

Where the preference is so strong you would never use the other hand, unless absolutely forced to, put 

a two (2).  

 

If you are indifferent, put a one in each column ( 1  |  1). 

 

Some of the activities require both hands. In these cases, the part of the task or object for which hand 

preference is wanted is indicated in parentheses. 

  

Task / Object Left Hand Right Hand 

1. Writing   

2. Drawing   

3. Throwing   

4. Scissors   

5. Toothbrush   

6. Knife (without fork)   

7. Spoon   

8. Broom (upper hand)   

9. Striking a Match (match)   

10.  Opening a Box (lid)   

Total checks: LH =  RH =  

Cumulative Total CT = LH + RH =  

Difference D = RH – LH =  

Result R = (D / CT)  100 =  
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Interpretation: 

(Left Handed: R < -40) 

(Ambidextrous: -40  R  +40) 

(Right Handed: R > +40) 

 

 

1 Oldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh inventory. 

Neuropsychologia, 9, 97-113. 

 


