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Abstract
This review provides a summary of the contributions made by human functional neuroimaging
studies to the understanding of neural correlates of saccadic control. The generation of simple
visually-guided saccades (redirections of gaze to a visual stimulus or prosaccades) and more complex
volitional saccades require similar basic neural circuitry with additional neural regions supporting
requisite higher level processes. The saccadic system has been studied extensively in non-human
primates (e.g. single unit recordings) and humans (e.g. lesions and neuroimaging). Considerable
knowledge of this system’s functional neuroanatomy makes it useful for investigating models of
cognitive control. The network involved in prosaccade generation (by definition exogenously-driven)
includes subcortical (striatum, thalamus, superior colliculus, and cerebellar vermis) and cortical
structures (primary visual, extrastriate, and parietal cortices, and frontal and supplementary eye
fields). Activation in these regions is also observed during endogenously-driven voluntary saccades
(e.g. antisaccades, ocular motor delayed response or memory saccades, predictive tracking tasks and
anticipatory saccades, and saccade sequencing), all of which require complex cognitive processes
like inhibition and working memory. These additional requirements are supported by changes in
neural activity in basic saccade circuitry and by recruitment of additional neural regions (such as
prefrontal and anterior cingulate cortices). Activity in visual cortex is modulated as a function of task
demands and may predict the type of saccade to be generated, perhaps via top-down control
mechanisms. Neuroimaging studies suggest two foci of activation within FEF - medial and lateral -
which may correspond to volitional and reflexive demands, respectively. Future research on saccade
control could usefully (i) delineate important anatomical subdivisions that underlie functional
differences, (ii) evaluate functional connectivity of anatomical regions supporting saccade generation
using methods such as ICA and structural equation modeling, (iii) investigate how context affects
behavior and brain activity, and (iv) use multi-modal neuroimaging to maximize spatial and temporal
resolution.

INTRODUCTION
Multiple tools exist for studying the neural bases of saccade control, including human
functional neuroimaging techniques. Functional neuroimaging is defined here to include
techniques used for their excellent spatial resolution, such as positron emission tomography
(PET) (see glossary) and functional magnetic resonance imaging (fMRI) (see glossary and text
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box 1), and techniques used for their excellent time resolution, such as multichannel
electroencephalography (EEG) (see glossary and text box 2) and magnetoencephalography
(MEG) (see glossary). The study of saccade control using functional neuroimaging began with
EEG studies in the 1960s (e.g. Gaarder et al., 1964) and was followed by PET studies in the
1980s (e.g. Fox et al., 1985). Since then, the growth in published studies on human functional
neuroimaging of saccades in the English language literature shows the citation list almost
doubling every 4 years (see Figure 1). This review will provide a brief summary of the
contributions made by human functional imaging studies to the understanding of neural
correlates of saccadic control.

Exploration of the visual environment relies on two types of saccadic control (a distinction that
may be more qualitative than quantitative; e.g. see Hutton, this issue). On the one hand,
visually-guided saccades (also known as reflexive, refixation or pro-saccades) are generated
to external cues and require simple and direct sensorimotor transformations (see glossary) for
their successful implementation. In the following text, “prosaccades” is used in the context of
tasks requiring visually-guided saccades to visual stimuli. On the other hand, volitional
saccades are more cognitively complex responses that require higher order control processes
such as inhibition, spatial memory, and analysis of contextual cues. The basic neural circuitry
supporting the sensorimotor transformation part of saccade generation is similar for simpler
and more complex saccadic responses (Leigh & Zee, 1999). As the factors determining
saccadic response requirements become more complex, however, additional neural regions are
recruited to support the requisite higher level processes (e.g., Munoz & Everling, 2004; Pierrot-
Deseilligny et al., 2005; Sweeney et al., 2007).

A number of characteristics make the saccadic system extremely useful for investigating
models of cognitive control. First, the system is particularly well understood based on an
extensive literature that ranges from single unit recordings in primates (Johnston & Everling,
this issue) to lesions studies in humans (Pierrot-Deseilligny et al., 2004). Second, there is good
convergence between that literature and the human functional neuroimaging studies. Third,
saccades can be measured precisely and with a number of reliable parameters (Smyrnis, this
issue). As such, the study of cognitive control via saccadic system manipulations has
applications across a diverse range of topics, extending from studies of basic motor function
to normal cognitive neuroscience studies of executive control to investigations of behavioral
and brain activity correlates of psychiatric conditions.

The following report on the neuroanatomy of the saccadic system in humans begins with a
review of information on the neural circuitries known to support simple saccadic responses,
such as pro- and express saccades. Second, we describe information on additional brain regions
involved in supporting saccadic responses in more cognitively complex situations, such as
during antisaccades (see Figure 2), ocular motor delayed response tasks, predictive saccadic
tracking and saccade sequencing tasks. Basic neurophysiology, lesion, and neuropathology
studies will be incorporated if they help clarify the functional neuroimaging data. Information
gleaned from fMRI (quantified as blood oxygenation level dependent signal; BOLD) and PET
studies will be supplemented with EEG and MEG studies to the extent that the latter yield at
least some information about the brain regions involved in generating the signals measured at
the sensors (e.g. via source analysis).

PROSACCADE CIRCUITRY
Prosaccades

A prosaccade is a response that involves the simple redirection of gaze to a stimulus and
typically is generated to align the fovea with visual targets of interest (see glossary). In
conjunction with animal physiology (see Everling & Johnston, this issue) and human lesion
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studies (see Müri & Nyffeler, this issue), human functional neuroimaging studies have greatly
contributed to our knowledge of the neural circuitry supporting saccadic eye movements. In
the laboratory, prosaccades are made to a visual stimulus most often (although auditory stimuli
are sometimes used; e.g. Russo & Bruce, 1994; Zambarbieri et al., 1982). Visual information
enters through the retina and is sent via the optic tract to the lateral geniculate nucleus (see
glossary) of the thalamus (see glossary) and then via the optic radiation to primary visual cortex.
The visual stimulus is registered in primary visual cortex, with a strong contralateral bias, by
100–120ms after its presentation (Clementz et al., 2001, 2007; McDowell et al., 2005;
Tendolkar et al., 2005; Tzelepi et al., 2004, Vanni et al., 2001). From primary visual cortex,
information is sent to extrastriate cortical regions V2/V3 (in middle occipital gyrus;
Brodmann’s areas 18/19). These brain regions are clearly involved in mapping relevant stimuli
in visual space (Dyckman et al., 2007; Merriam et al., 2007), and are more strongly activated
by stimuli in the contralateral visual field, regardless of whether the stimulus defines the
location of an impending response (Clementz et al., 2007; McDowell et al., 2005). Visual cortex
is also one of the few brain regions that has sometimes shown stronger activity during simple
prosaccades than during more complex volitional saccades (Dyckman et al., 2007), although
this pattern has not always been apparent (Mort et al 2003; Sweeney et al 1996).

Visual cortex (including striate and extrastriate visual regions) has access to the brainstem
saccade generators through the superior colliculus (see glossary) (Collins et al., 2005; Lock et
al., 2003). Given this direct connection it might be expected that when visual stimuli are
presented, the response of neurons in striate and extrastriate regions could predict the
subsequent saccadic responses. In fact, such a pattern has been demonstrated during sustained
attention-related tasks. In such tasks changes in activity levels in specific neural ensembles
precede presentation of relevant stimuli (Chawla et al., 1999; Driver & Frith, 2000; Pessoa et
al., 2003) and influence subsequent behavioral responses.

In a recent study (Clementz et al., 2008) we tested for a similar response in visual cortex by
using variants of typical saccade paradigms that allowed the measurement of activity in relation
to possible saccadic response locations prior to onset of an abruptly-appearing peripheral target.
Subjects fixated on a central cross while peripheral checkerboards oscillated at frequencies
that were measured with dense array EEG (see Figure 3). After approximately 5 sec, one of
the oscillating checkerboards doubled in luminance, which cued participants to generate a
saccade (either toward the brightened checkerboard for a pro-response or away from the
brightened checkerboard for an anti-response). Figure 3 shows the activity at EEG sensors over
visual cortex at the frequencies of the oscillating checkerboards. In preparation for pro-
responses, the neural activity over visual cortex was maintained at baseline levels (and even
tended to increase slightly), while prior to anti-responses activity during this same time interval
decreased to levels significantly lower than those observed prior to pro-responses. These data
indicate that early in the course of stimulus registration, activity in striate and extrastriate cortex
is modulated as a function of task demands, perhaps via top-down control mechanisms (e.g.,
Clementz et al., 2007; Miller & Cohen, 2001; Moore & Armstrong, 2003; Ruff et al., 2007;
Trappenberg et al., 2001).

From visual regions, position data (and other information relevant to subsequent motor output)
travels via the dorsal stream to multiple parietal cortex regions, most prominently the superior
parietal lobe (in Brodmann’s area 7) and parietal eye fields (Greenlee, 2000) (see glossary).
These parietal cortex regions have (i) direct connections to the superior colliculus (Lynch et
al., 1985; Pare & Wurtz, 2001), and (ii) reciprocal connections with frontal motor regions (e.g.
frontal and supplementary eye fields; Barbas & Mesulam, 1981; Ferraina et al., 2002; Huerta
et al., 1987; Tian & Lynch, 1996). There is considerable evidence from monkey
neurophysiology (Andersen et al., 1990; Colby et al., 1996) and human lesion data (Braun et
al., 1992; Gaymard et al., 1998; Pierrot-Deseilligny et al., 1991, 2002) that parietal cortex is
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critically important for various aspects of saccadic control. For instance, direct projections
from parietal cortex to superior colliculus suggest a role in saccade triggering. This conclusion
is supported by data showing that damage to parietal cortex increases prosaccade latencies
(Heide & Kompf, 1998; Gaymard et al., 2003; Pierrot-Deseilligny et al., 1987) and that
temporarily disrupting this region using transcranial magnetic stimulation (TMS) increases the
latency of visually-guided saccades (Kapoula et al., 2001).

Since the earliest functional neuroimaging studies on saccades, parietal cortex activity has been
observed across a variety of paradigms (Anderson et al., 1994; Bellebaum & Daum, 2006;
Clementz et al., 2007; Dyckman et al., 2007; Heide et al., 2001; Matsuda et al., 2004; McDowell
et al., 2002, 2005; O’Driscoll et al., 1995; Sweeney et al., 1996). Superior parietal cortex is
known for supporting attention-associated functions (cf. Kastner et al., 1999; Simon et al.,
2002). Specifically, parietal cortex is associated with visuo-spatial attention processes (e.g.
Corbetta et al., 1998), including spatial updating (Heiser & Colby, 2006) and the transformation
of sensory input into a motor command (Colby et al., 1996; Colby & Goldberg, 1999). As a
result, most imaging studies show that parietal cortex activity is greater during volitional than
reflexive saccades, an issue that will be discussed more completely in a later section.

An important, and as yet uncertain, issue in the functional neuroimaging literature, however,
is what specific regions of parietal cortex support basic saccade generation. There has been
some uncertainty regarding the location of a parietal cortex region involved in saccade
generation. Many functional neuroimaging studies have provided data relevant to this issue,
although with considerable variability between studies on the putative location of the human
parietal eye field (PEF; e.g., Astafiev et al., 2003; Clementz et al., 2007; Connolly et al.,
2003; Culham et al., 2006; Dyckman et al., 2007; Koyama et al., 2004; McDowell et al.,
2005; Moon et al., 2007; Rushworth et al., 2001; Schluppeck et al., 2005; Simo et al., 2005).
Nevertheless, a likely location of a parietal cortex region involved in saccade triggering appears
to be in medial intraparietal sulcus (see glossary) (Koyama et al., 2004; see also Grefkes &
Fink, 2005 for a comparison to the monkey literature). It is difficult to determine from blood-
flow based neuroimaging methods alone whether this brain region is involved in saccade
triggering, but data from two other studies, one using combined MEG/EEG (McDowell et al.,
2005) and one using EEG alone (Clementz et al., 2007) are consistent in suggesting that this
parietal cortex region may harbor the human homologue of the parietal eye field (PEF).

Frontal cortex is obviously important for motor control, eye movements included, with the
frontal eye fields (FEF) (see glossary) and supplementary eye fields (SEF) (see glossary)
having direct access to the brainstem saccade-generating circuitry (Huerta et al., 1986;
Segraves, 1992; Shook et al., 1990; Yan et al., 2001). Increased activity in FEF during saccades
is a consistent finding in functional neuroimaging studies (e.g. Anderson et al., 1994; Brown
et al., 2006; Clementz et al., 2007; Connolly et al., 2000; Cornelissen et al., 2002; Darby et al.,
1996; DeSouza et al., 2003; Dyckman et al., 2007; Kimmig et al., 2001; Matsuda et al.,
2004; McDowell et al., 2002, 2005; Muri et al., 1998; O’Driscoll et al., 1995; Raemaekers et
al., 2002; Sweeney et al., 1996). A significant contribution of functional brain imaging studies
of saccades has been clarification of the location and distinct functions of FEF regions in
humans. In contrast to monkeys, where FEF is located primarily in Brodmann’s area 8 (Bruce
& Goldberg, 1985; Stanton et al., 1989; Tehovnik et al., 2000; this is still mistakenly identified
as the location of human FEF in some cognitive neuroscience textbooks; e.g., Ward, 2006),
FEF is more posterior in humans, in Brodmann’s area 6, just anterior to the primary hand
representation (Amiez et al., 2006; Paus, 1996). In addition, there may be two distinct FEF
regions, with the more lateral aspect being involved in generation of both reflexive and
volitional saccades and the medial aspect being more important for the generation of saccades
requiring a greater reliance on controlled processing with the aid of external visual cues (see,
e.g., McDowell et al., 2005; Simo et al., 2005).
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Consistent with its putative role in saccade initiation (e.g. Bruce & Goldberg, 1985; Pierrot-
Deseilligny et al., 1991; Rivaud et al., 1994), activity in FEF is correlated with saccadic reaction
time in both human fMRI studies (Connolly et al., 2005) and monkey neurophysiology (e.g.
Dorris & Munoz, 1998; Everling & Munoz, 2000; Hanes & Schall, 1996). Using an event-
related paradigm (see glossary), Connolly et al. (2005) found that BOLD activity in FEF during
a preparatory period (a 2 sec gap before the target appeared) was correlated with saccadic
reaction time. Greater FEF activity in the hemisphere contralateral to the direction of the
eventual saccade was associated with faster reaction times. This is similar to monkey studies
which have shown that the lower the pre-target activity in FEF, the longer it takes to boost the
firing rate past the threshold for saccade triggering (Dorris & Munoz, 1998; Everling & Munoz,
2000; Hanes & Schall, 1996). In sum, the amount of activity in FEF when the target is presented
may partially account for variations in reaction time within individuals and across different
saccade paradigms.

Strong reciprocal connections exist between FEF and SEF which are located on the
dorsomedial surface of each hemisphere, anterior to the supplementary motor area (Leigh &
Zee, 1999; Pierrot-Deseilligny et al., 2002); they are thought to be the ocular motor extensions
of the supplementary motor area (Schall, 2002). More specifically, Grosbas et al. (1999)
defined the anatomic boundaries of the SEF using functional imaging as within the
interhemispheric fissure in the area around the descending branch of the paracentral sulcus. As
with FEF, microstimulation of SEF results in saccade generation in both non-human (Schlag
& Schlag-Rey, 1987; Tanji, 1994) and human (Godoy et al., 1990) primates. Also similar to
FEF, increased saccade-related activity in SEF has been observed in a number of functional
neuroimaging studies (e.g. Berman et al., 1999; Brown et al., 2006; DeSouza et al., 2003;
Dyckman et al., 2007; Gagnon et al., 2002; Kimmig et al., 2001; Matsuda et al., 2004;
McDowell et al., 2002; Raemaekers et al., 2002). Functional neuroimaging during prosaccade
tasks shows increased SEF activity associated with movement generation (e.g. Law et al.,
1997; Luna et al., 1998; McDowell et al., 2005; Miller et al., 2005). Frequently, however, SEF
activity is greater during cognitively complex saccades than during prosaccades (e.g. Clementz
et al., 2007; Curtis & D’Esposito, 2003; DeSouza et al., 2003; Doricchi et al., 1997; Dyckman
et al., 2007; Ford et al., 2005; Luna et al., 2001; McDowell et al., 2005; O’Driscoll et al.,
1995; Raemaekers et al., 2006a, 2006b). This is consistent with human lesion and monkey
neurophysiology data indicating that SEF is important for complex saccades, especially when
motor sequences must be remembered for proper saccade generation and when stimuli are
predictable (Gaymard et al., 1993; Kennard et al., 2005; Merriam et al., 2001; Parton et al.,
2007; Simo et al., 2005; Stuphorn et al., 2000).

Cortical regions have direct reciprocal connections to multiple subcortical regions, implicating
these regions in saccade generation (Lynch & Tian, 2005). Generally there are more issues
complicating the study of subcortical structures with functional neuroimaging techniques; the
specific limitations are dependent on the technique and the region. In general, subcortical
regions are difficult to image because they are small and/or deep. Deep structures are difficult
to evaluate with MEG and EEG because of signal drop-off from the source to the sensors
(Nunez & Srinivasan, 2006). Deep structures also can pose a problem using blood-flow based
methods, particularly for structures that are located close to vasculature, like the superior
colliculus, making BOLD signal measurement more vulnerable to susceptibility artifacts (Petit
& Beauchamp, 2003; Schneider & Kastner, 2005). While functional imaging of subcortical
regions is not impossible, such challenges may explain why there are relatively few studies on
the role of certain subcortical structures in saccade control.

The studies that do report on saccade-related activity in subcortical regions show activity in
cerebellum (see glossary), striatum, thalamus, and superior colliculus (Ettinger et al., 2002;
Matsuda et al., 2004; Optican, 2005; Sweeney et al., 1996). The cerebellum, specifically the
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vermis and fastigial nucleus, has been implicated in saccade accuracy by lesion studies in both
humans and non-human primates (Bötzel et al., 1993; Noda et al., 1991; Takagi et al., 1998;
Vahedi et al., 1995). The relative volume of the vermis was related to saccadic accuracy in
humans (Ettinger et al. 2002). The striatum is a major input site for the basal ganglia (Alexander
et al., 1986; Alexander & Crutcher 1990) (see glossary) and has been reported to play a role
in both saccade initiation (Watanabe et al., 2003) and inhibition (Hikosaka et al., 2000).
Functional neuroimaging studies on reflexive saccades generally do not indicate much saccade-
related activity in striatum and/or thalamus (e.g. Brown et al., 2006, McDowell et al., 2002;
Raemaekers et al., 2006), although there are some exceptions (Matsuda et al., 2004; Sweeney
et al., 1996; Sylvester et al., 2005). The superior colliculus is clearly involved in the generation
of reflexive saccades and has been the subject of many monkey neurophysiology studies
(McPeek & Keller, 2004); increased saccade-related collicular activity has been reported using
PET (Paus et al., 1995) and an event-related fMRI design (Petit & Beauchamp; 2003). Neggers
et al. (2005) found that collicular activity was negatively correlated with saccade latency such
that greater activity in superior colliculus was associated with faster saccades. They also
observed differential activity in superior colliculus when the timing of fixation offset was
manipulated: BOLD signal increased in superior colliculus during a 200 ms gap paradigm
compared to a paradigm with no such gap. Neggers et al. (2005) suggested that this BOLD
signal increase was caused by disinhibition of the entire motor map within superior colliculus
in preparation for saccade generation.

Express Saccades
As mentioned above with regard to FEF and saccade triggering, saccadic reaction times can
vary tremendously between trials for an individual participant. To study some putative causes
of such wide variability in response times, reflexive saccade paradigms can be appropriately
modified to increase the probability of eliciting fast latency saccades known as “express
saccades” (Fischer & Ramsperger, 1984) (see glossary). Insertion of a “gap” (optimally 200ms;
Clementz, 1996; Fischer & Weber, 1997; Weber & Fischer, 1995) between fixation point
extinction and peripheral stimulus illumination typically results in a bimodal reaction time
distribution with one peak around 110ms and another around 160ms (Fischer et al., 1993; see
also Figure 4). The saccades around the first peak are called “express saccades”. Express
saccades are considered to be reflex-like orienting movements (Fischer & Weber, 1997)
mediated through the retino-cortical-tectal pathway and can be generated in the absence of the
frontal eye fields (Schiller et al., 1987), but not after lesions of the superior colliculus (Schiller
et al., 1997).

A problem with using fMRI to study the neural correlates of express saccade generation is the
limit on temporal resolution. To provide complementary data on the neural correlates of express
saccade generation, we conducted the following study (Dyckman et al., manuscript in
preparation). Participants generated about 150 refixation saccades during a typical 200ms gap
paradigm while dense array (256 sensor) EEG data were collected. The reaction time
distribution across all participants illustrates the typical express and regular peaks (e.g.
Clementz, 1996; see Figure 4). In the EEG data, there was a distinct peak in the event-related
potential (ERP) waveforms during the gap interval that preceded the peripheral target onset by
16 ms (Figure 4). This peak had an activity pattern that significantly predicted later express
versus regular saccade generation. Although the topography of the neural activities did not
differ between saccade types, the activity over extrastriate cortex was much stronger preceding
subsequent express saccades even though the direction of movement was not yet known.
Similar to what was posited by Everling et al. (1996), therefore, this finding suggests that
express saccade generation is related to trial-to-trial variations in preparatory activities in
extrastriate regions with direct input to the brainstem saccade-generating apparatus.
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Prosaccade Summary
Functional neuroimaging studies in humans have greatly contributed to the identification and
localization of regions comprising a network involved in prosaccade generation. At the
subcortical level, this network includes the striatum, thalamus, and superior colliculus.
Cortically, the network includes primary visual cortex and extrastriate cortex, regions of
posterior parietal cortex, and FEF and SEF in frontal cortex. Activation in these same regions
also has been observed during voluntary saccade tasks, which will be the focus of the next
section.

VOLITIONAL SACCADE CIRCUITRY
Saccades intended to foveate a target of interest are one component of our ability to explore,
and respond to, the visual environment. Such simple response capabilities, however, are not
the only method for managing the visual environment. In order to attend to one aspect of the
visual environment, responses to other parts of the visual world often must be suppressed.
Tasks requiring inhibition, working memory and other processes that require attendance to
contextual cues are considered volitional saccades. In the functional neuroimaging literature,
the most frequently used volitional saccade paradigms are antisaccade and ocular motor
delayed response (memory saccade) tasks, although data on predictive tracking and saccade
sequencing tasks also have been reported. Below, we summarize data from each of these
paradigms in turn.

Antisaccades
Antisaccades (Hallett, 1978) (see glossary) are voluntary saccades during which participants
must inhibit the prepotent response towards a peripheral (usually visual) cue. During typical
antisaccade trials subjects fixate on a central target and then the fixation point is extinguished
and a peripheral cue is presented. Subjects are instructed to generate a saccade to the mirror
location (same amplitude, opposite direction) of the peripheral cue as quickly and accurately
as possible without looking at the cue itself. An initial glance towards the cue is an error and
may be conceptualized as a failure of inhibition. Latencies for correct antisaccade responses
are usually about 50 ms longer (Evdokimidis et al., 1996) than reflexive saccades, which may
represent the additional processing necessary for the co-ordinate transformation process. Based
on the extant literature, those additional processing requirements are supported by (i) changed
activity levels in the basic saccade circuitry, and/or (ii) activity in newly recruited neural
regions (for reviews, see: Everling & Fischer, 1998; Hutton & Ettinger, 2006; Munoz &
Everling, 2004, Sweeney et al., 2007).

In terms of changed activity levels, visual cortex is unusual in that it may demonstrate stronger
activity for prosaccades than for antisaccades, although this is not always the case (Raemaekers
et al., 2007). In a direct comparison using fMRI between pro- and anti-saccades, increased
activity related to prosaccades was seen only in middle occipital gyrus (Dyckman et al.,
2007). In an EEG/MEG study, McDowell et al. (2005) observed greater activity for prosaccades
relative to antisaccades in this region from the time of peripheral stimulus onset through 170ms
post-stimulus. Clementz et al. (2008) found that visual cortex activity was actually significantly
attenuated during a preparatory period preceding anti-saccade versus pro-saccade generation
(see the “Prosaccade Circuitry” section above). This difference between pro- and anti-saccade
activities during visual stimulus registration may reflect top-down influences from frontal and/
or parietal cortices that decrease the probability that an error response could be generated to
the cue on anti-trials.

Contrary to the pattern observed for visual cortex, greater activity for anti- than pro-saccades
is commonly found in the other regions of saccade circuitry, particularly in parietal cortex,
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FEF and SEF (e.g. Curtis & D’Esposito, 2003; DeSouza et al., 2003; Doricchi et al., 1997;
Dyckman et al., 2007; Ettinger et al., 2007; Ford et al., 2005; Luna et al., 2001; Moon et al.,
2007; Medendorp et al., 2005; Raemaekers et al., 2006a, 2006b). For instance, increased
activity in inferior parietal cortex has been observed in anti-compared with pro-saccades
(Matsuda et al., 2004). A similar region showed activity during an inhibitory period preceding
antisaccade generation (Ettinger et al., 2007), suggesting a possible inhibitory role of the
region. Other evidence suggests regions in the area of intraparietal sulcus (within parietal
cortex), may perform the vector inversion required to generate an antisaccade to the correct
location (e.g. Clementz et al., 2007; Medendorp et al., 2005; Moon et al., 2007; Nyffeler et al.,
2007; Zhang & Barash, 2000). Zhang and Barash (2000) recorded from neurons in LIP in
nonhuman primates while they performed pro- and anti-saccade tasks. They found that
population activity in this region switched from encoding the stimulus location to encoding
the motor direction within 50 ms after signals reached LIP during a delayed version of an
antisaccade task. Gottlieb and Goldberg (1999), however, reported that most LIP neurons
coded for the cue location, not the response direction, although they did not use a delay period
between stimulus onset and time of the response requirement. In an event-related fMRI study,
Medendorp et al. (2005) reported contralateral hemisphere activity in response to visual stimuli
in an area they called retinotopic intraparietal sulcus, which is situated similarly to the
precuneus area identified in other studies (e.g. Dyckman et al., 2007). Once the instruction to
make an antisaccade was given, however, activity shifted from the hemisphere contralateral to
the visual stimulus to the hemisphere contralateral to the saccade goal during a delay period.
A similar pattern was observed in intraparietal sulcus using MEG (Moon et al., 2007).

Greater FEF activity associated with anti- than pro-saccades is among the most consistent
findings in the human functional neuroimaging literature on antisaccades (e.g. Clementz et al.,
2007; Curtis & D’Esposito, 2003; DeSouza et al., 2003; Doricchi et al., 1997; Dyckman et al.,
2007; Ford et al., 2005; Luna et al., 2001; Manoach et al., 2007; McDowell et al., 2005;
Raemaekers et al., 2006a, 2006b). Importantly, increased signal in FEF on anti- compared to
pro-saccade trials has been observed prior to saccade generation using both fMRI and EEG/
MEG (e.g. Clementz et al., 2007; Connolly et al., 2002, 2005; DeSouza et al., 2003; Ford et
al., 2005; Manoach et al., 2007; McDowell et al., 2005). These data have been interpreted by
some as indicating a heightened level of inhibitory input to this region in preparation for an
antisaccade (DeSouza et al., 2003; Manoach et al., 2007) and/or other inhibitory processes
(Ettinger et al., 2007). This increase in FEF activity may be more specifically related to medial
than to lateral FEF (Ettinger et al., 2007; McDowell et al., 2005; O’Driscoll et al., 1995; Tu et
al., 2006), although there are insufficient data at this time to confidently draw this conclusion.
Curtis and D’Esposito (2006) also found that FEF activity persisted after response selection
until a saccade was made, suggesting that FEF are involved in prospective coding of the saccade
goal.

Finally, increased antisaccade activity has been observed in SEF during human functional
neuroimaging studies (e.g. Clementz et al., 2007; Curtis & D’Esposito, 2003; DeSouza et al.,
2003; Doricchi et al., 1997; Dyckman et al., 2007; Ettinger et al., 2007; Ford et al., 2005; Luna
et al., 2001; McDowell et al., 2005; O’Driscoll et al., 1995; Raemaekers et al., 2006a,
2006b). Similarly, single-unit recordings show that SEF neurons fired more before anti- than
before pro-saccades (Amador et al., 2004; Schlag-Rey et al., 1997). Consistent with a
competition model of saccade generation, such as the model proposed by Massen (2004), these
data may indicate that the signal to generate a voluntary antisaccade competes with the signal
to generate a prosaccade toward the cue, and that increased SEF activity prior to anti-responses
offsets the tendency to glance toward the peripheral cue. In this way, SEF could slow the
buildup of neuronal activity leading to a prosaccade (Boxer et al., 2006), allowing the initial
saccade then to be the anti-response (Amador et al., 2004; Curtis & D’Esposito, 2003).
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In addition to changes in levels of activity supporting basic prosaccade circuitry, there is
evidence that additional brain regions often are recruited for the performance of more
cognitively complex saccades. Neurophysiology and human lesion data indicate that activity
in dorsolateral prefrontal cortex (DLPFC) (see glossary) may be associated with an inhibition
function. DLPFC is located on the dorsolateral surface of frontal lobe, including the superior
and middle frontal gyrus (BA 9 & 46; Petrides & Pandya, 1994), and this brain region clearly
supports higher cognitive functions, such as attention, planning, spatial orientation, and
behavioral restraint (Goldman-Rakic, 1995; Miller & Cohen, 2001). Lesions to DLPFC do not
result in changes to prosaccade performance; however, patients with discrete lesions of the
region make more antisaccade errors (Pierrot-Deseilligny et al., 1991, 2003).

Several human functional neuroimaging studies have reported DLPFC activity during
antisaccades exclusively (e.g. Ettinger et al., 2007; DeSouza et al., 2003; Matsuda et al.,
2004; McDowell et al., 2002; McDowell et al., 2005; Muri et al., 1998; Sweeney et al.,
1996). Of importance, this inhibition-related DLPFC activity appears to precede response
generation and is specific to correct anti-trials (DeSouza et al., 2003; Ford et al., 2005;
Matthews et al., 2002; McDowell et al., 2005). DeSouza et al. (2003) used an event-related
fMRI design to examine cortical activity that occurred in preparation for and during the
execution of correct antisaccades. Right DLPFC showed significantly greater activity during
the instruction phase prior to an antisaccade task than during the same period prior to a
prosaccade task. This increase in activity took place before the cue to generate the antisaccade
was given and may reflect top-down control signals to inhibit the unwanted reflexive saccade.
Ford et al. (2005; using fMRI) and McDowell et al. (2005, using EEG/MEG) also found
increased DLPFC activity prior to antisaccade generation, consistent with the putative role of
DLPFC in the inhibition of an unwanted saccade toward the peripheral cue.

Not all studies have shown increased DLPFC activity during antisaccades relative to
prosaccades (O’Driscoll et al., 1995; Paus et al., 1993; Raemaekers et al., 2002; Raemaekers
et al., 2006a, 2006b); however, the context in which the tasks are performed has been shown
to affect the underlying brain activity (Dyckman et al., 2007; Manoach et al., 2007). In an fMRI
study, Dyckman et al. (2007) had participants perform pro- and anti-saccades in single saccade
runs (i.e. only prosaccades or only antisaccades) and in a mixed saccade run (i.e. blocks of
prosaccades alternating with blocks of antisaccades). Activity in DLPFC was greater for
antisaccades than prosaccades when the single saccade runs were compared to one another,
but when the tasks were presented together, there was no differential activity in DLPFC. One
possible explanation for the result is that during the mixed saccade run, DLPFC may have tonic
activity throughout the entire recording epoch due to the increased difficulty and more complex
response selection requirements during the mixed task.

Findings from an EEG study by Clementz et al. (2007) are consistent with this interpretation.
Participants completed prosaccade trials, antisaccade trials, and no-go trials in an interleaved
design. The high temporal resolution of EEG showed temporally distinct peaks of activity that
would not be evident using fMRI. Early right PFC activity (158ms post-stimulus presentation)
was greater for anti- trials than for pro- or no-go trials, but later activity in this region (204ms
post-stimulus) was the same for anti- and pro-trials. The lack of differences in PFC between
pro- and anti-trials at the later time point is consistent with a lack of differential PFC activity
observed in mixed saccade runs (Dyckman et al., 2007). Although the strength of the activity
at this time point did not differ between pro- and anti-trials, there was a significant negative
correlation between activity in right PFC and contralateral middle occipital gyrus activity only
for anti-trials. Greater PFC activity was associated with reduced activity in middle occipital
gyrus, perhaps exerting a top-down influence on visual cortex to suppress activity in order to
avoid making a reflexive movement toward the stimulus.
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Another region that is likely to be recruited for volitional, but not pro-, saccades is the anterior
cingulate cortex (ACC) (see glossary), given its putative role in conflict monitoring (e.g. Braver
et al., 2001; MacDonald et al., 2000; Miller & Cohen, 2001). Functional MRI studies have
shown that ACC is involved in antisaccade performance (e.g. Brown et al., 2006; Doricchi et
al., 1997; Gaymard et al., 1998; Matsuda et al., 2004; Milea et al., 2005; Polli et al., 2005),
consistent with reports of increased ACC activity during other tasks requiring inhibitory control
(e.g. Braver et al., 2001; Garavan et al., 2002). There are a number of theories regarding ACC
function in the literature, including monitoring performance (Polli et al., 2005) and signaling
the likelihood and actual occurrence of error responses (Brown & Braver, 2005; Endrass et al.,
2007; Ford et al., 2005; Johnston et al., 2007; Nieuwenhuis et al., 2001). With regard to
saccades, Ford et al. (2005) found increased activation of ACC for antisaccades, when an error
is more likely, compared to prosaccades, when an error is less likely. Importantly, they also
observed greater ACC activity for correct antisaccades as opposed to incorrect antisaccades in
the period prior to stimulus onset. During the stimulus-response period, however, they observed
greater ACC activity for incorrect antisaccades, suggesting that, in addition to signaling the
likelihood of an error, ACC was also involved in error monitoring during the antisaccade task.

Differential patterns of activity have been observed between rostral (rACC) and dorsal (dACC)
during antisaccades (Polli et al., 2005). In the early phase of an antisaccade trial, they found
that deactivation of rACC was associated with correct performance. On the other hand, dACC
showed no difference between correct and error trials during this same time period. Later,
however, both rACC and dACC showed increased activity during error trials, consistent with
the role of ACC in the evaluation of error responses and the results of Ford et al. (2005).

Subcortically, there are more reports of antisaccade-related than of prosaccade-related activity
for striatum and thalamus (Brown et al., 2006; Dyckman et al., 2007; Ettinger et al., 2007;
Sweeney et al., 1996; O’Driscoll et al., 1995). With the exception of Ettinger et al., 2007, much
of the human functional neuroimaging research on the role of the striatum during voluntary
saccades has been reported within the context of striatal dysfunction in schizophrenia. For
instance, healthy subjects show increased antisaccade-related striatal activity compared with
both subjects with schizophrenia and their relatives (Raemaekers et al., 2002, 2006, see also
this issue). Increased antisaccade-related activity in the thalamus also has been reported both
in the normal cognitive neuroscience literature (Dyckman et al., 2007; Ettinger et al., 2007;
Matsuda et al., 2004; O’Driscoll et al., 1995) and within the context of being increased in
healthy compared to schizophrenia subjects (Tu et al., 2006).

Ocular Motor Delayed Response (ODR) Tasks
ODR paradigms are voluntary saccade tasks that require both inhibitory and spatial working
memory processes (e.g., Funahashi et al., 1989, 1993; Inoue et al., 2004; Sweeney et al.,
1996). During ODR tasks, participants are instructed to remember the location of a peripherally
presented visual target through a delay period (spatial working memory component) without
making anticipatory saccades (inhibition component), and then to generate a saccade to that
(unmarked) location after the delay period. Evidence from the human brain imaging literature
demonstrates increased ODR-related activity in basic saccadic circuitry but with special
emphasis on parietal and frontal regions (e.g. Berman & Colby, 2002; Brown et al., 2004;
Camchong et al., 2006; Chafee & Goldman-Rakic, 2000; Curtis & D’Esposito, 2006; Geier et
al., 2007; Inoue et al., 2004; Keedy et al., 2006; Luna & Sweeney, 1999; Ozyurt et al., 2006;
Postle et al., 2000; Schluppeck et al., 2006; Srimal et al., 2007; Sweeney et al., 1996).

Regions in parietal cortex, specifically intraparietal sulcus (IPS; e.g. Brown et al., 2004; Curtis
& D’Esposito, 2006; Geier et al., 2007; Schluppeck et al., 2006; Srimal & Curtis, 2007), and
to a lesser extent supramarginal gyrus (SMG; e.g. Brown et al., 2004; Geier et al., 2007), have
shown robust delay period activity during ODR tasks. Using a variable delay length (3–15
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seconds in 1.5 second increments), Schluppeck et al. (2006) observed that the length of time
the BOLD signal in IPS remained elevated corresponded to the length of the delay, clearly
demonstrating sustained delay-period activity in IPS. A few studies have also indicated that
ODR-related activity in IPS is lateralized, with stronger activity in IPS contralateral to the
visual cue and subsequent saccade (Curtis & D’Esposito, 2006; Schluppeck et al., 2006).

Increased activity in FEF during memory-guided saccades has been a consistent finding in
human functional neuroimaging studies (e.g. Brown et al., 2004; Camchong et al., 2006; Curtis
& D’Esposito, 2006; Geier et al., 2007; Ozyurt et al., 2006; Sweeney et al., 1996; Srimal et
al., 2008). Curtis and D’Esposito (2006) suggested that increased FEF activity during ODR
tasks signals maintenance of the response requirement during the delay, as activity in this region
persisted across the delay period. Srimal et al. (2008) investigated whether this delay period
activity codes the location of the cue or prospectively codes the metric of the upcoming saccade,
with their results supporting the former. Geier et al. (2007) examined the effect of short (2.5
sec) and long (10 sec) delays on activity in brain regions associated with ODR tasks.
Participants did not know which trials would have short and which would have long delays.
For left FEF, they observed sustained activity across both the short and long delay periods,
suggesting that left FEF was involved in maintaining the cue location. Right FEF, however,
showed sustained activity for the short delay, but the hemodynamic time course for the long
delay showed two peaks. The first peak of activity was observed just prior to the time at which
participants would make a response on short delay trials. When it became clear that it was not
a short delay trial, activity decreased slightly then increased again prior to the time at which a
response was required. This pattern in right FEF suggests that it may be involved in preparation
and/or planning for a response, in addition to a possible role in maintenance.

There is considerable neurophysiology evidence that DLPFC supports ODR performance (e.g.,
Chafee & Goldman-Rakic, 1998; Chafee & Goldman-Rakic, 2000; Funahashi et al., 1989,
1993; Kojima & Goldman-Rakic, 1982; Takeda & Funahashi, 2002; Tsujimoto & Sawaguchi,
2004). In humans, lesions of the prefrontal cortex result in changes in saccade metrics and in
an increased frequency of errors prior to central fixation offset (Pierrot-Deseilligny et al.,
1991, 2003; Rivaud et al., 1994). Consistent with these data, human imaging studies, as well
as both neurophysiological and imaging studies in monkeys, demonstrate increased signal in
DLPFC associated with performance on delayed response tasks (Camchong et al., 2006; Chafee
& Goldman-Rakic, 2000; Geier et al., 2007; Inoue et al., 2004; Keedy et al., 2006; Luna &
Sweeney, 1999; O’Sullivan et al., 1995; Sweeney et al., 1996). It appears that DLPFC may be
performing multiple functions during ODR tasks, including inhibition (e.g., Camchong et al.,
2006, Ford et al., 2004, McDowell et al., 2002; Perlstein et al., 2003) and maintenance of spatial
information over time to support memory-guided saccade performance (D’Esposito et al.,
2000; Geier et al., 2007; Ploner et al., 1998, 2000; Postle et al., 2000). Whether these different
functions are dependent on separate DLPFC regions, as one might expect, is at present
uncertain.

Predictive Saccadic Tracking Tasks
Another volitional behavior of interest is predictive saccadic tracking (see glossary). During
predictive tracking tasks, a stimulus typically alternates between fixed positions at a fixed time
interval (McDowell et al., 1996; Ross & Ross, 1987). This can be considered a procedural
learning task, as subjects comprehend the predictability of the target motion. Subjects soon
generate reaction times around zero primarily due to the generation of saccades in anticipation
of new target onset (Smit & VanGinsbergen, 1989). These so-called “anticipatory saccades”
are hypothesized to be based on the memory trace of the sensory (visual) and/or motor signals
generated during earlier trials. This dissociation between sensory-guided and volitional
responses can be evaluated via human functional neuroimaging.
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The expectation from the extant literature from other disciplines suggests a key role for FEF
in predictive tracking (Everling & Munoz, 2000; Hanes & Schall 1995; Gaymard et al.,
1999; Rivaud et al., 1994). Early PET studies (Law et al., 1997; O’Driscoll et al., 2000) showed
predictive-related activity in medial and lateral FEF (as well as SEF, extrastriate, and medial
occipital temporal cortex). In fMRI studies of predicable targets, more activity has been
reported to predictable targets in FEF (as well as pre-SMA, ACC, pre-frontal and inferior
parietal cortices, as well as dorsomedial thalamus and hippocampus). Gagnon et al. (2002)
showed activity during predictive tasks in lateral and medial FEF that increased over time as
the predictability became apparent. Simo et al. (2005) also showed a differentiation between
activity in medial and lateral FEF; however, medial FEF was more associated with visuomotor
responses depending on what they termed “externally-directed attentional states and
sensorimotor transformations” (p.1987). It is suggested by Simo et al. (2005) that
methodological differences may be responsible for the difference between their results and
those of Gagnon et al. (2002), but more work is clearly needed to help clarify this issue as well
as the functional differences between lateral and medial FEF. The relationship between FEF
activity and predictive tracking might be a function of coordination with the cerebellum. Both
FEFs and cerebellum are implicated in ocular motor preparation, with perhaps the cerebellum
coordinating the timing between motor preparation and execution (O’Driscoll et al., 2000;
Diener et al., 1989).

Saccade Sequence Tasks
The learning of saccade sequences is another volitional saccade task that invokes procedural
learning, and involves, like predictive tracking, a change from more external sensory- to more
internal volitional-driven circuitry. Subjects are provided with sequential targets and are
instructed to generate saccades to the memorized positions in a learned order. Research has
tended to focus on the role of SEF in these tasks because supplementary motor regions are
clearly important for motor sequence learning (Isoda & Tanji, 2002, 2003; Mushiake et al.,
1990) and lesions impair this ability by increasing errors (Gaymard et al., 1990, 1993) and
decreasing final position accuracies (Parton et al., 2007).

The few studies using PET and/or fMRI to evaluate saccade sequence learning have provided
additional evidence for the involvement of SEF in motor learning in healthy humans. A PET
study (Petit et al., 1996) demonstrated that when learned saccade sequences were compared
with self paced saccades, increased sequence-related activity was observed in the SEF,
intraparietal cortex, superior frontal sulcus, and precuneus. A fMRI study (Grosbras et al.,
2001), which was designed to emphasize the transition from sensory to memory-driven
circuitry, juxtaposed well-practiced with newly acquired saccade sequences. The data showed
greater activity in SEF and precuneus during newly learned saccade sequences. Grosbras et al.
(2001) suggested that the area of greatest import in facilitating sequence acquisition may be
the pre-SEF, an area more rostral and inferior to the traditional SEF region. Heide et al.
(2001) suggest that pre-SEF may contribute more to planning and memorizing new sequence
whereas SEF proper may contribute more to the execution of such memorized sequences. The
functional distinctions between SEF and pre-SEF have yet to be fully understood (see, e.g.,
Merriam et al., 2001; Miller et al., 2005), so further research on their respective roles in saccadic
control are warranted.

Besides SEF, other regions including PPC, FEF, and ACC also have been repeatedly implicated
in saccade sequence learning (Baumann et al., 2006; Heide et al., 2001; Kawashima et al,
1998). In a triple-step version of the task, in which a sequence of three saccades was performed,
Heide et al. (2001) reported bilateral activation of three areas of PPC – precuneus and two
distinct areas of IPS. Of these regions, only the middle portion of the IPS showed significant
difference in activation when compared with a visually-guided saccade baseline. This region
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may correspond to LIP in monkeys (Grefkes & Fink, 2005; Koyama et al., 2004) and may
specifically contribute to the remapping of spatial representations of saccade targets to
compensate for previous eye displacement (Heide et al., 2001), a notion supported by numerous
other functional imaging studies (Dieterich et al., 1998; Goebel et al., 1998; Vallar et al.,
1999; Harris et al., 2000).

Functional imaging studies also report FEF activation during saccadic sequences (Petit et al.,
1996; Heide et al., 1995) which supports previous evidence for the role of FEF in the control
of internally generated saccades in general (Pierrot-Deseilligny et al., 1995; Hanes & Schall,
1996; Heide & Kompf, 1998). Notably, FEF shows greater activation during the triple-step
sequence paradigm compared to either pro- or memory saccades (Heide et al., 2001). Studies
in monkeys report that FEF neurons may hold a saccade-related efference copy signal
(Goldberg & Bruce, 1990; Umeno & Goldberg, 1997; Tian et al., 2000), so activation of this
region could reflect the triggering of saccadic sequences and the spatial computations required
for their accuracy.

Caudal anterior cingulate gyrus is also implicated in self-paced saccade sequences and may
reflect the self-initiation and the control of intentional saccades (Heide et al., 2001). Lesion
studies indicate that damage to the caudal cingulate impairs initiation and accuracy of internally
generated intentional saccades (Gaymard et al., 1998). In comparison, the rostral portion of
ACC may contribute to sustained attention and on-line monitoring of saccade sequence
performance (Heide et al., 2001) as part of the cortical network for visuospatial attention
(Carter et al., 1998; Nobre et al., 1997, 2000).

CONCLUSIONS
In reviewing the human functional neuroimaging literature on the transition from basic
exogenously-driven sensorimotor (pro- and express saccades), to more endogenously-driven
cognitively complex volitional saccade tasks (antisaccades, ocular motor delayed response
(memory saccades), predictive saccadic tracking (anticipatory saccades), and saccade
sequencing), there are three general conclusions. First, the basic saccadic circuitry supporting
prosaccades is also activated by volitional tasks. Typically basic saccade circuitry that supports
prosaccades is more active and additional cortical regions appear to be recruited to support
volitional behavior (Connolly et al., 2000; Dyckman et al., 2007; Mort et al., 2003). The extant
data indicate that prefrontal regions may be more active during antisaccade and other volitional
saccade tasks that require inhibition and/or spatial memory (Camchong et al., 2006; Ford et al.
2005, Keedy et al., 2006; McDowell et al., 2002, 2005), although this effect may vary as a
function of stimulus context (Clementz et al., 2007; Dyckman et al., 2007). While the majority
of these studies used fMRI, a differential pattern showing increased activity preceding
antisaccades as compared to prosaccades in medial FEF, SEF and prefrontal cortex also was
demonstrated using EEG and MEG (Clementz et al., 2007; McDowell et al., 2005).
Interestingly, this same pattern was observed during intracranial recordings of human SEF and
FEF (Lachaux et al., 2006), suggesting that it is not simply an artifact of functional
neuroimaging technologies.

Second, it appears as if activity in visual cortex is modulated as a function of task demands
and may predict the type of saccade to be generated. For instance, in a high-density EEG study
there was an increase in activity in visual cortex prior to prosaccades whereas the activity
decreased prior to antisaccades (Clementz et al., 2008). These data indicate that activity in
striate and extrastriate cortex early in the course of stimulus registration is modulated as a
function of task demands, perhaps via top-down control mechanisms (e.g., Clementz et al.,
2007; Miller & Cohen, 2001; Moore & Armstrong, 2003; Trappenberg et al., 2001).
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Third, there is accumulating evidence from volitional saccade paradigms for two foci of
activation within FEF: medial and lateral (Beauchamp et al., 2001; Berman et al., 1999; Ettinger
et al., 2007; Lobel et al., 2001; Luna et al., 1998; Heide et al., 2001; Grosbras et al., 2001;
McDowell et al., 2005; Mort et al., 2003; Paus, 1996; Perry & Zeki, 2000; Petit et al., 1996;
Simo et al., 2005). The functional correlates of these different FEF regions have yet to be fully
delimited, although one hypothesis is that they are differentially involved in sensorimotor
versus volitional requirements. If medial FEF in humans are more associated with volitional
demands, it would be closer in function to the monkey FEF and its use in more complex tasks
(Koyama et al., 2004). If lateral FEF in humans is more closely associated with reflexive
movements, it would be consistent with its placement in the pre-motor strip (Paus, 1996;
Tehovnik et al., 2000).

Evidence supporting the division of FEF regions comes from various imaging technologies,
including PET, fMRI, MEG/EEG and even diffusion tensor imaging (DTI), a MR-derived
measure that allows for identification of fiber (white matter) tracts in the human brain. For
instance, in a delayed antisaccade task designed to distinguish activity associated with either
the inhibition or the generation of a saccade, Ettinger et al. (2007) reported that medial FEF
activity was more associated with inhibition than generation. Similarly, an EEG/MEG study
showed distinctly different patterns of activity between medial and lateral FEF (McDowell et
al., 2005), with medial FEF activity being higher for anti- than pro-saccades throughout the
response preparation period. Lateral FEF activity, however, initially increased for both pro-
and anti-saccades, continued to increase on pro-trials, but subsequently decreased on anti-trials
as the time for response generation neared, which was perhaps a neural correlate of an active
inhibition process (McDowell et al., 2005). Finally, a recent DTI study in humans (Tomassini
et al., 2007) reported that medial FEF and lateral FEF have different connections to parietal
and frontal regions. Medial FEF projected to superior parietal lobe, dorsal prefrontal cortex
and cingulate gyrus, regions most often associated with more volitional kinds of saccades.
Medial FEF also were more closely associated with tasks that required nonstandard mapping
(which required a motor response contingent upon a cue), whereas lateral FEF were more
related to standard mapping tasks (such as reaching). At present, however, there is not enough
scientific information to confidently summarize the functional differences between these two
FEF regions in humans.

Future Directions
Based on the rapid growth in human functional neuroimaging studies of saccade performance
and the advancement of technologies and analysis techniques used in the field, we have
identified four issues that would be particularly helpful to consider when conducting and
reporting future studies. First, it could be advantageous to clearly delineate important
anatomical subdivisions that underlie functional differences, such as seen with the emerging
distinction between lateral and medial FEF. Recently, Amiez et al. (2006) have shown that
fMRI activity, which has been reported as showing individual variability in anatomic location
(Darby et al., 1996), can be reliably related to morphological aspects of the sulci in the human
brain at the individual subject level. This type of analysis could allow the assessment of the
functional dissociation between brain regions that are very close to one another, such as regions
within FEF, posterior parietal cortex, and cerebellum. Posterior parietal cortex supports
numerous higher order functions, including various components of visuospatial and attentional
processes. Parietal cortex activity in functional neuroimaging studies of saccadic performance
is often widespread, including activity in precuneus, medial and lateral aspects of the
intraparietal sulcus, supramarginal gyrus, and Brodmann’s area 7. In order to understand the
unique, and collective, contributions of these regions, reports on posterior parietal cortex
activity must be specific about the location as a function of task. In addition to consistent
reporting of co-ordinates to allow for better precision of mapping relationships between
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anatomy and cognitive functions, another solution may be the use of cortical surface mapping
which allows fine detail to be observed around sulci (e.g., see Konen et al., 2004).

Similarly, the cerebellum is clearly involved in saccade responses. The fastigial nucleus may
be involved in amplitude modulation and possibly saccade triggering (Noda et al., 1991). The
vermis also may be involved in determining saccadic accuracy (Robinson & Fuchs, 2001;
Munoz, 2002; Vahedi et al., 1995). Imaging studies specifically have demonstrated increased
activity in vermis during saccades (Law et al., 1997, Stephan et al., 2002) and a relationship
between cerebellar volume and saccade accuracy (Ettinger et al., 2005). Despite the importance
of cerebellum for motor functions, there are few functional neuroimaging reports focusing on
cerebellum involvement in human saccadic responses (Dietrich et al., 2000; Law et al., 1997,
Stephan et al., 2002). Perhaps this is partly the case for technical reasons. For example, with
fMRI there are necessary compromises between tissue covered and acquisition speed (number
of slices and the TR). With technological advancements such as ready access to 3T (or greater)
MRI systems, this may be less of a limiting factor for studying cerebellar involvement in
saccadic responses.

Second, evaluating functional connectivity of the anatomical regions that support saccade
generation could be extremely useful. To the present, human brain mapping has been largely
used to identify anatomical regions supporting specific saccadic task demands. Studying how
these brain regions interact to regulate behavioral output under varying task demands could be
particularly exciting (Babiloni et al., 2005; Ramnani et al., 2004). Functional connectivity
analyses complement functional anatomy information by describing the flow of information
between neural networks (circuitries). Although numerous analytical techniques are available
to suit this purpose, we will discuss here two different classes of existing methods including
(i) data driven methods and (ii) hypothesis driven models.

Statistical data driven methods that avoid the use of an a priori model include principal
component analysis (PCA; e.g. Friston et al., 1993; Friston et al., 2000) and independent
component analysis (ICA; e.g. Bell & Sejnowski, 1995; Calhoun et al., 2004; McKeown,
2000). For fMRI, these methods move from examining activity in individual voxels over time
to segregating data into spatially and/or temporally distinct patterns (McKeown & Sjenowski,
1998) that account for shared variance in the neural activity data (sometimes referred to as
latent variables). These methods are useful for extracting task-related signal, as well as signals
from physiologically-related non-task components (movement and other artifacts) and various
other transients (McKeown et al., 1998).

Recently a fMRI study from our laboratory (Dyckman et al., 2007) used spatial ICA to derive
task-related waveforms and to eliminate noise in a block designed study of pro- and anti-
saccade performance. Interestingly, ICA identified two task-related components with a slight
temporal offset (a 3.8 sec shift). Regions where brain activities were significantly associated
with both components were numerous, but there also were brain regions that showed
differential activations as a function of component and task (Figure 5). For instance, the first
component solely identified activity in striatum and visual areas, and the second component,
the one shifted later in time by 3.8 sec, was associated with activations in higher-order parietal
and frontal regions. Although the nature of the block design prohibits making strong inferences
about timing, the distinction between the earlier component being associated with more basic
visual and motor regions and the later component being associated with higher-order cognitive
regions may be significant. Likewise, a fMRI study of memory saccades used PCA and reported
distinct time patterns associated with regional variations in neural activations (Sugiura et al.,
2004). These techniques also have been applied to EEG pro- and anti-saccade data in order to
evaluate the time course of spatially related neural activations (e.g., Clementz et al., 2007;
Klein & Feige, 2005; Richards, 2003).
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A second example of the various approaches to functional connectivity analysis are hypothesis
driven models that are based on known, suspected, and/or observed functional anatomy. The
basis is that functionally related anatomical regions will have mutually influential patterns of
activity. The goal is to make statements about causal effects among tasks and regions where
inference is restricted to networks comprised of pre-selected regions of interest. Examples of
such approaches (see, e.g., Penny et al., 2004, for a more detailed description) include structural
equation modeling (SEM), which is the most widely used model for connectivity analyses in
functional neuroimaging (Ramnani et al., 2004; Goncalves & Hall, 2003), dynamic causal
modeling, which was developed specifically for fMRI data (Friston et al., 2003), and cortical
connectivity analyses using event-related fMRI (Miller et al., 2005) or multimodal imaging
data (Babiloni et al., 2005). A particularly interesting study (Buchel et al., 1999) used path
analysis to identify individual learning-related performance of an object-location association
task that was associated with connectivity between distinct cortical systems specialized for
spatial and object processing. Given that circuitry supporting saccade performance is extremely
well-defined, connectivity analyses may be particularly well-suited for this research area.

Third, the above summary generally reported on human functional neuroimaging data showing
activity being related to one type of saccade task and that condition of interest was compared
to a baseline task, often either prosaccades or a fixation condition. It is apparent, however, that
the comparison task is critically important for drawing inferences about the brain regions that
support higher order cognitive operations. There is clear evidence that the context in which
saccade tasks are presented affects behavior and brain activity based on how tasks alternate
within blocks (Dyckman et al., 2007) and these effects can be discerned even on a trial-by-trial
basis (Cherkasova et al., 2002; Manoach et al., 2007). As described above, we presented
subjects with a blocked fMRI study of antisaccades that were presented in runs of either a
single saccade type (blocks of antisaccades versus blocks of fixation) or mixed saccade types
(blocks of antisaccades compared with blocks of prosaccades). In the mixed runs only
precuneus, SEF and FEF showed increased anti-saccade-related activity, suggesting the
importance of these regions in supporting more complex saccade responses. Other brain
regions, such as DLPFC, however, showed anti-saccade-related activity only during the single
task comparison, suggesting that they are involved with more general cognitive process, such
as executive control and/or context updating in addition to possible roles in complex saccade
generation. Furthermore, within the mixed runs more errors were generated in the first trial
after a switch (e.g. from pro- to anti-saccade block), as had been reported by others (Cherkasova
et al., 2002). This trial by trial performance difference also has been shown to be related to
brain activity. Manoach et al., (2007) used event-related fMRI to demonstrate that a preceding
antisaccade resulted in longer reaction times and decreased activity in saccade-related brain
regions. Thus, the context in which saccadic trials are presented is clearly important and likely
under-evaluated in functional neuroimaging studies. Optimally, this issue should be addressed
in the discussion section of relevant functional neuroimaging reports. At the very least detailed
information should be reported in methods sections concerning the types, number and order
of trials presented.

The fourth and final goal for future human functional neuroimaging studies should be the use
of multi-modal imaging as a means for developing the most sophisticated spatial and temporal
models of neural activations that support saccadic control (see, e.g., Babiloni et al., 2005). The
integration of human functional neuroimaging modalities with high spatial resolution (PET
and fMRI), and those offering excellent temporal resolution (EEG and MEG) promises to
“reveal the temporal and topographical bases of behavioral control” (Garavan et al., 2002; p.
1828). In the future we can expect multimodal imaging studies of saccadic system functioning
to a) provide an improved understanding of the functional interactions between anatomical
regions, and b) determine how those interactions mediate cognitive control in healthy humans,
as well as in those with psychiatric and neurological disorders.
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FMRI

Functional magnetic resonance imaging (fMRI) is a non-invasive neuroimaging technique
conducted using a MRI system similar to those found in hospital settings. This technique
allows for the investigation of brain changes associated with perceptual, motor and cognitive
processes. Typically such processes are supported by increased activity levels in task-related
neural circuits, in which case increased neural activity is associated with a cascade of events
that may include increased metabolic rate, vasodialation, and increased blood volume and
blood flow. The resulting influx of oxygenated hemoglobin surpasses the local neuronal
metabolic need so there is an increased ratio of oxygenated to deoxygenated hemoglobin.
Because deoxygenated hemoglobin is paramagnetic (disrupts local magnetic signals),
greater oxygenation results in a corresponding decrease in magnetic signal disruption (i.e.
effectively a signal increase). Thus, fMRI is typically based on the “blood oxygen level
dependent” (BOLD) signal, a measure of local hemodynamic changes that are indirectly
associated with changes in neural activity.

BOLD data are often displayed on high resolution structural brain images as a map of
colored voxels indicating areas of signal change. Regions of signal change can be described
in three dimensions using standard normalized brain space (e.g. Talairach Atlas or Montreal
Neurologic Institute Atlas co-ordinates).

An advantage of fMRI when compared to other neuroimaging techniques is its excellent
spatial resolution (i.e. detection of “where” in the brain changes occur). In whole brain fMRI
studies the spatial resolution is typically on the order of a few millimeters. A disadvantage,
however, is the relatively poor temporal resolution (i.e. detection of changes in the brain
over time). Because of the hemodynamic basis of fMRI, the temporal resolution has a limit
on the order of seconds, much slower than neuronal firing rates.

EEG

Electroencephalography (EEG) is a non-invasive neuroimaging technique for recording
neural activity using sensors affixed to the scalp (numbering from only a few to as many as
256). The neural signals recorded by EEG sensors are thought to be primarily graded
postsynaptic field potentials from the apical dendrites of thousands of synchronously-firing
pyramidal cells in localized regions of superficial cerebral cortex. When EEG signals are
extracted from the ongoing EEG in relation to specific stimuli (e.g., the onset of a visual
target prior to saccade generation), cognitive events, or the onset of a particular motor
response (e.g., generation of an antisaccade), the resulting waveforms, typically averaged
over many trials of the same type, are called event-related potentials (ERPs). ERPs are
derived by averaging the ongoing EEG signals in relation to the onset of an event of interest
(e.g., from 200 ms before to 800 ms after stimulus onset). After averaging, the voltage
deviations specifically associated with processing the event(s) can be seen more clearly
because the random neural activity not related to stimulus processing are “averaged
out” (those signals are not time-locked to event processing).

ERP data historically have been displayed as single sensor voltage variations over time,
showing peaks and valleys (positive and negative voltage variations) in the ERP signal in
relation to event onset. It is also common to show topographic maps at an individual time
point of interest (e.g., the P100, with ‘P’ indicating the voltage at the top of the head,
historically at Cz, the most superior, or vertex, sensor position, and ‘100’ indicating that
the neural activity occurred 100 ms after event onset). Topographic maps are 2D or 3D
displays of isopotential contour lines (much like an elevation graph for mountainous terrain)
that are useful for superficially inferring the brain regions that were most active at that time
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point. To more accurately infer the neural sources generating the signals recorded at the
scalp, however, it is necessary to use sophisticated mathematical algorithms that transform
the data from “sensor” to “source” space, with the source space solutions then being
displayed on 3D reconstructions of the brain (which can end up looking much like fMRI
data).

An advantage of EEG/ERPs when compared to fMRI is the excellent temporal resolution
(detecting “when” changes in neural activity occurred in relation to an event of interest) on
a millisecond time scale. A disadvantage of this technology, however, is uncertain spatial
resolution (identifying where changes in neural activity occurred) because signals recorded
at the scalp must be used to estimate from where in the brain the signals of interest originated.
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Figure 1.
Increase in number of published articles across years (1983–2007) using neuroimaging
methods (PET, fMRI, EEG, MEG) to study saccadic eye movements. Data obtained from
PubMed and PsycInfo databases and searched by keywords: Saccade and positron emission
tomography/PET; Saccade and functional magnetic resonance imaging/fMRI; Saccade and
electroencephalography/EEG; Saccade and magnetoencephalography/MEG. Results excluded
literature reviews and were limited to those using human subjects and printed in English.
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Figure 2.
Functional magnetic resonance imaging (fMRI) data showing basic neural circuitry associated
with a volitional saccade (antisaccade) task. Data are shown on axial, sagittal and coronal slices
with colors indicating increased signal associated with execution of a volitional saccade task.
Data were acquired from 32 subjects on a 1.5T MRI system and are shown using radiological
convention (right hemisphere on the left side). FEF, frontal eye field; SEF, supplementary eye
field; PFC, prefrontal cortex; ACC, anterior cingulate cortex; IPS, intraparietal sulcus. Adapted
from Dyckman et al, 2007.

McDowell et al. Page 31

Brain Cogn. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Participants initially fixated on the central cross. After a brief interval, two peripheral
checkerboards were presented. Each checkerboard oscillated on and off at a different frequency
for about 5 sec in order to invoke a steady state response at that frequency that could be
measured with dense-array EEG. Following this interval, one of the peripheral checkerboards
doubled in luminance. Brain activity over visual cortex was measured during the flicker interval
before target onset. Activity (EEG power) on pro-and anti-trials deviated after onset of the
flickering stimuli but not before (see the lower right plot). From Clementz et al., 2008.
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Figure 4.
The distribution on the right shows the typical bimodal reaction time distribution during a
200ms gap task. The plot at the lower right shows the global field power (over all EEG sensors)
in relation to gap start and peripheral target onset. Note that during the gap interval, there are
no visual stimuli on the screen. The topographies at the upper right show the pattern and strength
(darker blue indicates stronger response) of EEG activity at the peak occurring 16ms before
peripheral target onset for express and regular saccades.
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Figure 5.
Images displaying antisaccade activity from 4 illustrative axial slices (from superior to inferior
z=64, 48, 32, 16). Colors show antisaccade-related activity that is correlated with model-free
reference waves identified using ICA. The blue areas show activity associated with component
1, the red areas show activity associated with component 2, and the yellow areas show activity
associated with both components. Figures are shown using radiological convention (right
hemisphere on the left side). Adapted from Dyckman et al, 2007.
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