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ABSTRACT 
 

The frontal eye filed (FEF) is a relatively small frontal region that has been intensely 

studied. It received multiple definitions that help to locate it with some discrepancies 

between non-human primates and humans. The goal of this review is to provide an 

inter-species comparison of the location, extent, and boundaries of the FEF through 

the multiple anatomical and functional methodologies that has been used for its 

description as an oculomotor-associated area. We therefore propose a new orientation 

for using white matter fibers co-localizations between frontal structures to study their 

evolution and clarify the FEF homologies in primates. 
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INTRODUCTION 

The Frontal Eye Field (FEF) is an oculomotor region that has been intensely studied 

since its first description by David Ferrier nearly 150 years ago. Ferrier performed 

electrical stimulation studies on various animal species including cats, dogs, rabbits 

and macaque monkey, and stated: “In the superior frontal convolution, in advance of 

the centre for certain forward movements of the arm, as well as in the corresponding 

part of the middle frontal convolution, are areas, stimulation of which causes lateral 

(crossed) movements of the head and eyes and dilation of pupils” (Ferrier, 1874). In a 

study published in 2013 about the hemispheric specialization of voluntary control of 

spatial attention in humans, Duecker et al. wrote: “Although this study focused on the 

role of the FEF in spatial attention, we have chosen for localization based on eye 

movements. Conceptually, this is closer to the original definition of the FEF. Moreover, 

eye movement-related BOLD signal changes in FEF are more robust compared with 

attention-related activation changes allowing easier and more time-efficient 

localization. Several studies have confirmed the involvement of the FEF in both spatial 

attention and eye movements, and neuroimaging studies generally report overlapping 

clusters of activation...” (Duecker et al., 2013). These few sentences summarize alone 

more than 20 years of neuroimaging studies dealing with the neural bases of the 

oculomotor systems, including the localization of the FEF in humans and their common 

involvement for saccadic eye movement and spatial attention tasks. At first, this review 

is going to describe the various tracks, which have characterized the anatomical 

localization of the FEF in primate species from the seminal work of Ferrier to the latest 

functional imaging methods. We will illustrate that the location of the FEF can be 

assessed with a variety of methods studying saccadic eye movements both in human 

and non-human primates. We will then focus on the phylogenetic placement of the FEF 
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in different primate brains according to different anatomical and functional criteria. 

Finally, this review (but see also (Paus, 1996; Tehovnik et al., 2000; Amiez and 

Petrides, 2009; Vernet et al., 2014; Percheron et al., 2015; Schall et al., 2017) is 

proposing a new discussion for using fibers co-localizations between structures to 

study their evolution and function. 

 

Similitudes in eye movements patterns among primates 

A search for homologies among primates in the cortical and subcortical organization 

of eye movements is encouraged by the many similarities in gaze behavior observed 

between monkeys, apes, and humans. Members of each species produce each of the 

different types of eye movements: fixation maintained by gaze-holding vestibular and 

visual reflexes, which is interrupted by rapid gaze shifts and slow pursuit eye 

movements to direct vision in three dimensions. In numerous quantitative respects, the 

eye movements of macaque monkeys and humans are more similar than different in 

execution but they can differ in planning and context (Baizer and Bender, 1989; 

Einhäuser et al., 2006; Martinez-Conde and Macknik, 2008; Berg et al., 2009; 

Shepherd et al., 2010). In a wide range of testing conditions, the advanced cognitive 

control of eye movements is indistinguishable between humans and macaque 

monkeys (Hanes and Schall, 1995; Hanes and Carpenter, 1999; Munoz and Everling, 

2004; Camalier et al., 2007; Nelson et al., 2010). Consequently, the macaque has been 

a faithful source of insights for human clinics of neurology (Leigh and Zee, 2015) and 

psychiatry (Driscoll and Barr, 2016). Comparisons of the eye movements of 

chimpanzees, gorillas, and orangutans with those of humans also have noted 

numerous similarities with particular differences (Kano and Tomonaga, 2009; Kano et 
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al., 2011; Kano and Tomonaga, 2011; Kano et al., 2018). Primates in general are visual 

creatures with particular ocular, muscular (Blumer et al., 2016), and neural adaptations 

including devotion of a large proportion of the brain to visual processing rationalized 

by the amount of cortex dedicated to such processing. 

 

The location of FEF as regards with sulcal patterns  

The sulcus pattern in apes and human brains is notably more complex than that in 

monkeys, especially in the frontal lobe, but particular associations have been 

described (Hervé, 1888; Owen, 1900; Connolly, 1950; Falk, 2014). First, there is 

general agreement that the arcuate sulcus, or at least the ventral (vertical) branch, of 

monkeys corresponds to the inferior precentral sulcus in apes and humans. Second, 

the superior frontal sulcus and superior precentral sulcus of apes and humans may be 

derived from the precentral dimple of monkeys. Alternatively, they may correspond to 

the superior (horizontal) limb of the macaque arcuate sulcus. Third, early authors 

identified the macaque principal sulcus (also referred to as rectus sulcus) with the 

hominid inferior frontal sulcus, but later analyses conclude that the inferior frontal 

sulcus of apes and humans has no counterpart in monkeys and instead the principal 

sulcus of monkeys corresponds to the middle frontal sulcus of humans. Thus, the 

ventral frontal lobe of humans has expanded relative to apes and monkeys. Such an 

expansion could lead to a relatively more dorsal location of the FEF in humans relative 

to apes and monkeys. These topological identifications of sulci can guide a perspective 

on the location of FEF in nonhuman primates and humans. Hence, if the FEF of 

monkeys is in the arcuate sulcus, and the arcuate sulcus is homologous with the 

inferior precentral sulcus, then does it follow that the FEF of humans is located in the 
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inferior precentral sulcus? Such reasoning can account for the lateral BOLD activation 

observed in imaging studies. If this reasoning is sound and valid, then what is the status 

of the FEF region at the intersection of the superior frontal sulcus and the dorsal 

precentral sulcus? One possibility is that this dorsal region is homologous to the 

premotor eye field of macaques. On the other hand, if the dorsal region is correctly 

understood as the homologue of the macaque FEF, based on evidence reviewed 

previously, then what is the proper relation of the ventral FEF region (Gabernet et al., 

1999)? Perhaps it is a premotor eye field as suggested earlier. Confusing all of this, 

though, is the evidence that the eye movement region in orangutans, gorillas, and 

chimpanzees is located clearly rostral to the precentral sulci. We note, though, that in 

spite of the similar appearance of the frontal sulci of humans and chimpanzees the 

precentral sulcus of chimpanzees does not mark the border between premotor and 

prefrontal cortex as it may in humans; instead it marks the border between motor and 

premotor cortex (Preuss, personnel communication). This can explain why the FEF is 

located on the middle frontal gyrus of the apes, but it cannot help us understand the 

apparent caudal migration of the FEF in humans. Clearly, many questions remain. 

Naturally, the location of FEF and surrounding areas will vary as a function of 

systematic and random variability of sulcal patterns. In fact, as detailed in the following, 

Amiez et al. (2006) conducted a subject-by-subject analysis of the locus of eye 

movement–related functional activity revealed in relation to the detailed morphology of 

the precentral and superior frontal sulci (Amiez et al., 2006). A focus of activation 

associated with saccadic eye movements was located in the ventral branch of the 

superior precentral sulcus in both hemispheres. A second focus has been found in the 

dorsal part of the inferior precentral sulcus. Imaging during a hand response selection 

task revealed activation focused in the dorsal branch of the superior precentral sulcus 
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close to the caudal end of the superior frontal sulcus. Activation in primary motor cortex 

was focused in the precentral knob (or Broca’s pli de passage moyen). The relationship 

of FEF to the bordering premotor cortex is elaborated in the following paragraphs. 

Compared to humans, the cerebral sulcal pattern is much less variable across Old 

World monkeys (Cercopithecidae) (Falk, 1978). The frontal lobe consists of an arcuate 

sulcus rostral to the central sulcus and a longitudinal principal sulcus (known also as 

sulcus rectus) rostral to the arcuate sulcus (Walker, 1940; Connolly, 1950). The 

arcuate sulcus consists of a superior (horizontal) limb or branch and an inferior 

(vertical); at the genu or curve, typically located caudal to the end of the principal 

sulcus. However, some individuals exhibit a posterior extension of the sulcus referred 

to as a “spur.” Thus, the shape and extent of the arcuate sulcus in monkeys also varies.  

Despite these important variabilities observed in humans and monkeys, many if not all 

brain atlases of primates, implicitly assume a relative homogeneity across individuals. 

Atlases based on averages of macaque brains (Frey et al., 2011; Calabrese et al., 

2015) imply that sulcal patterns are more regular and uniform across individuals than 

they actually are. As a consequence, such averaged atlases underestimate the length 

of the spur observed in many individuals by representing only a small spur (Frey et al., 

2011) or none at all (Calabrese et al., 2015; Rohlfing et al., 2012). Likewise, atlases 

based on a single individual will misrepresent the incidental presence or lack of a spur 

as standard anatomy (e.g. (Saleem and Logothetis, 2012)). A variety of mechanisms 

for variabilities in cortical folding have been proposed: differential cell proliferation, 

differential tangential expansion, radial intercalation, axon tension, radial glia, and so 

on (see for review (Striedter et al., 2015); see also (Mota and Herculano-Houzel, 2015; 

Tallinen et al., 2016)). These data cannot distinguish among these alternatives, but 

they offer an opportunity for further exploration to determine how the variation of sulcal 
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morphology relates to the location and boundaries of FEF and neighboring areas. 

Functionally, some of these anatomical heterogeneities might be obscured by the time-

averaged signal obtained with functional imaging techniques. In fact, and despite the 

inter-individual variations, within the cortical oculomotor network, resting state imaging 

have permitted to reveal significant global correlations of activities between the 

intraparietal sulcus, posterior central sulcus, parieto-occipital sulcus, upper superior 

temporal sulcus, and cingulate sulcus marginal ramus. Across laboratories, these 

results have permitted to support that the projection of the human oculomotor map on 

the macaque map and vice versa exist and that the putative human homolog of 

macaque Lateral Intra Parietal (LIP) cortex lies medial to the intraparietal sulcus, within 

the superior parietal lobule (Koyama et al. 2004).  

 

A cytoarchitectonic definition 

In humans and non-human primates, the cytoarchitecture of the FEF is rather included 

as Brodmann’s area 6 or 8. A reason to explain this double assignment, is that 

Brodmann’s map area 6 occupies a very large amount of the frontal lobe and in fact 

contemporaneous as well subsequent maps by other investigators subdivide 

Brodmann’s area 6 into many more areas. For example, myeloarchitectonic studies 

have distinguished the caudal end of the middle frontal gyrus as distinct from 

surrounding areas (Nieuwenhuys et al., 2015). While other authors locate the caudal 

end of the middle frontal gyrus in area 6 (Sarkissov et al., 1955), it has also been 

labeled area FB (von Economo, 1929), area 4s (Von Bonin and Bailey, 1947), the 

boundary of FA and FB (Bailey and Von Bonin, 1951), and 8abg (Vogt and Vogt, 1926). 

Penfield, with Förster, described the majority of stimulation sites eliciting eye 
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movements as being in 8abg (Penfield and Rasmussen, 1950), and the exceedingly 

elaborate map of von Kleist (1934) identifies ocular aversive movements with 

Brodmann’s area 8 (von Kleist, 1934).  

Of note, the structure of the cortex occupied by FEF has been reevaluated more 

recently. Human FEF can be distinguished from surrounding areas by MRI myelin 

mapping (Glasser et al., 2016). In addition, a recent anatomical study reexamined the 

architecture of this region using modern chemoarchitectonic methods in postmortem 

tissue from six subjects ((Rosano et al., 2003); see also (Schmitt et al., 2005)). The 

histological structure of the superior precentral sulcus was distinct from adjacent rostral 

and caudal regions. A thin granular layer 4 was observed in sections labeled with 

neuronal nuclear protein (NeuN), and the non-phosphorylated neurofilament triplet 

protein (NNFP). Also, clusters of large, intensely immunoreactive pyramidal cells were 

located in deep layers 3 and 5 (Figure 5). In sections labeled for calcium-binding 

proteins, the two walls of the sulcus were characterized by higher density of calretinin-

labeled interneurons, lower density of calbindin-labeled pyramidal neurons, higher 

density of calbindin-labeled interneurons in layers 2–3, and higher density of large 

parvalbumin-labeled interneurons in deep layer 3. It is noteworthy that these 

histological features resemble the macaque FEF more than agranular area 6. These 

immunohistochemistry methods highlighted distinctions across this cortical region that 

are obscured in Nissl-stained section. Based on this analysis of cytoarchitectural, 

myeloarchitectural, and histochemical studies, one can conclude that Brodmann’s 

description is unlikely to be correct because it misplaced the caudal boundary of area 

8 of humans rostrally. This characterization seems to resolve the discrepancy. 

However, some questions remain. As described earlier, BOLD activation is also 

observed in the convexity of the precentral gyrus, close to the inferior precentral sulcus, 
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near areas 44 and 45. In non-human primates, the FEF in the arcuate sulcus which is 

bordered ventrally by areas 44 and 45. Also, the macaque has a region caudal to the 

FEF in agranular premotor cortex with visual responsiveness and from which saccadic 

eye movements can be elicited by intracortical microstimulation (Preuss et al., 1996; 

Fujii et al., 1998).  

 

A lesion definition 

Ablations and inactivation of the FEF in the macaque monkey have extensively shown 

that the execution of visually guided, memory-guided and predictive saccades is 

moderately but impaired (Schiller and Sandell, 1983). It corresponds generally to a 

decrease in saccadic velocities and an increase in saccadic latencies reported both 

with lesions and with reversible inactivation using lidocaine or muscimol (Deng et al., 

1986; Sommer and Tehovnik, 1997; Schiller and Chou, 1998; Sommer and Tehovnik, 

1999; Wardak et al., 2006; Wardak et al., 2012). Tehovnik summarized the size and 

location of FEF inactivation and lesions for various studies and showed that they were 

mainly in the anterior bank and part of the arcuate sulcus (see Figures 9 and 10 in 

(Tehovnik et al., 2000)). Recently, a new approach based on focused ultrasounds 

stimulation applied in the anterior bank of the arcuate sulcus has been used to 

transiently modulate the execution of antisaccades (Deffieux et al., 2013). In humans, 

some aspects of visually guided saccades have been shown impaired with large frontal 

lesions not restricted to the FEF (Guitton et al., 1985), followed by studies with lesions 

more restricted to the FEF which have shown that visually-guided and memory-guided 

saccades were impaired (Pierrot-Deseilligny et al., 1991; Pierrot-Deseilligny et al., 

1993; Rivaud et al., 1994). These later studies clearly demonstrated that the common 
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area of damage between patients affected the precentral sulcus, between the superior 

and inferior frontal sulci, and the adjacent parts of the precentral and middle frontal gyri 

(Figure 2). Note that, as in the monkey, unilateral FEF lesions present mainly 

contralateral saccade impairment (but see Reuter-Lorenz et al., 2011). In a more 

general point of view, human studies for the most part are consistent with the findings 

reported in monkeys, namely lesions of the peri-precentral cortex in humans and 

adjacent to the arcuate sulcus in monkeys lead to voluntary saccadic eye movements 

impairments. 

 

An electrophysiological definition 

As mentioned above, we attribute the first description of the FEF to David Ferrier who 

discovered an area in the dorsal portion of the arcuate sulcus of anesthetized monkeys 

where electric stimulation elicited movements of the eyes and head in the direction 

opposite the stimulated hemisphere (Figure 1). These are referred to as contraversive 

movements. This finding has been replicated in multiple species including prosimians, 

new-world monkeys, old-world monkeys, apes, and humans. Förster (1926) described 

the area from which he could evoke eye movement as the “frontales Augenfelds,” 

which was translated into “frontal eye fields” (Förster, 1926; Davidoff, 1928; Foerster 

and Penfield, 1930). Later in the twentieth century, more precise microstimulation 

studies evoking eye movements (Crosby et al., 1952; Wagman et al., 1961; Robinson 

and Fuchs, 1969), followed by electrophysiological recordings during visual stimulation 

and/or eye movements (Bizzi, 1968; Mohler et al., 1973; Bruce and Goldberg, 1985b, 

a; Segraves and Goldberg, 1987; Segraves, 1992) confirmed the existence of the FEF 
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as the cortical area located in the posterior part of the arcuate sulcus that evokes a 

rapid contralateral and conjugate movement of both eyes when electrically stimulated. 

In humans, Penfield and Boldrey (1937), using electrical stimulation, located the FEF 

in the posterior extremity of the middle frontal gyrus and the adjacent part of the 

precentral gyrus, around the precentral sulcus. In a more systematic study, eye 

movements were elicited by electrical stimulation of the frontal lobe in 19 awake 

patients evaluated with subdural electrodes for epilepsy surgery (Godoy et al., 1990). 

In 90% of the patients the FEF were located in front or at the level of the motor 

representation in the peri-precentral cortex (see also (Blanke et al., 1999; Blanke et 

al., 2000). Finally, according to this functional criteria, Lobel and colleagues reported 

that the region where saccadic eye movements could be the most easily elicited by 

electrical stimulation was consistently located at the intersection of the precentral 

sulcus with the superior frontal sulcus (Lobel et al., 2001). Note that they also described 

a second precentral region more laterally, close to the convexity of the precentral gyrus 

that also elicited saccades when stimulated but to a lesser extent. 

 

A neuroimaging definition 

The description of FEF and its location has historically been based on early data from 

monkey studies and has been extended to studies in humans. The history of the 

location of the FEF through neuroimaging techniques (H215O-PET, fMRI) is reversed. 

Humans neuroimaging studies first attributed and located some frontal activation 

during the execution of saccades to the FEF involvement before being able to train 

monkeys to stay still in a scanner and check their known location. The first study of the 
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measurement of cerebral blood flow performed in humans during a task of visually-

guided horizontal saccades used the 133Xe technique, which only allows the analysis 

of the cortex of one hemisphere (Melamed and Larsen, 1979). This pioneering work 

described a frontal activation centered within the precentral gyrus, between the regions 

involved in the control of hand and mouth movements, and was attributed to the 

activation of the FEF. The same cortical region was described but bilaterally in the first 

H215O-PET study while participants performed visually- and auditory-guided saccades 

(Fox et al., 1985). Fox et al. observed consistent activation in front of the motor region 

of the hand, covering both a portion of the middle frontal gyrus and the precentral gyrus 

that they identified as the FEF. Taking into account the individual anatomy in the 

analysis of the PET data, Petit et al. found later that the activations elicited by 

performing self-paced horizontal saccades were located bilaterally in the peri-

precentral cortex, including the precentral sulcus and parts of the precentral gyrus 

(Figure 3) (Petit et al., 1993). Dozens of studies have since come to corroborate this 

description both in PET and with the advent of fMRI (Figure 4). Thanks to its higher 

spatial resolution, fMRI  allowed to progressively restrict the site hosting the FEF along 

the precentral sulcus (Darby et al., 1996; Müri et al., 1996), at the junction with the 

superior frontal sulcus (Petit et al., 1997; Berman et al., 1999; Gitelman et al., 2000). 

Interestingly, Luna et al. observed that performing visually-guided saccades co-

activates the peri-precentral cortex at the junction with the superior frontal sulcus and 

to a lesser extent, more laterally, in the convexity of the precentral gyrus (Luna et al., 

1998). The older has therefore been considered as the med-FEF and the later the lat-

FEF (Corbetta et al., 1998; Beauchamp et al., 2001; Heide et al., 2001; Petit and 

Beauchamp, 2003; Petit et al., 2009; Petit et al., 2015). 
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Note that, at the beginning of the 2000's, a series of neuroimaging studies 

demonstrated that the same dorsal fronto-parietal network including the FEF is 

involved in the orienting of spatial attention with or without any saccadic eye 

movements (Corbetta et al., 1998; Kim et al., 1999; Gitelman et al., 2000; Beauchamp 

et al., 2001). Different reviews already addressed this topic that extend the functional 

role of the human FEF beyond its strict oculomotor role to a more general epicenter of 

the Dorsal Attentional Network that won’t be more developed in the present review 

(Corbetta and Shulman, 2002; Corbetta et al., 2008; Power et al., 2011). 

Functional MRI using macaque monkey was developed in awake animals with the turn 

of the new millennium (Vanduffel et al., 2001; Nakahara et al., 2002; Vanduffel et al., 

2002). It allowed to better understand inter-species correspondences but also  

differences between non-human and human primate cortical organization (Tootell et 

al., 2003). As a matter of fact, Koyama et al. compared fMRI activation patterns in 

humans and macaques performing the same task of visually guided saccades. BOLD 

activation in macaques was found as expected in the rostral bank of the arcuate sulcus, 

but also in premotor cortex caudal to the arcuate sulcus (Koyama et al., 2004). In 

humans a large domain of activation occupied the banks of the precentral sulcus 

including both med- and lat-FEF. As previous studies mentioned above, the authors 

proposed the peak of activation near the junction of the precentral and the superior 

frontal sulci (med-FEF) corresponds to the FEF in monkeys. Two fMRI studies 

successively confirmed that when monkeys performed visually-guided saccades, a 

main activation was observed in the anterior bank of the arcuate sulcus but also into 

part of the premotor cortex (Baker et al., 2006; Ford et al., 2009; Kagan et al., 2010). 
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More recently, resting-state fMRI (rs-fMRI) connectivity of FEF has been compared in 

macaques and humans (Hutchison et al., 2012; Babapoor-Farrokhran et al., 2013). 

Since a valid comparison of functional connectivity between macaques and humans 

should rely on a correct anatomical identification of the homologous functional area for 

the seed-based resting-state fMRI analysis, it is interesting to note that the authors 

based their seed location to the correspondence between the med-FEF location at the 

junction of the precentral and superior frontal sulci in humans and the rostral bank of 

the arcuate sulcus in macaques. These studies have found consistent and similar 

functional connections of the seeded FEF with frontal and parietal cortical areas in 

humans and macaques. Interestingly, Hutchison et al (2102) also described an 

stronger asymmetry in correlation strength between left and right FEF seeds with the 

contralateral hemispheres in humans than in monkeys. These findings are consistent 

with the general evolution to increased functional specialization in humans, including 

the saccadic fronto-parietal network (Petit et al., 2009; Petit et al., 2015).  

From a phylogenetical perspective, recent event-related fMRI studies have also shown 

strong contralateral activations in monkeys, which were significantly weaker in putative 

human homologs, while the asymmetry between the hemispheres was stronger 

(Kagan et al., 2010). Among the sparse fMRI studies in non-human primates, a 

noteworthy fMRI experiment on two cynomolgus monkeys (Macaca fascicularis) has 

reported an intriguing lateralized activation in the pulvinar the pulvinar during the 

execution of visually guided saccades while the rest of the oculomotor network 

(including the FEF) was symmetrical (Baker et al., 2006). Outside the field of imagery, 

using cortical surface macro-potentials to directly compare the electrophysiological 

responses of the two hemispheres during the performance of a cognitive task, 

Sandrew et al. (1977) recorded preparatory responses above the prefrontal, precentral 
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and occipital cortex of stumptail monkeys (Macaca speciosa) and showed that a shift 

during the preparation period over the prefrontal area was consistently present and 

dominant in one of the hemispheres (Sandrew et al., 1977). More precisely, the side 

on which the potential shift was greater depended on the hand that the animal was 

trained to use to give a response. Of note, Petit et al. (2015) recently demonstrated in 

humans that the dorsal fronto-parietal network including the FEF showed a robust 

rightward asymmetry in left-handers, even more pronounced when considering the 

sighting-dominant eye (Petit et al., 2015). Altogether, these findings point to the 

importance of ontogenetic experience (training of unilateral actions) and spatial 

orientation biases that can greatly influence future studies on functional hemispheric 

lateralization in animals, which in most cases are over-trained in particular tasks and 

manual actions. This commonality in human and nonhuman primate lateralized 

processing may provide cues for the evolutionary origin of some hemispheric 

specialization.  

 

What is the human homologue location of the non-human primate FEF location? 

Strictly speaking, the location of FEF differs between non-human primates and 

humans. How could it be otherwise considering the phylogenetic evolution of the frontal 

lobe between these species? We show in this review that a multi-factorial description 

of anatomical and functional FEF definitions suggests that the homologue of the FEF 

lying anterior to arcuate sulcus in monkeys corresponds more likely to the peri-

precentral FEF identified in humans (Figure 6). But this is still not unanimous (e.g. 

(Vernet et al., 2014; Percheron et al., 2015; Schall et al., 2017)).  
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It seems certain nowadays that the FEF is sulcal, still located on one wall of the frontal 

lobe, either the arcuate sulcus in monkey or the precentral sulcus in human. Thus, one 

may just consider that as far as we will understand how the sulcal neuroanatomy 

evolved between non-human primates and humans, we will be able to understand the 

discrepancies of inter-species FEF locations. But we have described above that it is 

not yet fully conclusive. The cytoarchitectonic homologies pointed out interesting 

correspondence between the anterior bank of the monkey arcuate sulcus and the 

anterior bank of the human superior precentral sulcus (Rosano et al., 2003). But the 

proximity of the Brodmann’s areas 44 and 45 bordering the arcuate sulcus in monkey 

and the inferior precentral sulcus in human leaves a doubt floating when considering 

the lat-FEF activation close to this later. As a matter of fact, the macaque has also a 

region caudal to the FEF in the premotor cortex with visual responsiveness and from 

which saccadic eye movements can be elicited by intracortical microstimulation, 

namely PEF (Preuss et al., 1996; Fujii et al., 1998). A provocative hypothesis has been 

proposed recently, namely the “lat-FEF” close to the inferior precentral sulcus would 

be homologous with the “FEF” in the arcuate sulcus, while the “med-FEF” in the 

superior precentral sulcus would be homologous with the premotor eye movement 

region caudal to the arcuate sulcus of macaques (Schall et al., 2017). Such an 

assignment is opposite to the most often considered homologies that have been 

featured in a recent comprehensive mapping of human cerebral cortical areas where 

FEF is considered as the superior precentral area and PEF the inferior one ((Glasser 

et al., 2016), see also (Amiez and Petrides, 2009; Thiebaut de Schotten et al., 2017)). 

An older fMRI study also goes in line with such a scheme by studying if the dorsal vs. 

ventral model of domain specificity for object vs. spatial working memory demonstrated 

in monkeys (Wilson et al., 1993; Scalaidhe et al., 1997) could be apply to the human 
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prefrontal cortex as well (Courtney et al., 1998). In the monkey, the area specialized 

for spatial working memory is located just anterior to the FEF (Wilson et al., 1993; Rao 

et al., 1997), thus Courtney et al. predicted that in humans, if a spatial working memory 

area did exist, it would also lie just anterior to the FEF. By comparing fMRI activation 

evoked during tasks involving spatial working memory, face working memory and eye 

movements, they found that the activity in the superior frontal sulcus was selectively 

related to spatial working memory and located distinctly anterior to the activity of the 

FEF centered in the junction between the superior frontal and precentral sulci. Thus, 

in humans, compared with monkeys, both areas occupy a more dorsal and posterior 

location, although the topological relationship between them has been conserved. The 

difference between monkeys and humans in the exact location of both FEF and the 

spatial working memory area have implications for human brain evolution. The more 

dorsal and posterior location of these areas in humans suggests that they were 

displaced by the expansion of the dorsolateral portion of the prefrontal cortex and the 

emergence of phylogenetically newer regions accompanied by sulcus displacements.  

Is it conceivable that premotor cortex in humans takes over functions that are 

performed by prefrontal cortex in monkeys? The emergence of language, for example, 

may entail such a phylogenetic displacement. Indeed, functional characterization of 

the left dorsal premotor (PMd) module shows a behavioral pattern dominated by visual 

and language-related functions. Accordingly, functional connectivity also shows that 

the left ventral part of PMd is functionally coupled with Broca's area and temporal areas 

assigned to the ventral processing stream supporting object recognition (Gross, 1994). 

In line with these considerations, Genon et al. (2017) have shown with a quantitative 

approach of activation paradigms that the region at the junction of the superior 

precentral sulcus and the superior frontal sulcus, namely the med-FEF, could be 
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considered as the core dorsal premotor cortex and is engaged in a range of visuo-

moto tasks including saccades (Genon et al., 2017). In line with previous studies, the 

authors therefore suggested that this region could be an important integration spot 

(including visuo-motor integration) beyond the relatively specific FEF label. They also 

showed that the region lying ventrally in the PMd, namely lat-FEF, is relatively more 

specifically engaged in saccades hence suggesting that the two anatomical eye-fields 

might actually correspond to two different functional concepts despite being both 

engaged in saccades. When examining the functional profile of the left ventral PMd 

module and its spatial correspondence with the right PMd premotor eye-field, it 

appeared that the left ventral PMd module conceptually overlapped with the left 

premotor eye-field (Genon et al., 2018). In support of this view, a recent meta-analysis 

has identified a premotor eye-field located in left PMd ventral module (Cieslik et al., 

2016). Nevertheless, the left premotor ventral module appeared to be additionally 

related to language functions and overlaps with Area 55b, a language-related area 

recently suggested by Glasser et al. (2016). Behavioral functional characterization of 

the volume definition of Area 55b also revealed that this subregion is associated with 

simple eye movements. Altogether, the current evidence converges to suggest that the 

ventral subregion of the left PMd consists jointly of premotor eye-field and Area 55b.  

This pattern of functional interaction with higher associative regions and engagement 

in abstract behavioral functions suggests that this region, at the transition between left 

prefrontal cortex and left ventral PMd, may be involved in deriving mental abstractions 

from one's current ongoing situation/environment (Genon et al., 2018). Such 

abstraction involves reference to a different time frame (required for long-term memory 

retrieval), a different spatial frame (required for scenes imagination), and a different 

mental frame (required for deception). There is no such clear evidence for rostro-
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ventral subregion in right PMd suggesting that in humans, the right and left PMd are 

differently functionally characterized. Abstract functions could be more predominantly 

represented in the posterior part of prefrontal cortex/anterior part of premotor cortex in 

the left hemisphere than in the right hemisphere. Such a mixed behavioral profile could 

reflect the integration/coordination of visual identification (visual screening) processes 

with word production (speech execution) processes in the ventral PMd, although future 

studies are needed to empirically confirm this hypothesis. 

 

Finally, we find it instructive to consider the finding that cortical control of the larynx in 

monkeys is located in area 6, while in humans it is located in area 4, presumably to 

provide for articulated speech (Simonyan, 2014). Considering the FEF region in the 

superior precentral sulcus as a premotor area could provide rationale for the findings 

of a recent study that compared diffusion tractography of corticostriatal pathways in 

humans and macaques (Neggers et al., 2015). In macaques a seed region in the rostral 

bank of the arcuate sulcus had connectivity primarily with the head of the caudate and 

also the anteromedial putamen, while a seed in primary motor cortex in the rostral bank 

of the central sulcus was connected with more posterior sections of caudate and mainly 

putamen. These observations replicate neuroanatomical tract tracing findings in 

macaques. In humans, though, the medial region of activation associated with 

saccadic eye movements was connected primarily to putamen and only a small portion 

of the caudate. Moreover, the region of striatum connected with the dorsal FEF in 

humans overlapped substantially the region of striatal connectivity with a point in 

primary motor cortex in the rostral bank of the central sulcus. We look forward to a 

future study examining the subcortical connectivity of the FEF region in the inferior 

precentral sulcus.  
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What would be the further proof of FEF homologies in primates? 

There is every reason to believe that perfect homology cannot be definitively 

considered between the monkey FEF on the anterior bank of the arcuate sulcus an its 

counterpart centered on the upper part of the precentral sulcus in human. Some 

questions remain in non-human primates regarding the role of the premotor eye field 

(PEF) along the posterior bank of the arcuate sulcus which has been much less studied 

than the FEF. The existence of the PEF nevertheless makes it possible to consider 

that two regions related to saccadic eye movements finally exist along the arcuate 

sulcus while the execution of saccadic eye movements lead to two foci of activation 

along the precentral sulcus in humans. Thus, rather to try to understand how the FEF 

in monkeys (restricted to the anterior arcuate sulcus) may be the homologous to either 

the superior or the inferior precentral FEF in humans, one may consider that the whole 

arcuate region encompassing eye movements activity in monkey has been split in two 

precentral regions in humans. This is in line with Figure 6 in Amiez and Petrides review 

(2009).  

As presented in Table 1, there is a missing approach among the multi-factorial 

definition of the FEF, namely its structural connectivity (but see Neggers et al. 2015). 

Monkey FEF neurons interconnect extensively with other known cortical structures of 

the primate saccadic system, such as supplementary eye field, premotor cortex and 

intraparietal cortex (Huerta et al., 1987). In addition to the connections with cortical 

oculomotor structures FEF neurons connect extensively with many oculomotor-

associated nuclei in the thalamus, midbrain and pons including the “brainstem saccade 

generator” nuclei (Huerta et al., 1986; Segraves and Goldberg, 1987; Segraves, 1992). 
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Does such connectivity exist for the posterior bank of the arcuate sulcus? Cortico-

cortical connections have been observed with the inferior parietal lobule (Rozzi et al., 

2006) but lot of less attention has been paid on that oculomotor-associated premotor 

area. Some changes in connections of FEF and visuomotor functions have emerged 

since the time prosimian and anthropoid primate lines of evolution diverged 

(Stepniewska et al., 2018) and needs for additional marker especially fibers co-

localizations between structures to study their evolution and function. Some of these 

debates are resurfacing about homologous neuroanatomy not only for FEF location, 

but also for the identification of homologous white matter bundles at the level of the 

external/extreme capsule in both monkeys and humans (Mars et al., 2016; Petit et al., 

2018). 

The emergence of diffusion weighted-imaging tractography allows a promising solution 

to better understand the phylogenetical evolution of the oculomotor-associated areas 

between monkeys (FEF/PEF) and humans (med-FEF/lat-FEF). We may expect that 

anterior and posterior banks of the arcuate sulcus in the monkey could not present 

exactly the same types of cortico-cortical association and cortico-subcortical projection 

pathways. In line with these suggestions, Neggers' et al. have recently observed that 

the oculomotor cortico-striatal pathway starting in the med-FEF terminates in both 

putamen and caudate nucleus, with a prevalence for the putamen in humans as 

compared to macaques (Neggers et al., 2015). If dissociation would be also observed 

in human structural connectivity along the precentral sulcus, both in terms of 

association and projection pathways, it may offer a solution to the conclusion of 

Tehovnik et al. wrote in 2000 “the anatomy of FEFs in an enigma”. 
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Figure legends 
 

Figure 1: Ferrier's Monkey Brain Map (1874). The highlighted area labeled '12' is the 

area in which Ferrier observed to cause eye and head movements when electrically 

stimulated. This area was located in the peri-arcuate frontal cortex. 

Figure 2: Lesions of patients. The lesions affected the precentral sulcus, between the 

superior and inferior frontal sulci, and the adjacent parts of the precentral gyrus and of 

the middle frontal gyrus, i.e. the area corresponding to the frontal eye field. These 

lesions did not extend to the internal capsule. Note that the frontal lesion restricted to 

the precentral sulcus, between the superior end inferior frontal sulci, induces some 

deficits in the performance of visually-guided saccades (Adapted from Rivaud et al. 

1993). 

Figure 3: Normalized regional cerebral blood flow (NrCBF) was measured using 

positron emission tomography (PET) and H2-15O bolus intravenous injections in four 

right-handed healthy volunteers at rest and while performing self-paced voluntary 

horizontal saccadic eye movements in total darkness. FEF are localized along the 

precentral sulcus, at the level of the junction with the superior frontal sulcus (adapted 

from Petit et al. (1993)). 

Figure 4: Fronto-parietal activation observed in fMRI during the execution of visually-

guided saccades. The same pattern of activation was observed in multiple context and 

laboratories, especially the FEF activation with its characteristic pattern of activation 

centered on the junction between the precentral and the superior frontal sulci (white 

arrow). (Petit et al., 1997; Luna et al., 1998; Berman et al., 1999; Gitelman et al., 2000; 

Heide et al., 2001; Petit and Beauchamp, 2003) 
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Figure 5: Specific cytoarchitectonic distribution with group of large pyramidal cells in 

the layer V, along the anterior bank of the precentral sulcus, facing the posterior 

termination of the superior frontal sulcus (adapted from Rosano et al. 2003). 

 

Figure 6: Summary of lectrophysiological responses, lesion distributions, 

cytoarchitectonic characteristics as well as functional neuroimagering criteria allowing 

a multi-factorial definition of the FEF. From left to right, the figures were adapted from 

(Bruce and Goldberg, 1985b; Stanton et al., 1989; Sommer and Tehovnik, 1997; 

Koyama et al., 2004) on top row and (Rivaud et al., 1994; Berman et al., 1999; 

Blanke et al., 2000; Rosano et al., 2003) 
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