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Summary 

The superior colliculus (SC) is an ancient midbrain structure containing topographic maps in different sensory and 

motor modali�es to guide (c)overt orien�ng behavior. While the orderly progression space represented along the 

collicular surface in primates is well documented, the details regarding the representa�on of central versus 

eccentric visual space are controversial. Moreover, anatomical, behavioral and func�onal data collec�vely 

support the hypothesis of a pragma�c rather than a metric representa�on of the visual field in the primate SC, 

tuned for the detec�on of contralateral peripheral s�muli in the upper visual field and for hand-object 

interac�ons under foveal control in the lower visual filed.  

Here, we used sub-mm and conven�onal resolu�on fMRI to perform re�notopic mapping in the macaque 

SC. In six monkeys, we performed phase-encoded re�notopic mapping fMRI experiments at 3T, with s�muli 

covering either 80° (n = 2) or 25° (n = 4) of the visual field. In two separate passive-viewing fMRI experiments (n 

= 2), we presented spa�ally restricted s�muli (80°, 25°, 18° diameter) at different loca�ons (center, and at ~17° 

eccentricity in the lower le�/right quadrants).  

We obtained clear wide-field re�notopic maps of the macaque SC showing a topology largely consistent 

with previously reported fMRI maps in humans and most recent electrophysiological findings in macaques. These 

maps showed an overrepresenta�on of peripheral and upper visual fields. The same func�onal bias for the upper 

visual field was observed in areas FEF and LIP. Surprisingly, however, the representa�on of peri-foveal fields 

differed between the le� and right SC of all monkeys in all experiments, being largely confined to the le� 

colliculus. None of the other main regions of the oculomotor/aten�onal system nor early visual cor�ces showed 

a similar interhemispheric asymmetry. Overall, the le� SC was more sensi�ve to varia�ons in eccentrici�es, and 

the right SC to varia�ons in polar angles. Smaller interhemispheric differences were also found in the intraparietal 

sulcus and inferior parietal lobule and, limited to eccentricity varying s�muli, in the MT/MST/FST complex.  

Our fMRI study presents a detailed picture of macaque SC re�notopic maps aligned with most recent 

electrophysiological models. These findings support the hypothesis that the primate SC overrepresents relevant 

sectors of the visual space, and that this pragmatic organiza�on may be a property of the whole 

oculomotor/aten�onal system. Finally, the unexpected interhemispheric asymmetries found within the 

macaque SC and, to a lesser extent, the posterior parietal cortex may suggest larger lateralized func�onal 

specializa�ons in the macaque brain than know un�l now. 

 

 



5 
 

1. Introduc�on 

Adap�ve behavior and evolu�onary success in the animal kingdom depend on the ability to efficiently interact 

with the environment by quickly and efficiently exploi�ng the available sensory informa�on. This fundamental 

capacity is deeply ingrained in the nervous system of animals, and o�en implies the crea�on of neural maps of 

the surrounding space rela�ve to the subject for detec�ng and localizing salient s�muli and planning appropriate 

motor responses. The superior colliculus (SC), known as tectum in non-mammalian vertebrates, retains a crucial 

role in this func�on throughout phylogeny.  

In the SC, visual informa�on is integrated with other sources of sensory informa�on and allows the 

emergence of rapid and appropriate behavioral responses to environmental s�muli, such as approaching, 

avoiding, or just ignoring based on the specific context (Isa et al., 2021). Early in evolu�on, the SC/tectum likely 

emerged as a crucial component for rapidly detec�ng and responding to poten�al threats or opportuni�es in the 

environment (Foster et al., 2020; Helmbrecht et al., 2018; DesJardin et al., 2013). 

In almost all nonmammalian vertebrates, the tectum consists of rela�vely expanded lobes of the 

mesencephalon, with the ventricular space extending mediolaterally and forming the tectal ventricle, connected 

to the main ventricular system of the brain (Figure 1A; Butler and Hodos, 2005). This midbrain structure serves 

as a central hub within the visual system of almost every animal (Bulter and Hodos, 2005), hence its name “optic 

tectum”. In non-mammals, the visual cortex is less dominant, and it is even en�rely absent in lower vertebrates, 

like fish. Therefore, in most simple animals, the tectum represents a primary center for visual processing, guiding 

simple behaviors based on elementary visual input. In the lamprey, for example, the tectal circuity is rela�vely 

simple, directly connected to the re�na and brainstem’s re�culospinal neurons, and the sight of a slowly moving 

s�mulus on one side of the animal’s body triggers an approaching movement by ac�va�ng ipsilateral muscles, 

whereas a faster moving s�mulus ac�vates tectal neurons projec�ng to the contralateral brainstem, thereby 

evoking an escaping reac�on (Butler and Hodos, 2005). 

During phylogeny, the emergence of the neocortex enabled increasingly complex cogni�ve processes, 

which supported more and more flexible behaviors. Despite the similarity of the visual informa�on reaching 

occipital-temporal regions and the colliculus, for example, the cortex allows to achieve a level of detailed 

processing and abstrac�on which surpasses considerably that of the colliculus (Isa et al., 2021; Daniel and 

Whiteridge, 1961; Rolls, 1994). The interplay between parietal and frontal cor�ces lead to the emergence of a 

repertoire of complex bodily ac�ons deployed as mul�ple, poten�al sets of responses for dealing with 

environmental s�muli (Orban et al., 2021; Cisek, 2007), in a con�nuous percep�on-ac�on cycle. Likewise, at a 

simpler scale, similar sensory-motor loops seem to occur at the level of SC (Isa et al., 2021; Basso et al., 2021). 
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The evolu�onarily emergence of cor�cal sensorimotor networks paralleling similar, subcor�cal networks 

involving the SC/tectum for controlling eye and arm movements (Nummela and Krauzlis, 2010; Gandhi and 

Katnani, 2011) suggests a possible transi�on from rela�vely rigid and reac�ve mechanisms to a more flexible and 

context-dependent ac�on selec�on system (Cisek, 2022). 

It is interes�ng to note that the SC appears to func�on largely independently from the conscious 

processing of the s�muli. Indeed, damages to early regions of the visual cortex sparing subcor�cal visual 

structures - like the SC and the pulvinar - in both human (Stoerig and Cowey, 1997; Ajina and Bridge, 2016) and 

non-human (Cowey and Stoerig, 1995; Isa and Yoshida, 2021) primates, cause the lack of visual awareness of the 

s�muli. It is as if the subjects are cor�cally blind, yet with a spared ability to approach objects and avoid obstacles. 

This phenomenon is known as blindsight (Weiskrantz et al., 1974). Although debated, the SC is one of the main 

candidate structures thought to play a role in suppor�ng unconscious vision in blindsight pa�ents (Kinoshita et 

al., 2019; Ajina and Bridge, 2018; Takakuwa et al., 2021).  

In conclusion, the SC cons�tutes an evolu�onarily ancient and largely conserved structure involved in a 

form of automa�c processing of sensory s�muli to drive aten�on and poten�al motor ac�on to approach or 

avoid them, in parallel with neocor�cal networks subserving similar func�ons with higher flexibility and 

contextual specificity. The following chapters will review the anatomical, connec�onal, and func�onal evidence 

about SC organiza�on in a compara�ve perspec�ve, to trace its evolu�onary history and possible roles in the 

primate brain. 

Figure 1. Schema�c drawings of transverse sec�ons through the midbrain in a generalized nonmammalian vertebrate 
(A) and mammal (B). C. A schema�c phylogene�c tree of selected groups of vertebrates. Colors indicate different 
branching from the most ancestral animal (at the botom) to lampreys (red) and primates (from red to purple). Modified 
from Butler and Hodos (2005). 
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1.1. Anatomo-func�onal organiza�on of the superior colliculus 

The SC consists of mul�ple layers of alternated gray and white mater, with afferent fibers traversing it parallel to 

the surface and dendrites oriented radially. The specific nomenclature used for these layers depends on the 

author and the specific taxa. Generally, the cell and fiber layers are classified as superficial, intermediate, and 

deep layers.  

1.1.1.  Re�nal projec�ons to the SC 

In most vertebrates, the outermost layers are 

dominated by re�norecipient cells, hence 

the name ‘optic tectum’. Monosynap�c 

re�nal projec�ons are consistently organized 

in a re�notopic fashion across all 

vertebrates, from fish, amphibians, and birds 

to mammals (Dräger and Hubel, 1976; Frost 

et al., 1990; Cynder and Berman, 1972; Finlay 

et al., 1978; Jacobson and Gaze, 1964; Diao 

et al., 1983). The surface of this structure 

exhibit a re�notopic map of the visual field 

(Figure 2), in which the rostral part of SC 

maps the anterior visual field (or the central, 

binocular por�on in animal endowed with 

frontal vision), and the caudal part maps the 

posterior visual field (or the periphery, up to 

the temporal crescent in animals like 

primates); furthermore, upper and lower 

quadrants are represented along the medio-

lateral axis (Butler and Hodos, 2005). 

In macaques, the propor�on of re�nal ganglion cells projec�ng to the SC is about 10% of the whole op�c 

nerve (Perry and Cowey, 1984). In other mammals, instead, it varies from about 80% in rodents (Linden and Perry, 

1983; Ho�auer and Dräger 1985; Ellis et al. 2016) and rabbits (Vaney et al. 1981) to 50% in cats (Berson, 2008). 

Figure 2. Visual topography of the re�notectal projec�ons in the 
lamprey (A), zebrafish larva (B), rodents (C) and primates (D). 
Projec�ons from various aspects of the visual field (Up, Down, 
Anterior and Posterior in (A–C), and Right and Le� in (D)) to the re�na 
and tectum/SC are shown in corresponding colors. The center of the 
re�na is represented with black dots. The binocular zone for rodents 
(C) and the foveal region for primates (D) are shaded in gray. From Isa 
et al, 2019. 

A B 

C D 
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In primates, each eye projects to the superficial layers of both colliculi (stratum griseum superficiale and stratum 

op�cum), with a bias for the contralateral eye (Dilbeck et al. 2022). Contralateral and ipsilateral fibers project 

with a ra�o of 60/40 percent, respec�vely, similarly to the one in the primary visual cortex for eccentrici�es larger 

than 8° (Horton and Hocking, 1996). The wide dendri�c field of SC superficial neurons integrates the informa�on 

from the two eyes. Indeed, SC recep�ve fields are binocular, a property that in primates, in contrast to the cat or 

mouse with mainly contralateral re�nal projec�ons (Wässle et al., 1980; Ho�auer and Dräger, 1985), is not 

en�rely dependent on the cor�cal input (Schiller et al., 1974; Grünert et al., 2021). In addi�on to this, re�nal 

afferents from the two eyes show a pronounced laminar segrega�on (Dilbeck et al. 2022; Hubel et al., 1975; 

Pollack and Hickey, 1979). The contralateral eye projects more superficially to the caudal-most region and to 

deeper parts of the SC more anteriorly, and vice versa the ipsilateral eye. The cor�cotectal fibers, instead, course 

slightly deeper within the superficial layers, through the stratum op�cum and stratum zonale (Lund, 1972).  

 

1.1.2.   Colliculo-thalamic and cor�co-tectal projec�ons: anatomo-func�onal circuitries 

The SC does not project directly to any cor�cal area, but it influences cor�cal neurons via colliculo-thalamic-

cor�cal pathways. Moreover, all cor�cal areas involved in this pathway directly project back to the SC (Fries, 1984; 

Cusick 1988). Thus, the SC receives projec�ons from almost the en�re neocor�cal mantle, with the excep�on of 

orbitofrontal (see also Leichnetz et al., 1981), primary somatosensory (Brodmann areas 3, 1, and 2), and cingulate 

cortex (Fries, 1984).  

The thalamus is an important tectal-recipient structure in the brain of all vertebrates. The primate 

thalamus has been extensively studied, and specific thalamic nuclei have been iden�fied as relays of tectal fibers 

to specific cor�cal aeras (Benevento and Fallon, 1975; Froesel et al., 2021). Superficial layers of the SC project to 

the lateral geniculate nucleus (LGN) and the pulvinar. Through a specific subpopula�on of cells in the inferior 

pulvinar, superficial SC neurons reach extrastriate areas specialized for processing visual mo�on, i.e., area MT 

and area V3, but not areas V2 or V4 (Lyon et al. 2010; Berman & Wurtz 2010). Visual proprie�es of many temporal 

areas beside MT (Rodman and Albright, 1990) are also modulated by SC ac�vity, such as the polysensory area 

(STP; Bruce et al., 1986) or the fundus of the superior temporal sulcus (FST; Bogadhi et al., 2022). Deeper collicular 

neurons, instead, reach frontal (Brodmann area 8a or frontal eye field, FEF) and inferior parietal (area 7; i.e. lateral 

intraparietal sulcus, LIP) areas through the latero-medial pulvinar (Benevento and Fallon, 1975; Har�ng et al., 

1980; Romanski et al. 1997). Crucially, these frontal and parietal projec�ons are both ipsilateral and contralateral 

(Sommer and Wurtz, 2002; Huerta and Har�ng, 1984; Crapse and Sommer; 2009; Clower et al., 2001). 
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The ascending colliculo-thalamic pathways are not en�rely directed to the cortex. Some tectal fibers 

origina�ng from deeper layers pass through the thalamic component of the ascending re�cular ac�va�ng system 

(intralaminar nuclei, with a role in general arousal) and reach the striatum in the basal ganglia complex through 

the direct, indirect, and hyper-direct pathways (Redgrave et al., 2010; Alexander et al., 1986). From here, through 

the substan�a nigra pars re�culata (SNr) and internal globus pallidus, informa�on is sent back to the tectum/SC. 

This subcor�cal tecto/colliculo-thalamic-basal ganglia-tecto/colliculo loop (Redgrave et al., 2010) is implicated in 

the processing of saliency and detec�on of salient events (Sadikot & Rymar 2009, Smith et al. 2004, Van der Werf 

et al. 2002). Moreover, a direct colliculo-nigral pathway has been described in mammals (Comoli et al., 2003; 

McHaffie et al., 2006). Excitatory and inhibitory projec�ons from the intermediate and deep layers of the SC reach 

the dopaminergic substan�a nigra pars compacta (SNc), quite diffusely and in non-topographically manner in 

primates (May et al., 2009). The role of this colliculo-nigral pathway has s�ll to be clarified, but it suggests a 

possible link of this system with the regula�on of saliency of sensory s�muli (regardless of their modality or spa�al 

loca�on) by means of reinforcement learning mechanisms. 

Concerning cor�co-tectal projec�ons, striate and extrastriate cor�ces (Brodman areas 17, 18, and 19) 

project to the superficial layers of the SC. The striate cortex is one of the main sources of tectal afferents in all 

mammals (Wurtz and Albano, 1980), and exhibits a precise re�notopic organiza�on (Daniel and Whiteridge, 

1961; Graham, 1979). All extrastriate visual areas project to the SC with nearly equal strength, and with a 

topography of projec�ons related to their re�notopic organiza�on (Fries, 1984; Cerkevich et al 2014; Gatass et 

al, 2013). High-level visual (IT; areas 20 and 21), somatosensory (SII; anterior bank of sylvian fissure, area 2), 

auditory (area 22), and ves�bular (upper insular cortex, area 14; Grüsser et al., 1982) informa�on reach the 

intermediated and deep layers of the colliculus. Ventral motor (area 4), premotor (area 6) and prefrontal (area 9, 

rostral 46vc and intermediate 12r; Borra et al., 2014) areas project to the intermediate and deeper layers. These 

projec�ons seem to be topographically organized, with the finger-hand-arm-shoulder represented in the 

anterolateral part of the SC and the arm-trunk represented more caudally (Fries 1985). Similarly, also area SII 

sends projec�ons from the limited area of the finger-hand-head representa�on (see also Juliano et al., 1983). 

More specifically, the somato-motor representa�on of the hand tends to be confined in the rostro-lateral part of 

the colliculus. The rostral SC hosts foveal neurons, which show a significant increase in their ac�vity during 

reaching, par�cularly high when the reaching movement is coupled with target fixa�on (Reyes-Puerta et al., 

2010). The lateral SC hosts neurons modulated by the contact of the hand with the target (Nagy et al., 2006). The 

convergence of hand-related and foveal informa�on in the rostral SC, and the presence of neurons involved in 

gaze anchoring during reaching movements, places the rostral SC at the core of a brain network dedicated to the 

eye-hand coordina�on (Borra et al., 2014).  
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The SC is also involved in another important network: the parieto-frontal circuits devoted to the control 

of eye movements. Lower layers in the SC also receive projec�on from the posterior parietal cortex (PPC; Lynch 

et al, 1985), which is involved in oculomotor and aten�onal mechanisms and the construc�on of maps of the 

extrapersonal, far space (Mountcastle et al., 1975; Hyvarinnen, 1982). These regions receive several different 

extra-re�nal inputs (Zeki, 1971; Mesulam et al., 1977; Hedreen and Yin, 1981; Selzer and Pandya, 1980; Maunsell 

and Van Essen, 1983b) and are visually-responsive (Robinson et al., 1978; Sakata et al., 1980, 1983). In par�cular, 

area LIP plays a clear role in target selec�on and contains a salience map to guide visual aten�on and saccadic 

eye movements (Bisley and Goldberg, 2010) by signaling distance and direc�on of a spa�al loca�on from current 

or an�cipated center of gaze (Colby et al., 1993). The medial parietal lobe (area 7m) contains a medial parietal 

eye field (MEF) and, together with area LIP, belongs to the neural network of oculomotor-related structures that 

plays a role in the control of eye movement (Leichnetz 2001). Posterior parietal areas are �ghtly linked with 

another source of cor�cotectal projec�ons: the frontal eye field (FEF) (Künzle et al., 1976; Leichnetz et al., 1981) 

and supplementary eye field (SEF) (Huerta and Kaas, 1990; Fries, 1984). The FEF may relay signals relevant for 

eye and aten�onal shi�s (Bisley and Goldberg, 2010; Matsumoto et al, 2018), but the latency of visual responses 

are longer in the FEF (50-120 ms; Mohler et al., 1973) than in the SC (35-60 ms; Wurtz and Mohler 1976), 

sugges�ng the priority of a colliculo-pulvinar-FEF pathway in conveying visual and oculomotor signals (Sommer 

and Wurtz, 2008; Sommer and Wurtz, 2004) that, ul�mately, the FEF can exploit to regulate aten�onal 

mechanisms and eye shi� (Moore and Armstron 2003; Moore and Fellah 2001). Indeed, electrical s�mula�on at 

low current intensity in each node of the oculomotor network (LIP, FEF, MEF), including SC, causes saccadic eye 

movements (Shiller and Tehovnik, 2005). 

 

1.1.3. Local circuits mediated by the inter-collicular commissure 

A further important network is mediated locally by inter-collicular connec�ons. The inter-collicular commissure 

is an axon bundle connec�ng the two colliculi (Butler and Hodos, 2005). In cats and monkeys, tectotectal cells 

are distributed in all layers, but apparently more concentrated in the intermediate ones, along the en�re rostro-

caudal extent of the colliculus (in the monkey) or more exclusively located in the rostral half of the SC (in the cat). 

All SC cell types (except the largest neurons) contribute to inter-collicular pathway of both species, sugges�ng 

that a sample of each layer is sent as an efference copy to the contralateral colliculus (Olivier et al., 1998). Tracing 

study of commissural projec�ons of the human SC found a similar topographical organiza�on (Tardif and Clarke, 

2002).  
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About half of the inter-collicular fibers is GABAergic, and the other half is glutamatergic (Appell and 

Behan 1990; Olivier et al. 2000). More specifically in cats, a mirror-symmetric distribu�on of excitatory 

commissural projec�ons link the medial to medial (upper field) and lateral to lateral (lower field) parts of the two 

SCs, with excitatory effects mainly restricted in their rostral pole (center of the visual field). The inhibitory 

commissural connec�ons, instead, connect the medial part of one SC with the lateral part of the other SC, across 

the en�re rostro-caudal extent of the SC (Munoz and Istvan 1998; Takahashi et al. 2005; Takahashi et al. 2007; 

Takahashi et al., 2010). Therefore, excitatory and inhibitory effects are deeply intertwined. Intracellular recording 

from rostro-lateral tectotectal cells during s�mula�on of the contralateral SC in cats revealed that rostro-lateral 

s�mula�on evokes excita�on.  Rostro-medial s�mula�on causes excita�on followed by inhibi�on (Takahashi et 

al., 2010). In other words, different peripheral regions of the visual field are highly compe��ve in the caudal SC 

(regulated by inhibitory mechanisms), whereas for the central visual field the informa�on is first integrated 

between rostral colliculi by the simultaneous contra- and ipsi- ac�va�on. A�erwards, this central informa�on is 

refined by subsequent inhibi�on - to maintain precise informa�on about the loca�on of the s�mulus. Moreover, 

excitatory and inhibitory modula�ons also affect the rostro-caudal extent within and between colliculi. Caudal 

neurons are inhibited by electrical s�mula�on of any part (caudal and rostral) of both the ipsi- and contralateral 

SC. Rostral neurons, instead, are inhibited by s�mula�on of the ipsilateral but not contralateral caudal region 

(Munoz and Istvan, 1998). The presence of fixa�on cells in the rostral pole led many authors to refer to the caudal 

and rostral regions as ‘saccade’ and ‘fixa�on’ zones, respec�vely. In other words, the fixa�on zone is silenced by 

the ipsilateral ‘saccade’ ac�vity only. The saccade zone is silenced by ipsilateral as well as contralateral ‘fixa�on’ 

ac�vity, which is probably used for maintaining stable visual fixa�on and suppressing unwanted saccades. 

 

1.1.4.    Mul�modal integra�on in the superior colliculus 

The evolu�onary relevance of the SC/tectum is emphasized by its conserva�on across species, from simpler 

vertebrates to the more complex mammals, such as primates. One of its key evolu�onary func�ons is the 

integra�on of mul�modal sensory informa�on for transforming the spa�al loca�on of the s�muli into goal-

directed behavior aimed at making or avoiding contact with them (Kardamakis et al., 2016; Kardamakis et al., 

2015; Suzuki et al., 2019; Sparks, 1986; Dean et al., 1989; Sahibzada et al., 1986). This transforma�on is enabled 

by the convergence, up to the single neuron level, of mul�ple types of sensory and motor informa�on. Hence it, 

forms co-registered, mul�sensory and motor maps (Meredith and Stein, 1986; de Malmazet and Tripodi, 2023). 

For example, the visual informa�on of a flying object approaching a subject from the upper-right side will ac�vate 

neurons receiving, in addi�on to the visual informa�on, somatosensory inputs from skin receptors located on the 
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upper right body surface, thereby triggering a defensive reac�on to protect the threatened side of the body. This 

convergence of mul�modal informa�on sharing the same origin - or link with a sector of space surrounding the 

subject - will be referred to as “spa�al co-registra�on” (see, e.g., Isa et al., 2021).  

The superficial layer of the SC hosts neurons with primarily visual proper�es. Visual recep�ve fields are 

binocular and mainly contralateral, as in early visual cortex (Harvey and Dumoulin, 2011). Recep�ve field size 

correlates posi�vely with eccentricity. Nevertheless, some SC neurons exhibit small visual recep�ve fields, of 

about 4° at 40° eccentricity (Cynader and Berman, 1972), which highlights the importance of rela�vely high 

spa�al resolu�on in these SC maps. Visual SC cells can also signal the (dis)appearance of a s�mulus within their 

recep�ve field and are modulated by rela�vely low-level visual features, such as s�mulus size (see Figure 3B), 

contrast, and spa�al/temporal frequencies (Malevich et al., 2022; Chen et al., 2018; Chen and Hafed, 2018). 

The lower/intermediated layers of the SC receive a variety of mul�sensory and motor signals via 

topographically organized fibers from different brain areas/nuclei. Although the sensory modali�es that undergo 

spa�al co-registra�on depend on species-specific ethological adapta�ons, vision seems to serve as the primary 

modality, o�en supplemented by somatosensory and auditory inputs. Indeed, the eye is the only sensory organ 

sending direct connec�ons to the tectum/colliculus, even though in some species addi�onal informa�on may 

add, such as those from the lateral line or electro-sensory informa�on in some fishes (Gnathonemus petersii; 

Zeymer et al., 2018), magne�c informa�on in birds or mole rats (Crytomys anselli; Nemec et al., 2001; Wiltschko 

and Wiltschko, 2019), and infrared signals in snakes (Crotalis viridis; Hartline et al., 1978). These mul�modal 

inputs are co-registered with the re�nal map used as a template, to generate a mul�layer, mul�sensory and 

unified map of the surrounding environment (Isa et al., 2021).  

The deeper layers of the SC host output neurons, organized in motor maps that match the overlaying 

sensory maps (Butler and Hodos, 2005). Electrical s�mula�on applied to the motor layer causes eye movements 

(McHaffie and Stein, 1982). Generally, s�mula�on applied to the rostral pole elicits small amplitude movements, 

while s�mula�on applied more caudally causes large amplitude eye movements. Small animal models, such as 

the lamprey, which can be tested in unconstrained experimental se�ngs, allowed researchers to show that higher 

s�mula�on intensi�es applied to the caudal motor region of the SC can trigger locomotor movements (Saitoh et 

al., 2007). The basic parameters encoded by neurons forming these deep tectal maps are mo�on direc�on and 

amplitude, calculated on the basis of co-registered sensory target posi�on and mo�on direc�on (Lee et al., 1988; 

Munoz and Wurts, 1995). Nevertheless, in primates or cats, the vast majority of superficial SC neurons is ac�vated 

by flashing/moving s�muli with poor or no selec�vity for mo�on direc�on (Marocco and Li, 1977), shape, 

orienta�on (Schiller and Koerner, 1971) or color (Wurtz and Albano, 1980). In general, the lack of s�mulus 

https://pubmed.ncbi.nlm.nih.gov/407333/
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specificity exhibited by SC neurons led many authors to refer to these visual cells as ‘event detectors’ (Cynader 

and Berman, 1972; Schiller and Koerner, 1971), and as ‘newness cells’ (Dräger and Hubel, 1975), because of their 

strong tendency to habituate to repeated s�muli. In addi�on to recep�ve fields size, neuronal response latencies 

vary as a func�on of depth: superficial neurons exhibit shorter latencies and, possibly, signal high-velocity 

s�mulus movement. Conversely, deeper cells display longer latencies, possibly conveying signals about low-

velocity mo�on only (Marocco and Li, 1977).  

The ver�cal, mul�modal co-registra�on and integra�on of informa�on takes place already at single cell 

level (Meredith and Stein, 1986). The layers of the tectum/SC contain neurons characterized by radially oriented 

SL 

CL 

DL 

Figure 3. A. Neurons in the op�c tectum of a frog (Golgi method). A piriform neuron (c) and GABAergic horizontal cells 
(d-e). SL, superficial layers. CL, central layers; DL, deeper layers. Modified from Székely (1971). B. Response profile of a 
superficial SC neuron in primate as s�mulus size increased (0.3°, 1.3°, 5.2°,10.4°). Center-surround organiza�on and 
temporal response characteris�cs to onset and offset of a s�mulus (sta�onary flesh of light). Ordinate: total number of 
discharges per bin. From Schiller et al. (1974). 

B 

A 
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dendrites (piriform cells; Figure 3Ac), running through the ver�cal extent of the structure. Afferent fibers from 

different systems form synapses with confined and segregated bands along the ver�cal dendri�c sha�s of 

individual neurons. The input from a given region of space is projected onto a precise neuronal popula�on of the 

tectum/SC along its horizontal extent. Informa�on from the same spa�al loca�on in different sensory formats 

facilitates the response, while informa�on from different spa�al loca�ons with same or different modali�es, 

inhibit it (Meredith and Stein, 1986; Rizzola� et al., 1974). This inhibi�on is enabled by the abundant presence 

of γ-aminobutyric acid (GABA)ergic interneurons, likely responsible for pronounced lateral inhibi�on observed 

within the SC. In mammals, the inhibitory system affects the superficial and deep layers of the SC in dis�nct ways. 

In the deep motor part of the SC, neurons generate broad excita�ons along the horizontal plane, forming an 

‘excitatory hill’ possibly contribu�ng to the genera�on of movement response vectors (Saito and Isa, 2004). In 

the superficial SC, however, such behavior would affect the precision of spa�al mapping, visual acuity, and the 

detec�on of small objects (Hoy et al., 2019). The superficial SC, indeed, hosts neurons with narrow dendri�c trees 

and ON/OFF center-surround recep�ve fields (Figure 3). These cells share many aspects of the recep�ve field 

organiza�on with visually-responsive neurons of visual cor�cal areas: they respond to both ON- and OFF-set of 

the s�mulus, and the response is enhanced for the central por�on of the visual field and inhibited for the 

surrounding loca�ons (Phongphanphanee et al., 2014). In these superficial SC cells, however, inhibi�on acts more 

like an atenuator of the response (Figure 3B) and there is no net separa�on into discrete ON and OFF areas 

(Cynader and Berman, 1972). This ON/OFF modula�on is likely due to long range inhibi�on probably produced 

by GABAergic horizontal cells (Figure 3Ad-e; Kasai and Isa, 2016). 

The GABAergic contribu�on is par�cularly relevant in mammals, in which the ver�cal sensory-motor 

stream is constantly under suppression of GABAergic inhibi�on (Isa et al., 1998). Visual bursts in the superficial 

layers alone are insufficient to induce saccade related ac�vity in the deeper SC (Edwards, 1980). This ver�cal 

GABAergic inhibi�on forms the founda�on for the dissocia�on between overt and covert orien�ng behavior. In 

order to produce aten�onal shi�s to salient s�muli, saccades or orien�ng head/body movements, deep SC 

neurons have to be released from the inhibi�on of local interneurons as well as the inhibitory control from the 

basal ganglia (Hikosaka and Wurtz, 1983; Ghitani et al., 2014), and the modula�on from other nuclei, such as 

basolateral amygdala (Waguespack et al., 2020), pedunculopon�ne tegmental nuclei (Har�ng & Van Lieshout 

1991) or the isthmus nuclei (Basso et al., 2021). In addi�on to the GABAergic and cholinergic modula�on, the 

tectum/SC receives also direct dopaminergic and serotoninergic inputs (Perez-Fernandez et al., 2017, Campbell 

and Takada, 1989; Li et al., 2018; Huang et al., 2017) refining the SC output based on the animal’s mo�va�on and 

stress status, and making it subject to modula�on by reinforcement-based learning processes. 
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Thus, the layered tectum/SC is the sole structure in the brain that, even in the absence of a highly 

developed neocortex, can integrate a visual map of the space with ethologically relevant, mul�modal informa�on 

allowing to detect and react to sensory events in the outside world.  

 

1.2. Pragma�c representa�on of func�onally-relevant sectors of space within the SC 

Classical models (Robinson, 1972; Otes et al., 1986) depict the re�notopic organiza�on of the SC in primates as 

a geometric representa�on of visual space, similar to low-level areas such as striate cortex. However, considering 

its func�onal roles – 1) detec�ng s�muli beyond the aten�onal focus (o�en aligning with the center of gaze) by 

using the eye to explore the extra-personal space, and 2) facilita�ng interac�ve and manipula�ve behavior in 

peri-personal space under the guidance of foveal vision – the ra�onale for a purely metric representa�on is weak. 

More recently, a new model of the topographic visual organiza�on of the primate SC has been proposed (Hafed 

and Chen, 2016; Chen et al., 2019), offering a revised topography which magnifies behavioral relevant sectors of 

space (de Malmazet and Tripodi, 2023). 

The new model was built upon asymmetries found in the representa�on of upper and lower visual fields 

(Hafed and Chen, 2016; Figure 4). While the lower visual field conveys informa�on about the near peri-personal 

space, the upper visual field typically conveys informa�on from the distant, extra-personal space. Superficial 

visual and deeper motor neurons show reversed biases for the upper and lower visual fields, respec�vely. Deeper 

neurons show stronger saccade-related motor burst for downward saccades than for upward saccades (Zhang et 

al., 2022), in line with the nature of peri-personal space allowing for manipula�ve and interac�ve behaviors. 

Figure 4. Representa�on of the upper (blue) and lower (red) visual field in the primate SC. A. Visual recep�ve field area at 
increasing eccentrici�es. From Hafed and Chen (2016); B. Visual field in polar coordinates; C. Tradi�onal model of SC visual 
topography, from Otes et al. (1986) based on Robinson (1972), showing iden�cal upper and lower visual field 
representa�ons. D. New proposed revised model, from Hafed and Chen (2016). 

A B C D 
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 Superficial neurons show stronger, faster responses and smaller recep�ve fields for the upper visual field (Figure 

4A), associated to extra-personal space in which objects are far and o�en smaller. This is consistent with an overall 

anatomical overrepresenta�on in the primate SC of the upper visual field (Figure 4D) and more accurate and 

lower-latency saccades towards upward targets (Hafed and Chen, 2016). Indeed, the enhanced visual responses 

for targets located in the upper visual field is not only present during fixa�on, but also during peri-saccade vision 

(Fracasso et al., 2023). During saccades, vision is largely suppressed but some residual visual processing s�ll takes 

place (peri-saccade vision) specifically for the upper visual field, sugges�ng a priori�za�on for detec�ng extra-

personal s�muli for rapid orien�ng responses also at the �me at which percep�on may be most compromised by 

saccades. Indeed, even in humans, perceptual performance which is usually higher for s�muli presented in the 

lower visual field during fixa�on (Talgar and Carrasco, 2002; Barbot et al., 2021), is enhanced for s�muli within 

the upper visual field during peri-saccade vision (Fracasso et al., 2023). In this framework, space encoding in the 

SC shi�s from a metric (Figure 4C) to a pragma�c format (Figure 4D), emphasizing the aten�onally most relevant 

sectors of space (de Malmazet and Tripodi, 2023). 

Moreover, the tradi�onal model of its visual topographic organiza�on was derived from a refined 

visuomotor map based on electrical s�mula�on (Robinson, 1972; Otes et al., 1986). Only recently the scien�fic 

community has redirected aten�on to the visual organiza�on of the colliculus (Willet, 2019), offering a revised 

model (Chen et al., 2019) which challenged the tradi�onal view of the magnifica�on of the macula. This is not 

surprising, given the difference in recep�ve field sizes between the visual superficial and deeper motor layers. 

Nowadays, the rostral representa�on of the central 10° is es�mated to cover between ~35% to ~55% of the SC 

surface (Chen et al., 2019; Dilbeck et al., 2022; Cynader and Berman, 1972).  

Although the magnifica�on factor of the SC is s�ll under debate, the ethological relevance of peripheral 

s�muli in a “s�mulus detec�on system” can be inferred from the temporal–nasal asymmetry found in humans: 

target detec�on, saccadic movements and aten�onal orien�ng are facilitated for the temporal (peripheral) 

hemifield (Lewis and Maurer, 1992; Rothbart et al., 1990; Kristjansson et al., 2004; Rafal et al., 1991; Posner and 

Cohen, 1980; Dodds et al., 2002). The same temporal-nasal asymmetry has been found in the human SC showing 

stronger fMRI responses for temporal s�muli compared to nasal s�muli (Sylvester et al., 2007).  

 

1.3 Foveal representa�on within the rostral SC 

Electrophysiological studies of the rostral pole of the SC primarily focused on its role in motor behavior. Here, 

cells with (para)foveal recep�ve fields are located superficially, small-amplitude (<2°) saccade-related cells more 

deeply, followed by cells implicated in the control of visual fixa�on (“fixa�on cells”) (Munoz and Wurtz, 1993). 
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These deeper, ‘motor’ fixa�on cells present a prototypical response which is tonically maintained when the 

monkey ac�vely fixated a visual target. The tonic response remains even if the visual s�mulus is momentarily 

removed, or during smooth pursuit eye movements. Yet, it is interrupted by the onset of a saccade and during its 

en�re dura�on. At every new fixa�on, these fixa�on cells increase their discharge rate for several hundred 

milliseconds un�l the next saccade. In light of the presence of microsaccade and fixa�on cells, the func�ons 

tradi�onally assigned to the rostral SC include gaze-shi�ing and gaze-holding (referred to as the 'microsaccade' 

vs 'fixa�on' hypotheses, respec�vely; Godlove and Schall, 2016).  

Moreover, in primates, which are characterized by foveal vision, an interes�ng specializa�on has been 

documented. Several studies found that only ~4% of re�no-tectal projec�ons in monkeys arise from the pars 

centralis of the re�na (up to 10° eccentricity; Wilson and Toyne, 1970; Hendrickson et al., 1970; Lund, 1972; 

Pollack & Hickey 1979, Dilbeck et al. 2022), whereas projec�ons from visual cortex are distributed across the 

en�re SC surface with dense targe�ng of its anterior region (Figure 5A; Wilson and Toyne, 1970; Lund, 1972). The 

lack of direct re�nal afferents to the rostral colliculus suggests that perifoveal informa�on in the primate SC must 

arise from the brain. It is possible that the rostral SC is innervated not directly by the re�na but from other 

structures of the visual system. Likely more than one structure may contribute to the representa�on of foveal 

and parafoveal fields in the SC. A first candidate is the primary visual cortex (V1, Brodmann area 17), which shows 

the highest level of magnifica�on factor for the central visual field (eccentrici�es of ~4°-5° of visual angle; Harvey 

and Dumoulin, 2011; Daniel and Whiteridge, 1961) and sends direct projec�on to the superficial layers of the 

Figure 5. A. Loca�on of labelled cells a�er re�nal degenera�on (dots) or cor�cal lesion (lines) along the rostro-caudal extent 
of the SC. From Wilson and Toyne (1970). B. Recep�ve filed loca�ons of 31 contra-lesional (heavy lines) and 44 ipsi-lesional 
(thin lines) SC neurons a�er abla�on of the right area 17. The affected hemifield is on the le�. Data are recorded from two 
monkeys. The orange circle represents 5° eccentricity, green circle 10° eccentricity. Discon�nuous and con�nuous lines 
represent data the two monkeys. Modified from Schiller et al. (1973). 

A B Contra-lesional 
hemifield 
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SC. If V1 was the sole source of foveal responses in the SC, the rostral SC should be largely unresponsive to visual 

s�mula�on following abla�on of visual cortex. Shiller and colleagues tested this hypothesis in 1974 (Shiller et al., 

1974). A�er lesion of V1, visual responses were generally weaker, showed decreased binocularity and almost one 

third of the recorded cells showed “patchier” recep�ve fields, with unbalanced on-/off-responses (in favor of the 

off-s�mulus responses) and no center-surround organiza�on. Beside these altera�ons in visual responses, they 

could s�ll record from superficial SC cells with recep�ve fields located in the foveal region up to 5° eccentricity 

(Figure 5B), but not from neurons located more deeply, where the visual responses appeared to be completely 

abolished. They concluded that abla�on of V1 does not abolish visual responses in foveal superficial SC cells but 

suggested instead a prominent role of the visual cortex in controlling the informa�on flow to the deeper motor 

layers. Unfortunately, these considera�ons cannot completely address the representa�on of the visual field up 

to 10° in absence of perifoveal re�notectal projec�ons. Data reported in Figure 5B indeed show just very few 

recep�ve fields in the perifoveal region between 5° and 10° in the visual hemifield contralateral to the lesion. 

Another possibility is that the foveal area in the colliculus is innervated from other structures than V1 

that directly reach the superficial SC, such as extrastriate areas (e.g. area MT), the FEF, pulvinar or dLGN. In the 

FEF, dis�nct subpopula�ons of neurons subserve visual fixa�on and saccades, namely fixa�on and movement 

cells. Two subdivisions of FEF are responsible of short (ventrolateral FEF) and long (dorsomedial FEF) saccades. 

The former receives informa�on about the fovea via re�notopically organized areas (such as V4, TEO, and MT), 

and from areas where the central field is overrepresented (e.g., caudal TE). The dorsomedial FEF, on the other 

hand, is innervated by i) parts of re�notopically organized areas where the peripheral visual field is represented, 

or ii) from areas that emphasize peripheral vision (e.g., V6/V6A and MSTd), or iii) from mul�modal and auditory 

areas (Shall et al., 1995). However, even if lesions in FEF interfere with target selec�on (Shiller and Tehovnik, 

2005), it sounds quite unlikely that a region with no re�nal afferents and strongly implicated in saccade genera�on 

such as the FEF is the only source of visual foveal representa�ons in the SC.  

On the other hand, the dLGN and pulvinar can di-synap�cally relay re�nal informa�on to the rostral SC 

(in rats, Taylor et al., 1986; in cats, Altman and Carpenter, 1961). The dLGN is one of the main targets of re�nal 

projec�ons and has a major representa�on of the central visual field. It is plausible that, in primates, a 

subpopula�on of re�nal cells project only to the dLGN, and another only to the SC (Lund, 1972; Michael, 1970; 

Crook et al., 2008). In the pulvinar, two large visually-driven nuclei, the dorso-lateral (PL) and the inferior (PI) 

pulvinar, hosts two separated re�notopic maps of the contralateral field with the ver�cal meridian in common 

and reversed representa�ons of the rest of the visual field (Bender, 1981). The two representa�ons of the visual 

fields are quite balanced across eccentrici�es, covering up to almost 100° eccentricity. PL and PI receive afferents 

from the deeper and superficial SC, respec�vely. Both PL and PI project to areas of the cor�cal ventral stream, 
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but only PI projects to dorsal stream areas (Kaas and Baldwin, 2019). Both nuclei receive re�notopically-organized 

visual informa�on through segregated neuronal subpopula�on of the same cor�cal areas (V1-V4, MT, IT; 

Ungerleider et al., 1983; Pessoa and Adolphs, 2010; Moore et al., 2019). However, the striate projec�ons to PL 

seem to be limited to only the central 7°, whereas V1 projec�ons to PI seem to cover the en�re visual field 

(Ungerleider et al., 1983). PI and to a lesser extent PL receive direct projec�ons from the re�na. In PI, re�nal 

projec�ons seem to be confined to 10° eccentricity in marmosets (Grünert et al., 2021). This overrepresenta�on 

of central vision in this re�no-pulvinar pathway has been suggested to be cri�cal in establishing the normal 

connec�ons of cor�co-thalamic circuits driving visually-guided behaviors such as precision grasping and object 

manipula�on (Mundinano et al. 2018). 

 

1.4. Re�notopic mapping of the primate SC  

Most studies on the topography of macaque SC primarily focused on its motor proper�es and the control of 

saccades. The descrip�on of its re�notopic organiza�on mainly relied on motor field mapping with electrical 

s�mula�on, covering a rela�vely wide por�on of the visual field (~40° eccentricity) (Robinson, 1972; Otes et al., 

1986). Recent electrophysiological inves�ga�ons of the visual topography of the SC mainly focused on its foveal 

representa�on (Chen et al., 2019; Willet, 2019). These authors, proposed a new model which almost doubled 

the extent of surface represen�ng foveal s�muli (up to 2° of eccentricity) in respect to the tradi�onal model 

derived from motor field mapping.  

On the other hand, the deep loca�on of the SC and its small size hampered neuroimaging studies, such 

as func�onal Magne�c Resonance Imaging (fMRI). fMRI methods, however, are ideal to map the visuotopic 

organiza�on of structures noninvasively, and to perform compara�ve func�onal mapping studies across primate 

species. A first atempt to map the ‘spa�otopic’ organiza�on of the human SC with fMRI demonstrated the 

preferen�al response of each colliculus for the contralateral visual hemifield (DuBois and Cohen, 2000). 

Subsequent studies implemented more complex s�mula�on paradigms to extract eccentricity and/or polar 

angles maps of the human SC (Schneider and Kastner, 2005; DeSimone et al., 2015; Benson et al., 2018; Katyal et 

al., 2010). Whereas an orderly representa�on of polar angles is now well-documented, these studies failed to 

obtain complete and systema�c anterior-to-posterior eccentricity maps across-subjects. Constrained by the 

experimental environment, fMRI mapping procedures of the human SC have been limited to the central por�on 

of the visual field, covering up to 8° - 15° of eccentricity. As a consequence, peripheral visual field representa�ons 
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have never been inves�gated in humans. Moreover, even with the largest s�muli used so far (15° eccentricity; 

Schneider and Kastner, 2005), most of the ac�vity evoked was related to smaller, (para)foveal eccentrici�es. 

 

1.5. Phase-encoded re�notopic fMRI mapping in humans and macaques 

More than one third of the primate brain (~30% in humans, ~50% in macaques; Van Essen, 2004) is responsive 

to visual s�muli. fMRI is the ideal experimental tool to noninvasively visualize and map brain ac�vity in response 

to visual s�mula�on. A�er its first introduc�on at the end of the last century (Ogawa et al., 1990), it became the 

major technique used for exploring sensory and cogni�ve processes in humans. The extensive spa�al coverage 

afforded by fMRI enables the inves�ga�on of func�onal proper�es within broad neural networks throughout the 

en�re brain. Notably, fMRI offers a fairly good spa�al resolu�on allowing to measure the topographic organiza�on 

of brain regions, yet its temporal resolu�on is compara�vely modest. Lastly, its noninvasive nature allows 

compara�ve analysis of brain func�ons between humans and monkeys (see e.g. Vanduffel et al., 2002), thereby 

bridging knowledge derived from diverse technologies with different spa�o-temporal sensi�vity used in different 

animal species.  

Applying fMRI in monkeys, e.g. to map the re�notopic organiza�on of the primate SC, is highly useful to 

relate invasive electrophysiological findings in macaques with noninvasive neuroimaging observa�ons in humans. 

This is enabled by comparing both methodologies on the same animal model (Klink et al., 2021), or by using the 

iden�cal experimental procedure in both species (Vanduffel et al., 2002; Armendariz et al., 2019; Ferri et al., 

2015). In macaques, achieving fMRI with good spa�al resolu�on poses greater challenges than in humans. The 

smaller size of the macaque brain, cons�tu�ng only 1/12th of the volume of a human brain, results in equivalent 

structures being smaller and more closely located to neighboring structures. Consequently, a comparable level 

of detail in macaque imaging requires higher spa�al resolu�on, which is typically achieved using stronger 

magne�c fields. Moreover, inves�ga�ng cogni�ve processes necessitates the involvement of awake behaving 

monkeys engaged in ac�ve tasks, which they are thought using operant condi�oning techniques. In such cases, 

the monkey's body movements induce spa�otemporal fluctua�ons in the magne�c field, leading to suscep�bility 

ar�facts in the fMRI images when compared to those acquired in human subjects. A useful and effec�ve strategy 

to compensate for the need of strong magne�c fields with behaving monkeys is the use of the MRI contrast-agent 

monocrystalline iron oxide nanopar�cles (MION; Vanduffel et al., 2001), which allows to measure cerebral blood 
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volume changes. The MION signal is spa�ally more selec�ve and more sensi�ve than BOLD signals measured in 

typical fMRI experiments. 

The rela�onship between the fMRI signal and single unit ac�vity is not direct, and predic�ons should be 

made with cau�on when comparing data obtained using different tools. fMRI measures a series of metabolic 

changes in blood flow, volume and oxygena�on which is, most o�en, correlated with neural ac�vity. This 

hemodynamic response has been correlated to synap�c ac�vity (local field poten�als or LFPs), rather than 

electrical ac�vity (single- and mul�-unit spiking ac�vity; Logothe�s et al., 2001). Thus, the fMRI signal is 

significantly driven by input and local processing rela�ve to the spiking output recorded with electrophysiology. 

Given the high number of input signals that converge on few spiking cells, the metabolic response could spread 

(Grinvald et al., 1994) leading to spa�ally larger ‘signals’ than those reported by single unit recordings (Tootell at 

al., 2003). Moreover, fMRI signals cannot disambiguate excitatory and inhibitory responses and mechanisms 

which, instead, are usually at the base of very difference processes.  

To date, the organiza�on of the visual cortex has been extensively studied with fMRI in humans and 

macaques (Vanduffel et al., 2014), revealing that a substan�al frac�on in both species exhibits a topographically 

organized representa�on of the visual field, commonly referred to as ‘re�notopy’. Phase-encoding mapping 

procedures (Engel et al., 1997; Sereno et al., 1995) have been the preferen�al tools to map re�notopy. The 

ra�onale is to present s�muli that slowly move across the visual field in a cyclical manner in order to induce a 

traveling wave of ac�vity with a similar cyclical patern within topographically organized visual areas. The 

hemodynamic (fMRI) signal acquired is then analyzed using a Fourier analysis to determine, for each voxel, when 

and where in the visual field the response is the highest, that is, when the s�mulus passes through the recep�ve 

field of the specific voxel. Two types of slowly moving s�muli have been classically implemented in this method: 

a wedge that rotates clockwise or counterclockwise around the fixa�on point, which is used to map polar angle 

representa�ons, and secondly, a single contrac�ng or expanding annulus, which is used to extract eccentricity 

maps. The double direc�on of movement (expanding-contrac�ng and clockwise-counterclockwise) is used to 

cancel phase errors caused by hemodynamic response lags. Wedges and annuli navigate the visual field as 

apertures superimposed on different types of high-contrast, dynamic textures used to s�mulate op�mally the 

visual system (Zhu et al., 2012; Janssens et al., 2014; Benson et al., 2018). Wedges and rings increase in size as a 

func�on of eccentricity to compensate for the cor�cal magnifica�on (Daniel et al. 1961). By combining the 

eccentricity and polar angle maps, it is possible to iden�fy borders between re�notopically-organized visual areas 

(Sereno et al., 1995; Zhu and Vanduffel, 2019). Adjacent areas are separated by the representa�on of either the 

ver�cal or horizontal meridians, and they represent the visual field with a mirror (from the horizontal to the 
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ver�cal meridian) or non-mirror (from the ver�cal to the horizontal meridian) image. The iden�fica�on of the 

direc�on of polar angle mapping orthogonal to the progression of eccentrici�es allows to extract field sing maps 

(Sereno et al., 1995) (mirror versus non-mirror visual field representa�ons). Reversals in field sign delineate 

borders of re�notopically organized areas, with par�cular precision for areas V1-V2 (Yu et al., 2020) Moreover, 

for voxels responding to both polar angle and eccentricity s�muli, it’s possible to es�mate size and loca�on of 

the popula�on recep�ve field (pRF) of the specific voxel by combining the phase-locked response during the two 

types of re�notopic mapping (Dumoulin and Wandell, 2008). 

 

2. Objec�ves 

In this study, we will map the visuotopic organiza�on of the macaque SC with a set of fMRI experiments involving 

six macaque monkeys and we will pursue three main objec�ves:  

1) We will employ phase-encoded re�notopic mapping to compare fMRI-based monkey re�notopic maps of the 

SC with the small-field re�notopic fMRI maps obtained in humans (25° diameter).  

2) We aim at surpassing the typical limita�ons of neuroimaging techniques by extending our mapping to include 

eccentricity and polar angles across a wide visual field of 80° in diameter., as tradi�onally done with 

electrophysiological mapping procedures.  

By exploi�ng the wild-field coverage of fMRI and the use of mapping s�muli with different visual field coverage, 

we will also inves�gate the pragmatic nature of space representa�ons within the SC, and also in comparison to 

that in a network of cor�cal (parieto-fontal) and subcor�cal (pulvinar) regions of the oculomotor/aten�onal 

system.  

3) We will use s�muli that are fixed to specific loca�ons in the visual field as a complementary procedure to 

validate some aspects of the re�notopic organiza�on of the SC obtained with phase-encoded mapping 

procedures.  
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3. Materials and methods  

3.1 Subjects 

Six male rhesus monkeys (Macaca Mulata; 6 – 10 kg) were subjects in this study. All monkeys were implanted 

with a magne�c resonance (MR) compa�ble plas�c headpost to minimize head movements during training and 

scanning. The headpost was atached to the skull by ceramic screws and covered by dental cement. Two of the 

six monkeys were addi�onally implanted with customized 8-channel (M4, M6) phased-array receive coils to allow 

sub-mm resolu�on (f)MRI at a 3T MRI scanner (Janssens at al. 2012, Li et al. 2019, Li et al. 2022). All opera�ons 

were performed under propofol (3 mL/hour) or ketamine anesthesia (10 mg/kg, Ketalar®, i.m., Parke-Davis, 

Zaventem, Belgium) supplemented with xylazine (0.5 mg/kg, Rompun®, Bayer, Leverkusen, Germany). An�bio�cs 

(50 mg/kg i.m., Kefzol®, Lilly, Brussels) and analgesics (4 mg/kg, i.m., Dolzam®, Zambon, Brussels) were given daily 

for 3–7 days following each surgery. The surgical procedures conformed to na�onal, European, and Na�onal 

Ins�tutes of Health (NIH) guidelines for the care and use of laboratory animals. Animal housing and handling 

were in accordance with the recommenda�ons of the Weatherall report, allowing extensive locomotor and 

specie-specific behaviors, as social interac�ons, climbing and foraging. The monkeys were group-housed (cage 

size of 16-32 m3 minimum) with cage-enrichments at the primate facility of the KU Leuven Medical School. Animal 

care and experimental procedures were in conformity with na�onal and European laws (Direc�ve 2010/63/EU) 

and approved by the Ethical Commitee of KU Leuven.  

 

3.2 Behavioral training 

All monkeys were trained using operant condi�oning paradigms to maintain fixa�on while they were constrained 

by their headpost in a natural ‘sphinx’ posi�on inside a plas�c, custom-made primate chair (Figure 6; see 

Vanduffel et al., 2001). The task required to fixate a red dot located in the center of the screen within a ~2°x2.5° 

virtual window, while visual s�muli were presented in the periphery. Subjects were cued to fixate when the 

central red dot appeared. To minimize body-mo�on induced suscep�bility ar�facts, the animals were trained, 

using operant condi�oning techniques with posi�ve rewards, to keep both hands s�ll inside a small response box 

in front of the restraint chair. Hand posi�ons were con�nuously monitored with two pairs of op�cal fibers that 

provided a signal when a hand was retracted (Figure 6). To be rewarded, the monkeys had to fixate the fixa�on 

spot and keep their hands in the correct posi�on. Reward delivery was based on a reward schedule whereby the 
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interval between consecu�ve juice rewards decreased systema�cally (from 1700ms to 900ms inter-reward-

intervals) while the monkey maintained its fixa�on and the hands in correct posi�on. The monkeys were 

habituated to the sound of MRI acquisi�ons and the scanner environment, using a “mock” scanner bore to 

simulate the scanning experience in the training setup. 

 

3.3 Experimental setup 

The experiments were performed in a in dark room with the screen monitor as only source of light. Computers 

with custom-built hard- and so�ware controlled s�mulus presenta�ons, reward delivery, and physiological and 

behavioral data collec�on. In the scanner room, visual s�muli were projected from a Barco LCD projector at 60Hz 

refresh rate and 1400 × 1050 resolu�on onto a translucent screen placed at 21cm (M1-M2; Figure 6) and 57cm 

(M3-M6) from the monkey’s eyes. Screen’s size and distance were calibrated in order to present s�muli covering 

80 (M1-M2) and 25 (M3-M6) visual degrees in diameter. The posi�on of one eye was con�nuously monitored by 

an infrared corneal reflec�on system at 120Hz (Iscan, MA, USA). Due to the short eye-screen distance used for 

M1-M2, a double-mirror system located below the screen was used to measure eye posi�ons (Figure 6): a first 

mirror, oriented towards the monkey, projected the image of the eye onto a second mirror, which was directed 

towards the eye-tracker camera. The �ming of onset of the s�mulus was signaled by a photocell, atached to the 

botom-le� corner of the LCD monitor and invisible for the monkeys.  

 

 

Figure 6. fMRI compa�ble monkey chair and 
experimental setup for M1-M2. Schema�c 
representa�on of the monkey in its plas�c 
restraint box during scanning. The monkey was 
seated in a natural ‘sphinx’ posi�on while 
fixa�on and its hands were posi�oned within a 
response box and con�nuously checked 
through op�cal fibers. The monkey’s head was 
par�ally constrained by a headpost and 
covered by the transmit/receiver coils (in 
green). The eye-tracker monitored the eye 
from a system of image reflec�on through two 
mirrors (in blue). Two pairs of op�cal fibers 
monitored the hands posi�on signaling the 
retrac�on of the hand.  
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3.4 Visual s�muli and experimental design 

Retinotopic mapping experiments. We first performed two phase-encoded re�notopic mapping experiments, 

during which different extents of the visual field were mapped (using wide and small diameter s�muli, 

respec�vely). The s�muli consisted of slowly moving clockwise-counterclockwise rota�ng wedges and expanding-

contrac�ng rings covering 0.5°-40° (M1-M2, wide visual field experiment or wVF; Figure 7A) or 0.25°-12.5° (M3-

M6, small visual field experiment or sVF) radius of visual angle. Wedges and annuli navigated the visual field as 

apertures superimposed on different types of high-contrast, dynamic textures consis�ng of either colorful 

checkerboards with expressive monkey faces (wVF & sVF; Zhu et al., 2012) or walking humans (sVF; Janssens et 

al., 2014), or a pink-noise background with embedded chroma�c objects, which were refreshed at 4 frames per 

second (fps) (wVF; i.e., the same texture as used by Benson et al., 2018). Wedges and rings increased in size as a 

func�on of eccentricity to compensate for cor�cal magnifica�on (Daniel and Whiteridge, 1961). The moving ring 

and wedge apertures were used to drive phase-locked ac�va�ons and for calcula�ng eccentricity and polar angle 

representa�ons, respec�vely. Opposing direc�ons of movement (expanding-contrac�ng and clockwise-

counterclockwise) were used to cancel phase errors caused by hemodynamic response lags. One full cycle of the 

wedge/ring consisted of 64s (wVF) or 96s (sVF). Each run contained 6 cycles (wVF) or 4 cycles (sVF) of either the 

ring or the wedge moving in one of the two possible direc�ons, with a total of 8 s�mulus-sequence types.  

 During the two re�notopic mapping experiments, we used two different annuli-progression �mings, 

reflec�ng the �me the s�mulus covered a par�cular eccentricity: for the sVF we used a pure exponen�al 

progression, as commonly used in phase-encoded re�notopic mapping experiments, to compensate for the 

(exponen�al) magnifica�on factor of visual cortex. This results in two thirds of a full cycle covering parafoveal 

Figure 7. A. Schema�c representa�on of the wVF re�notopic mapping s�muli. Contrac�ng/expanding annuli (le�) and 
a phase clockwise-counterclockwise rota�ng wedge (right) with a colorful checkerboard and monkey faces, or dynamic 
objects presented on a pink-noise background. B. Spa�al localizer experiments. Schema�c representa�on of the s�muli 
used in SL1 (up) and SL2 (down) and rela�ve s�mulus' extent in terms of eccentricity in visual degree (°). The red dot is 
the fixa�on point. The red lines were not visible to the monkeys and indicate the eccentrici�es of the boundary of the 
s�muli. 

A B 

SL1 

SL2 
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(~0-4 visual degrees) eccentrici�es. For the wVF, instead, we used a mixture between an exponen�al and linear 

s�mulus progression, which is s�ll suitable for capturing the cor�cal magnifica�on factor, but also allows to map 

more peripheral eccentrici�es more op�mally compared to a pure exponen�al progression. 

Spatial localizer experiments. In M1-M2 we also performed separate block-design fMRI experiments (spa�al 

localizer experiments 1-2, or SL1-SL2; Figure 7B). We presented spa�ally restricted s�muli of different sizes: 40° 

(SL1), 12.5° (SL1) and 9° (SL2) radius; and different eccentrici�es: center (SL1-SL2), 12.5° (SL1) and 17° (SL2) in the 

lower le� and right quadrants. These s�muli consisted of either sta�c circular apertures superimposed on one of 

the dynamic textures previously used (chroma�c objects belonging to different categories embedded in a pink-

noise background, updated at 6 fps; SL1) (Benson et al., 2018), or single categories of b/w monkey faces, bodies, 

objects, and their scrambled versions (SL2) (Popivanov et al., 2012). An example of each s�mulus in each possible 

spa�al loca�on is reported in Figure 7B (SL1 in the top row, SL2 in the botom row). It’s important to men�on 

that the specific content of the s�mulus wasn’t a focus of interest in this study, and no dis�nc�on was made 

between different category types in the SL2 (faces, bodies, objects, scramble) during further analysis (for 

category-driven ac�vity in the visual cortex, see Panormita et al, 2023). 

SL1 was made of three main s�mulus condi�ons (1-3; see Figure 7B, upper row) and two control-s�mulus 

condi�ons (4-5; not used in the following analysis): 1) wide-field (central s�mulus with size of 40° radius); 2) 

peripheral le� (peripheral s�mulus, covering 4°-29° eccentricity along the central polar angle of the lower le� 

quadrant of the visual field); 3) peripheral right (peripheral s�mulus, covering 4°-29° eccentricity along the central 

polar angle of the lower right quadrant of the visual field); 4) reversed peripheral le� (the wide-field central 

s�mulus of 40° radius with a sta�c circular gray patch superimposed, covering 4°-29° eccentricity along the central 

polar angle of the lower le� quadrant of the visual field); 5) reversed peripheral right (the wide-field central 

s�mulus of 40° radius with a sta�c circular gray patch superimposed, covering 4°-29° eccentricity along the central 

polar angle of the lower right quadrant of the visual field); in (4) and (5) the color of the patch was matching the 

color of the background of all condi�ons. 

SL2 was made of twelve s�mulus condi�ons, containing 20 s�muli of the same category: 1) central face-

category s�muli (central s�muli with size of 9° radius); 2) le� peripheral face-category s�muli (peripheral s�muli, 

covering 8°-26° eccentricity along the central polar angle of the lower le� quadrant of the visual field); 3) right 

peripheral face-category s�muli (peripheral s�muli, covering 8°-26° eccentricity along the central polar angle of 

the lower right quadrant of the visual field); 4) central body-category s�muli (s�mulus’ size and posi�on as in (1)); 

5) le� peripheral body-category s�muli (s�mulus’ size and posi�on as in (2)); 6) right peripheral body-category 
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s�muli (s�mulus’ size and posi�on as in (3)); 7) central object-category s�muli (s�mulus’ size and posi�on as in 

(1)); 8) le� peripheral object-category s�muli (s�mulus’ size and posi�on as in (2)); 9) right peripheral object-

category s�muli (s�mulus’ size and posi�on as in (3)); 10) central scramble-category s�muli (s�mulus’ size and 

posi�on as in (1)); 11) le� peripheral scramble-category s�muli (s�mulus’ size and posi�on as in (2)); 12) right 

peripheral scramble-category s�muli (s�mulus’ size and posi�on as in (3)). An example of face-, body, object-

category s�mulus for central, peripheral le� and peripheral right posi�ons, respec�vely, is reported in Figure 7B 

(botom row). 

Each block lasted for 30 seconds, consis�ng of either one s�mulus condi�on or simple fixa�on. Each 

sequence contained of one block of fixa�on (red central fixa�on dot) followed by the five (SL1) or twelve (SL2) 

s�mulus condi�ons. A second block started immediately without interrup�on with a fixa�on-only epoch which 

was followed by the same epochs presented in reverse order. Finally, a run finished with a block of simple fixa�on 

without s�muli. Across runs, a La�n square design was used to randomize the epochs, with a total of five (SL1) or 

twelve (SL2) s�mulus-sequences. 

 

3.5 fMRI acquisi�on 

After visual fixation performance reached a stable criterion (i.e. above 95%), the monkeys were placed into a 

horizontal 3T Siemens PRISMA scanner bore. Custom made external (M1-M3, M5) or implanted (M4, M6) coils 

were used for scanning: a local single loop transmit coil positioned over the head, and 10-channel (M1-M2) and 

8-channel phased-array receiver coils positioned tightly on each side of the head (M3, M5) (Figure 6). 

Immediately before scanning, monocrystalline iron oxide nanoparticle (MION, Feraheme, AMAG 

Pharmaceuticals; 8-11mg/kg) diluted in an isotonic saline buffer was injected into the femoral/saphenous vein 

to improve the contrast-to-noise ratio (CNR) and to avoid contribution of superficial draining veins (Vanduffel et 

al. 2001). To minimize the risk of iron accumulation, 1g/day deferoxamine mesylate (Desferal, Novartis; 

intramuscular injection) and 60mg/kg/day deferiprone (Ferriprox, ApoPharma; oral administration) were 

administered during and immediately after the scanning period, for 10-15 days, until serum iron and ferritin 

reached lower but stable levels. 

Reference anatomical image. Before the experiments, in a separate session with anesthetized monkeys 

(ketamine-xylazine anesthesia), 12/15 T1-weighted 3D magnetization prepared rapid gradient echo (MPRAGE) 
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and 4 T2-weighted (VanEssen) high-resolution images were acquired for each monkey [0.4mm isotropic voxel 

size; repetition time (TR) = 2700ms; echo time (TE) = 3.5ms; flip angle (α) = 9°; inversion time (TI) = 882ms; in-

plane field of view (FOV) = 104 x 128 mm; matrix size 250 × 320 × 208) to be used as a high-resolution reference 

anatomical image.  

fMRI. Each functional scan consisted of T2* weighted echo echoplanar whole-brain images (EPI). Functional 

images have been acquired at different resolutions based on the type of coils used: 1.25mm isotropic voxel size 

with external coils for M1-M2, M4, M5 (TR = 1000ms; TE = 18/17ms (M1/M2) and 22/21ms (M4/M6); FOV = 84 

x 84 mm; α = 90°; matrix size 140 × 140 × 48) and 0.6mm isotropic voxel size with implanted coils for M3,M6 (TR 

= 3000ms; TE = 22ms). For better registration between the EPI template image and the anatomical reference 

images (MPRAGE), at the beginning of each scanning day, a 3D gradient echo (GRE) image and a gradient recalled 

echo field map (GRE-FM) were acquired for each monkey at the same EPI voxel resolution. The field maps 

contained two images with different TE (TE1 = 6.48 ms, TE2 = 0 8.94 ms; α = 55°; matrix size 140 x 140 x 66) and 

were used to correct for EPI distortions caused by magnetic field inhomogeneity. Only scan sessions with 

excellent behavioral performance (above 94% for M1-M2 and 90% for M3-M6 of the total scan duration) were 

considered for statistical analysis. Data were acquired in 2-5 session for each monkey. Table 1 shows the number 

of utilized runs for each monkey within each experiment. 

 

 

 

3.6 Data analysis 

Anatomical image segmentation and flattening procedures. Reference anatomical images were created by 

averaging all high-resolu�on T1-w images acquired in the single session with the anesthe�zed animal, to improve 

signal-to-noise (SNR) ra�o. Cor�cal segmenta�on and surface crea�on was performed by applying automa�c 

white mater segmenta�on and surface reconstruc�on in Freesurfer (Dale et al., 1999; Fischl et al., 1999) and, 

only for M1, adjusted by using an adapted pipeline from the non-human primate version of the Human 

Connectome Project (HCP) (Au�o et al., 2020). T2-w images were used to eliminate the effect of cerebrospinal 

Monkey w/sVF SL1 SL2 
M1 56 56 48 
M2 72 50 50 
M3 62 - - 
M4 63 - - 
M5 65 - - 
M6 56 - - 

Table 1. Number of runs used for each monkey for the analysis of the re�notopic mapping (w/sVF) and spa�al localizer 
(SL1-2) experiments. 
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fluid and pial veins during surface segmenta�on. Fine-tuned correc�ons were performed manually on the 

automa�cally reconstructed pial surface. The resul�ng gray-white mater boundary was used to create a 3D 

surface model of each subject’s hemisphere, then inflated to obtain a smooth model of the brain where both 

sulci and gyri were visible on the surface. Virtual cuts were applied from the mid-brain (i.e. along the calcarine 

sulcus) to unfold each subject’s surface hemisphere into a 2D flat map. Cor�cal and subcor�cal ac�va�ons were 

analyzed in volumes and cor�cal ac�va�ons were also visualized on flat maps with a sta�s�cal threshold of 

p<0.0001 (re�notopy experiments) or p = 0.001 (spa�al localizer experiments).  

fMRI image reconstruction and preprocessing. Pre-processing was performed using Freesurfer 

(htp://surfer.nmr.mgh.harvard.edu). The “op�mized generalized autocalibra�on par�ally parallel acquisi�ons” 

(GRAPPA) reconstruc�on method (Hoge and Polimeni, 2016) was used to reconstruct the EPI images to decrease 

artefacts caused by body movements. EPI images were masked to remove non-brain voxels, mo�on-corrected 

using the single, best EPI image as a template (6 degree of freedom rigid image-based mo�on correc�on) and 

slice-�ming corrected with a slice-by-slice undistor�on correc�on performed according to the same template 

using a B-spline grid-based nonlinear registra�on method to reduce frame-to-frame distor�ons.  

General linear model (GLM) analysis. For the phase-encoded re�notopy experiments, re�notopic (polar angle 

and eccentricity) and field-sign maps were extracted following the procedure suggested by Sereno et al. (Sereno 

et al., 1995) using Freesurfer. For the spa�al localizer experiments, t-score maps were calculated by fi�ng the 

GLM with Freesurfer. Temporal signal-to-noise ra�o (tSNR) maps were also calculated for each monkey within 

each experiment by averaging the tSNR at each session using Freesurfer. Condi�on regressors were generated by 

convolving the predictors by a canonical gamma fit impulse response func�on (IRF) for the MION signal (Leite et 

al., 2002; Vanduffel et al., 2001). The four dummy scan images acquired at the start of each run were used to 

allow the scanner to reach equilibrium, but were not included in the GLM analysis. The mean fixa�on 

performance of the analyzed runs exceeded 94% of the run dura�on for every monkey, then no further regressors 

related to the fixa�on performance were used for the sta�s�cal analysis.  

Registration between EPI and structural images, and cortical surface projections. The results of the GLM analysis 

in the 3D volume were registered to the reference anatomical image via an intermediate 3D GRE image acquired 

in the same session as the func�onal images using Freesurfer (htp://surfer.nmr.mgh.harvard.edu) and JIP toolkit 

provided by Joseph Mandeville (htp://www.nitrc.org/projects/jip). A fieldmap-based EPI distor�on correc�on 

(Jezzard and Balaban, 1995) was performed using FSL (Jenkinson et al., 2012) for a beter alignment between 

func�onal and structural data. The results were then projected on cor�cal surfaces. In order to minimize 

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://www.nitrc.org/projects/jip
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contamina�on from cerebrospinal fluid, white mater and pial vein signals, and to reduce the cross-talk between 

superficial layers in the two banks of neighboring surfaces of the same sulcus (Glasser et al., 2013) ac�va�ons 

located between 20% and 80% of the cor�cal depth (between the grey-white mater boundary and pial surface) 

were sampled in steps of 10% and averaged to create the surface maps. No spa�al smoothing was applied on the 

volume data for the analysis, and only for visualiza�on purpose heat kernel smoothing [Full Width at Half 

Maximum (FWHM) = 4 mm] (Chung et al., 2008) was applied on surface data. 

 

3.7 Defini�on of Region Of Interest (ROI) 

Field sign maps and striatal cortical ROIs. Func�onal ROIs in the striate cortex were defined in each monkey’s 

na�ve space, separately for each hemisphere. Field sign maps (Sereno et al., 1995) extracted from re�notopy 

maps were used to iden�fy borders of the early visual cor�ces (V1, V2) in M1-M2. Field sign mapping allows to 

iden�fy reversals in the direc�on of polar angle mapping orthogonal to the one of eccentricity. By calcula�ng the 

local visual field sign (mirror image versus non-mirror image representa�on) it is possible to determine the 

borders of re�notopically organized visual areas such as V1 and V2. 

 Un-thresholded eccentricity and polar angle maps were used to generate field sign maps for each monkey, 

then a threshold mask (p = 0.0001) was applied. The resul�ng maps with different values of Full Width at Half 

POLAR ANGLE MAP FIELD SIGN MAP 

V1 
V2d 

V2v 

V1 

Figure 8. Re�notopy and func�onal ROIs on inflated surfaces and flat maps for the le� hemisphere of a 
representa�ve subject (M1). A-B. Polar angle (p < .0001; A) and field maps (p < .0001, FWHM = 8; B) of the le� 
hemisphere of M1. Black and grey lines represent ver�cal and horizontal meridians, respec�vely. The small polygon 
at the top of the polar angle map is a schema�c representa�on of the visual field showing the color code for the map 
and meridians. Red and blue colors in B represent the mirror image versus non-mirror image representa�on that is, 
the mirror-reversal of the re�notopic organiza�on of polar angles across meridians (A). C. Borders (in white) of area 
V1, dorsal V2 (V2d) and ventral V2 (V2v).  

D 

A 

A B C 
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Maximum (FWHM = 4 and 8) was used to draw V1-V2 labels (Figure 8). The func�onally iden�fied V1-V2 borders 

were located along the posterior lip of the lunate sulcus, in accordance with their reported anatomical loca�on. 

The resul�ng surface labels were converted in volumetric ROIs to be used in further sta�s�cal analysis. 

Cortical parcellation and ROIs. To parcellate M1-M2 cor�cal regions, we selected the MEBRAINS Monkey Brain 

Atlas (Balan et al., 2023; htps://www.ebrains.eu/tools/monkey-brain-atlas) and Cor�cal Hierarchy Atlas of the 

Rhesus Macaque (CHARM; Jung et al., 2021; Reveley et al., 2017; 

htps://afni.nimh.nih.gov/pub/dist/doc/htmldoc/nonhuman/macaque_tempatl/atlas_charm.html) which offer a 

comprehensive parcella�on of the macaque cerebral cortex, dividing it into discrete regions based on a 

combina�on of func�onal (MEBRAINS), and histological (CHARM) criteria. The MEBRAINS Monkey Brain Atlas is 

a comprehensive resource that provides in-depth insights into the anatomy, connec�vity, and func�ons of the 

macaque monkey brain. It includes detailed informa�on about the organiza�on of the monkey brain at mul�ple 

levels, ranging from the microscopic level to the macroscopic level of the en�re brain. It integrates 

complementary structure, func�on, and connec�vity, including cyto-, myelo- and receptor architecture and 

func�on (e.g. probabilis�c re�notopic maps). The mul�level macaque brain builds on the MEBRAINS Template, a 

nonlinear symmetric popula�on-based monkey template which reflects the macroanatomical scale as a unifying 

principle of organiza�on. The CHARM atlas is defined in the coordinates/space of the NMT v2 asymmetrical 

template, and parcellates the macaque cortex at different hierarchical, spa�al scales. The finest level is based on 

the D99 atlas, while the broadest level forms four cor�cal lobes. Between these levels, regions are progressively 

grouped to form increasingly large composite structures. This allowed to choose a wider scale of inves�ga�on for 

this study, dividing each lobe in 3-9 macro-areas based on anatomo-func�onal similari�es (e.g. superior parietal 

gyrus, inferior parietal gyrus, and intraparietal sulcus for the parietal lobe). 

Anatomical cor�cal ROIs were defined in each monkey’s na�ve space, separately for each hemisphere. 

Coregistra�on of the monkey brain with the atlases template (affine and nonlinear transforma�ons) and the 

subsequent applica�on of the atlas onto the monkey’s na�ve space were performed using ANTs 

(htps://github.com/ANTsX/ANTs). Based on atlas’ cor�cal labels, the cor�cal regions were further processed to 

generate ROIs within the whole brain. This step was carried out using FreeSurfer 

(htp://surfer.nmr.mgh.harvard.edu) and MATLAB (MATLAB and Sta�s�cs Toolbox Release 2012b, The 

MathWorks, Inc., Na�ck, Massachusets, United States). 

Subcortical segmentation and pulvino-tectal ROIs. For all monkeys (M1-M6), the superior colliculus (SC) and 

medio-lateral/inferior pulvinar (mlPul, iPul) have been manually segmented based on anatomical landmarks and 

https://www.ebrains.eu/tools/monkey-brain-atlas
https://afni.nimh.nih.gov/pub/dist/doc/htmldoc/nonhuman/
https://github.com/ANTsX/ANTs
http://surfer.nmr.mgh.harvard.edu/
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in accordance with different atlases to enhance the accuracy and consistency of ROI extrac�on. Specifically, we 

referred to the Paxinos Rhesus Monkey atlas (Paxinos et al., 2000), SARM atlas (Her�g et al., 2021), and the 

NeuroMaps macaque atlas (Dubach et al., 2009; Rohlfing et al., 2012; Bakker et al., 2015), which have been widely 

recognized and validated in the field of neuroanatomy. The extrac�on of subcor�cal ROIs was performed on the 

high-resolu�on anatomical (T1-w and T2-w) images (0.4mm isotropic voxel size) within each monkey’s na�ve 

space for each hemisphere, with reference to precise anatomical landmarks, namely 1) the habenula and 

brachium for the iden�fica�on of the SC rostral and lateral borders, respec�vely (Borra et al., 2014; May, 2006), 

and 2) the caudal side of the lateral geniculate nucleus for the iden�fica�on of the Pul rostral border.,  

 

3.8 Sta�s�cal analysis 

The ROIs which we defined above (see 3.7) were u�lized in several sta�s�cal analyses, including SNR assessment, 

volumetric analyses, and region-specific comparisons, performed using custom-made scripts in MATLAB (MATLAB 

and Sta�s�cs Toolbox Release 2012b, The MathWorks, Inc., Na�ck, Massachusets, United States) and R (R Core 

Team 2022,; R Founda�on for Sta�s�cal Compu�ng, Vienna, Austria htps://www.R-project.org/).  

Temporal SNR (tSNR) assessment. Since the subcor�cal structures are located deep in the brain (i.e., at a rela�vely 

large distance from the receive coils), we analyzed the temporal SNR (tSNR) to assess the quality of the signal. 

tSNR maps were extracted for each experiment using Freesurfer, with the following formula:  

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
 

where 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the regression coefficient of the regressor of all TRs (e.g., TR = 1 sec) and 𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the 

standard devia�on of residuals. A�er the full model is fit, the es�mated �me course is subtracted from the actual 

�me course to extract the residuals. Then, the resul�ng tSNR is similar to the one extracted with the classical 

formula (temporal mean signal of a voxel divided by its standard devia�on over �me), but calculated a�er 

removing task signal and nuisance regressors. tSNR levels were compared between hemispheres (i.e. le�/right 

SC), or across different parts of the same ROI (i.e. caudal vs rostral SC) using a two-sample t-test (for single 

comparisons, i.e., LH vs RH) and one-way ANOVA with Bonferroni correc�on (for mul�ple comparisons, i.e., LH 

rostral/caudal versus RH rostral/caudal).  

(1) 

https://www.r-project.org/
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Visual field mapping of the SC. Phase values extracted from the eccentricity maps were converted in visual 

degrees. The es�ma�on of the eccentricity values in visual degree was performed through linear interpola�on 

between the two known eccentricity values (in visual degree) associated to the first step (0.5° in wVF; 0.25° in 

sVF) and last step (40° in wVF; 12.5° in sVF) of the annulus progression, using as interpola�on points the phase 

values associated to each step (N step = 64, in wVF; N step = 32, in sVF).  

Functional differences between the left and right SC along the rostro-caudal axis. Number of voxels ac�vated by 

the re�notopic s�muli, median and interquar�le range (IQR) of polar angle or eccentricity phase values were 

extracted for each coronal slice along the rostro-caudal extent of the SC. The medians were used to indicate the 

(median) eccentricity/polar angle of the s�mulus evoking the largest response in all voxels of that slice, whereas 

the IQR as the range of eccentricity/polar angle of the s�mulus evoking the largest response in all voxels of that 

slice. To allow fair comparisons across monkeys with varying SC sizes, the total distance between the rostral and 

caudal pole of the SC was normalized by dividing it in percen�les. 

To evaluate interhemispheric differences between the re�notopic maps along the rostro-caudal axis of 

the SC, a Lateraliza�on Index (LI) was calculated for each coronal slice, separately for eccentricity (LIecc) and polar 

angle (LIpol) representa�ons (phase values; at a threshold, p < 0.0001). The following classic formula (Seghier, 

2008) was used: 

𝐿𝐿𝐿𝐿 =  𝑓𝑓 ⋅  
𝑁𝑁𝑋𝑋 −  𝑁𝑁𝑌𝑌
𝑁𝑁𝑋𝑋 +  𝑁𝑁𝑌𝑌

 

where 𝑋𝑋 and 𝑌𝑌 are le� (LH) and right (RH) hemispheres, respec�vely, and 𝑁𝑁 is the number of voxels significantly 

ac�vated by polar angle (LIpol) or eccentricity (LIecc) varying s�muli at each slice in each hemisphere. The factor 𝑓𝑓 

is a scaling factor that defines the range of LI values. Here, it’s held to 1 so that the LI can vary between -1 for a 

complete RH dominance to +1 for a complete LH dominance. LIs of |0.3| indicate that the contribu�on of one 

hemisphere is two �mes higher than the other; LIs of |0.5| indicate a threefold interhemispheric difference in 

spa�al representa�ons. Instead of using arbitrary thresholds, the LI threshold (𝐿𝐿𝐿𝐿𝑇𝑇𝑇𝑇) was calculated empirically 

(Seghier, 2008) using the averaged LI (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿) and its standard devia�on (𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿) from the distribu�on of LI values 

of all coronal slices of both eccentricity and polar angle maps, with the following approach:  

 𝐿𝐿𝐿𝐿𝑇𝑇𝑇𝑇  = �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿 − 𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿   𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿 > 0
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿 + 𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿   𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿 ≤ 0  (3) 

(2) 
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The distribu�on of LIs made of LI of each slice related to eccentricity (LIecc) and polar angle (LIpol) varying s�muli 

were grouped into a single distribu�on of LIs for the calcula�on of the 𝐿𝐿𝐿𝐿𝑇𝑇𝑇𝑇, in order to allow comparisons 

between indices related to the two different s�muli. The 𝐿𝐿𝐿𝐿𝑇𝑇𝑇𝑇 was calculated on this distribu�on using two 𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿, 

obtaining a quite conserva�ve value of |0.4|. Besides the amplitude of LIs in single slices, sta�s�cal tests were 

performed on the rostro-caudal distribu�ons of LIs to assess the hemispheric dominance at the level of the en�re 

SC. Since the data were not normally distributed (Shapiro-Wilk test), nonparametric Wilcoxon Tests were used 

for the sta�s�cal analysis of poten�al interhemispheric biases. 

 Then, the rostro-caudal progression of eccentricity representa�ons was analyzed, separately for the le� 

and right hemisphere, based on the median eccentricity of the s�mulus evoking the largest response in all voxels 

of single slices. Median, first and third quan�les of the distribu�on of eccentricity values of each coronal slice. 

were used to create the antero-posterior distribu�on of eccentricity representa�ons. The rela�onship between 

eccentricity representa�ons and their anatomical loca�on along the rostro-caudal axis was tested within each 

hemisphere by fi�ng a linear model with MATLAB on median eccentricity values for 20 equal par��ons along 

the caudo-rostral axis of the SC. 

These analyses (LI index and progression of eccentricity representa�ons along the caudo-rostral axis of 

the SC) were performed first at single-subject level, then on the group-averaged level (separately for the sVF and 

wVF experiment).  

Further sta�s�cal analyses were performed at single-subject level to evaluate the degree of 

interhemispheric bias for polar angle representa�ons along the rostro-caudal extent of the SC, in terms of 

interquan�le range (IQR) of polar angle (phase values) s�muli evoking the largest response in all voxels of single 

slices, using the nonparametric Wilcoxon test. 

On the group-averaged level, we calculated the number of voxels significantly ac�vated (p < 0.001) by the 

presenta�on of spa�ally-restricted s�muli (SL1-SL2) at each slice along the rostro-caudal axis of the SC, to iden�fy 

the sector of the SC which is op�mally ac�vated by spa�ally-restricted s�muli (SL1-SL2). T-scores maps (threshold 

p < .001) were calculated by contras�ng s�mulus versus rest. In the SL1, t-scores maps were calculated from 

either full-field or peripherally-restricted s�muli versus fixa�on. Given that we aimed to isolate only visually-

driven ac�vity in this test, in SL2 no dis�nc�on was made between different category types (faces, bodies, 

objects). Therefore, the s�mulus categories were grouped together and contrasted against fixa�on for the s�muli 

covering different por�ons of the visual field (i.e. central or peripheral). 
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Upper/lower, center/periphery, eccentricity/polar angle biases and whole-brain analysis. Quan�ta�ve analyses 

were performed at the group level in subcor�cal (i.e. pulvinar) and cor�cal (i.e. LIP, FEF, V1, V2) ROIs to es�mate 

asymmetries in the representa�ons of specific sectors of visual space (e.g. between central and more peripheral 

por�ons of the visual field, or between upper and lower hemifields). We calculated the degree of representa�onal 

bias, in the percent volume of the ROI (i.e., the frac�on of voxels in that ROI) ac�vated by s�muli presented 

centrally (0.5° - 10°), peripherally (10° - 40°) (for the wVF experiment), or in the upper and lower hemifield (for 

the wVF, sVF experiments). The cutoff of center-periphery asymmetry was arbitrary selected at 10°. The biases 

were first calculated within single monkeys, and then averaged at group level, separately for the wVF and sVF 

experiments. Different sta�s�cal thresholds (p < .01, p < .0001) were used for this analysis. An asymmetry index 

(AI) was calculated within each region, separately for polar angle (for the sVF and wVF experiments) and 

eccentricity representa�ons (wVF experiment). The same approach as in formula (2) was used, where 𝑋𝑋 and 𝑌𝑌 

were upper/center visual and lower/peripheral visual subfields, respec�vely, and 𝑁𝑁 was the number of voxels 

significantly ac�vated for 𝑋𝑋 and 𝑌𝑌 in each ROI in each hemisphere. The AI threshold (𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇) was calculated 

empirically, using the same formula as in (3), separately for the distribu�on of LIs related to upper/center visual 

field and the distribu�on of LIs related to lower/peripheral visual fields, since these two distribu�ons were 

reflec�ng independent measurements not directly comparable. The 𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇 was calculated at one 𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿, obtaining 

values of |0.2| (polar maps) and |0.3| (eccentricity maps).  

Finally, a whole-brain analysis was used to test in a large number of ROIs for the sensi�vity for either 

polar angle or eccentricity varying s�muli alone, or both. Based on the total number of voxels of each ROI, we 

first calculated the frac�on of voxels ac�vated (at a threshold, p < 0.0001) by both eccentricity and polar angle 

varying s�muli (referred to as ‘conjoined map’). Then, we calculated the frac�on of voxels ac�vated (p < 0.0001) 

by only eccentricity varying s�muli (referred to as ‘only ecc map’) by removing from the number of voxels 

ac�vated by eccentricity varying s�muli the number of voxels ac�vated by polar angle varying s�muli. We used 

the same approach, but reversed, for the calcula�on of the frac�on of voxels ac�vated (p < 0.0001) by only polar 

angle varying s�muli (referred to as ‘only pol map’). We either merged or kept the data from both hemispheres 

separated. Given the small sample size (a total of 6-12 hemispheres), a nonparametric bootstrap t-test with 

pooled resampling method (10000 permuta�ons; Dwivedi et al, 2017) was used for the sta�s�cal analysis. 

Bonferroni correc�on was applied to correct for mul�ple comparisons. To complement the analysis, a 

lateraliza�on index (LI) was calculated within each region, separately for the number of voxels of conjoined, only 

ecc and only pol maps. The 𝐿𝐿𝐿𝐿𝑇𝑇𝑇𝑇 was calculated on the distribu�on of LIs of all maps of all ROIs, at one 𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿, 

obtaining a value of |0.2|. 
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4 Results 

4.1 Wide-field and small-field re�notopic maps in the SC  

Figure 9. Re�notopic maps derived 
with wide-field (wVF; A) and small-
field (sVF; B) s�muli (threshold p < 
.0001) for individual slices along the 
caudo-rostral extent of the SC. A. wVF 
polar-angle (first column) and 
eccentricity (second column) maps are 
shown overlying coronal T1-weighted 
slices of the SC (subjects M1-M2). On 
the le�, the en�re anatomical (T1-
weighted) image of the first and last 
coronal slice covering the SC is shown. 
White boxes indicate the loca�on of 
the most caudal and rostral slices of the 
SC. The small polygons at the top of the 
maps are a schema�c representa�on of 
the visual field showing the color code 
of the polar angle and eccentricity 
maps, respec�vely. The posi�on of 
each coronal slice in mm rela�ve to the 
interaural line is shown at the upper-
le� corner; B. sVF polar-angle (first 
column) and eccentricity (second 
column) maps are shown overlying 
coronal T1-weighted slices of the SC 
(subjects M3-M6). Data from M4 and 
M6 were acquired at higher spa�al 
resolu�on (0.6mm isotropic voxel size) 
in respect to M1-M3 and M5 (1.25mm 
isotropic voxel size). Color code as in 
(A). 

A

B
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We obtained polar angle and eccentricity maps of the primate superior colliculus (SC) using phase-encoded 

re�notopic s�muli covering up to 40° (wVF) and 12.5° (sVF) degrees eccentricity. Previous re�notopic mapping 

experiments in our lab did not find consistent differences between maps derived using phase encoding 

re�notopic mapping s�muli with different textures (e.g. checkerboards with dynamic faces or bodies; Janssens 

et al., 2014). Therefore, we pooled data from the different experiments, independent of textures, to increase our  

sta�s�cal power. The combi  na�on of a high fixa�on performance (> 94% accuracy), the control of hand posi�ons, 

together with the use of contrast agents and biologically-relevant phase-encoding re�notopic mapping s�muli, 

allowed us to obtain high-quality subcor�cal re�notopic maps beyond what has been obtained thus far in the SC. 

Figure 9A shows re�notopic maps obtained with large s�muli covering 40° eccentricity (p < .0001) in M1 

and M2 (wVF) for individual slices along the en�re caudo-rostral extent of the SC. We obtained detailed polar 

angle and eccentricity maps in all monkeys (see Figure 9B). Polar angle maps revealed a clear contralateral 

representa�on of the visual field in the SC. The fovea was represented rostro-laterally, the periphery more 

caudally, and the upper and lower quadrants in the medial and lateral sectors of the SC, respec�vely. Smooth 

progression of eccentricity and polar angles values can be observed orthogonally along the rostro-caudal and 

medio-lateral axis, respec�vely.  

Re�notopic mapping experiments with smaller s�muli (12.5 deg eccentricity) in M3-M6 (sVF; p < .0001; 

Figure 9B) led to rela�vely smaller ac�va�on maps in the SC compared to the wVF experiment, a difference that 

was par�cularly evident in M5-M6 (see also Table 2). 

Table 2. Volume (number of voxels, resampled at 1mm isotropic) of anatomically defined SC ROIs and 

percentage of voxels ac�vated in the eccentricity (ecc) and polar angle (pol) mapping experiments (p<0.0001), 

per hemisphere. 

  
N voxels 

ROI volume 

% activated voxels   Average % activated voxels and 
standard deviation 

  ecc maps pol maps   ecc maps pol maps 
  LH RH LH RH LH RH   LH RH LH RH 

wVF 
M1 1875 1978 29,07 11,78 35,25 45,30  

wVF 
22,79 ± 

8,86 
12,27 ± 

0,7 
31,13 ± 

5,82 
35,41 ± 
13,97 M2 1410 1355 16,52 12,77 27,02 25,54  

sVF 

M3 1408 1430 44,18 29,86 33,45 43,57  

sVF 
17,83 ± 
19,25 

11,3 ± 
13,1 

16,37 ± 
14,24 

21,06 ± 
16,56 

M4 1186 1190 20,24 10,50 22,18 19,33  

M5 1092 1029 3,85 0,00 8,15 17,69  

M6 1520 1488 3,09 4,84 1,71 3,70  
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Interes�ngly, the sVF mapping experiment confirmed the lateromedial distribu�on of polar angles, but 

failed to provide a reliable and complete eccentricity map along the anterior-to-posterior extent of the SC in most 

monkeys (M4-M6). The representa�ons of small eccentrici�es were observed posteriorly (Figure 10A, sVF). More 

specifically, the group-averaged median eccentricity represented at 75% from the rostral pole was 3° (see Figure 

10A, LH sVF). In other words, s�muli of 3° eccentricity evoked responses covering almost 3/4 of the rostro-caudal 

axis. Reversely, in the wVF experiment, the same area of the SC was ac�vated by s�muli covering 7 �mes larger 

eccentrici�es (the group-averaged median eccentricity represented at 75% from the rostral pole was 20°, see 

Figure 10A, LH wVF), and almost half of the caudo-rostral extent of the SC was ac�vated by s�muli covering up 

to 10° eccentricity (see Figure 10A, LH wVF). 

 

4.2 Interhemispheric asymmetry within the rostral SC 

4.2.1 Interhemispheric asymmetry for eccentricity but not polar angle in rostral SC 

We obtained clear and bilateral polar angle maps in all six 

monkeys (in the wVF and sVF experiments; see Figure 9). The 

range (interquar�le range; IQR) of polar angle (phase) values 

was calculated in each coronal slice along the rostro-caudal 

axis, separately for hemispheres in each monkey. We 

compared the distribu�on of IQRs in the le� (LH) and right 

(RH) hemispheres, separately for each monkey, and we found 

no significant difference for all monkeys (Wilcoxon test, Table 

3).  

Although the polar angle maps do not differ between hemispheres of all monkeys, an interes�ng 

interhemispheric asymmetry can be observed in the eccentricity maps of all monkeys, regardless the size of the 

s�muli used (i.e., in the wVF and sVF experiments). The asymmetrical effect was related to (1) the anatomical 

distribu�on of responses to eccentricity-varying s�muli and (2) the degree of the anterior-to-posterior 

progression of representa�ons of gradually larger eccentrici�es.  

 Table 3. Wilcoxon Rank Sum tests on 

interhemispheric difference in IQRs of polar angles 

(phase) values. 

Rank sum p 

wVF 
M1 301 0,1689 
M2 198 0,8343 

sVF 

M3 291,5 0,3073 
M4 214 0,6111 
M5 206 0,9057 
M6 307 0,0824 
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Firstly, only the le� SC responded to eccentricity-varying s�muli along the en�re anterior-to-posterior 

extent of the SC, whereas ac�vity in the right SC, induced by the same s�muli, was limited to its caudal and middle 

sectors (Figure 9). This emerged at the popula�on level in both the sVF and wVF experiments. For each coronal 

slice along the rostro-caudal axis, the number of voxels ac�vated by eccentricity- and polar angle-varying s�muli 

in LH and RH and the rela�ve lateraliza�on index (LI) were calculated for each monkey and then merged between 

monkeys of the wVF (M1-M2) and sVF (M-M6) experiments. The distribu�on of number of voxels ac�vated across 

slices by eccentricity-varying s�muli differed significantly between LH and RH ROIs in both the wVF and sVF 

experiments (Wilcoxon test, p(wVF) = 0.019, p(sVF) = 0.011) (Figure 10B). The lateraliza�on index (LI) calculated 

along the rostro-caudal axis (Figure 10B) suggests that the eccentricity-varying s�muli ac�vate dis�nct regions 

mainly in the le� SC, resul�ng in a strongly le�ward lateraliza�on (LIecc > 0.5) for eccentricity varying s�muli, 

Figure 10. Le�-right SC asymmetries observed during the wVF (upper row) and sVF (lower row) experiments along 
the caudo-rostral axis of the SC (expressed in percen�les of the SC across monkeys). A. Schema�c reconstruc�on of 
the topographic representa�on of eccentrici�es in the le� and right hemispheres. Radial lines from the rostral pole 
indicate group-averaged median eccentrici�es represented at that loca�on. Representa�ve eccentrici�es are shown for 
the LH. Given the limited range of eccentrici�es within the right SC, the rostral-most and caudal-most median 
eccentricity representa�ons are only shown for the RH. White areas indicate non-responsive regions across all monkeys. 
Color code as in Figure R1; B Group-average lateraliza�on index (LI) of eccentricity (light gray) and polar angles (dark 
gray) maps (p < .0001). Shadowed areas indicate standard error (SEM) across monkeys. Dashed lines indicate the 
calculated LI threshold at 2 standard devia�ons. Sta�s�cal tests were performed on the en�re extent of the ROIs: 
Wilcoxon test; *** p ≤ .001, ** p ≤ .01, * p ≤ .05; C. Median eccentricity representa�ons and rela�ve IQR (shadowed 
area) extracted from single coronal slices along the caudo-rostral axis and expressed in percen�les for the LH (doted 
line) and RH (straight line), separately for each monkey (colors from red to purple); D. Fited linear model on the median 
eccentricity representa�on for single monkeys (colors) or for the average data (black). Conven�ons as in C. 

A B C D 
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which is most pronounced in the rostral sector of the SC (Figure 10B). The right SC, on the other hand, showed 

an higher number of voxels ac�vated by polar-angle varying s�muli compared to the LH, especially when a small 

s�mulus (sVF experiment) was used (Wilcoxon test, p(wVF) = 0.053, p(sVF) = 0.002) with small LIs (LIpol< 0.4) for 

these s�muli along the en�re rostro-caudal axis of the SC.  

Secondly, eccentricity representa�ons in 

the right SC were substan�ally different 

compared to the le� SC. Both in the wVF and sVF 

experiments, a clear varia�on in eccentricity 

representa�on was virtually absent along the 

en�re rostro-caudal axis of the right SC. Figure 

10A-C shows how the eccentricity 

representa�ons observed during the wVF and 

sVF experiments changed along the caudo-

rostral axis (expressed in terms of percen�le of 

the SC volume star�ng at the caudal pole). The 

rela�onship between eccentricity 

representa�ons and their anatomical loca�on 

along the rostro-caudal axis was tested within 

each hemisphere by fi�ng a linear model on 

median eccentricity values for 20 equal 

par��ons along the caudo-rostral axis of the SC. 

By fi�ng a linear model, eccentricity values 

decrease as a func�on of the anatomical posi�on 

of the slices along the caudo-rostral axis of the 

le� SC (p < .001; slope (phase) = -0.045, R2adj = 

.84 in wVF; slope (phase) = 0.023, R2adj = .94 in 

sVF). This was not the case for the right SC, which 

instead shows a surprisingly similar eccentricity 

representa�on along its caudo-rostral axis (p = 

.05, slope(phase) = -0.005, R2adj = .35 in wVF; p 

= .5, slope(phase) = 0.001, R2adj = -0.16 in sVF).  

Figure 11. Rostro-caudal SC eccentricity maps with lower 
significance threshold and temporal signal-to-noise ra�o (tSNR). A. 
Eccentricity maps extracted from phase maps with a threshold of p < 
.01, superimposed on tSNR maps. The color bar on the le� of M1 is 
the color code for tSNR maps, which are semitransparent in the tSNR 
map to be dis�nguished by the color code of the superimposed 
eccentricity maps; black in the tSNR color bar is fully transparent in 
the tSNR map. B. Eccentricity values (x axis and color bar) against the 
quality of the signal (tSNR; y axis and transparency) for each voxel of 
LH (on the le�) and RH (on the right) in both monkeys. C. tSNR within 
caudal/rostral and le�/right SC. Across hemispheres, tSNR differs 
sta�s�cally in M1 (p<0.001 caudally, p=0.003 rostrally) but not in M2 
(p=1 caudally, p=0.05 rostrally; ANOVA one-way unbalanced with 
Bonferroni correc�on). 
 

tSNR  
20 

10 

0 
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The LH/RH bias in eccentricity representa�ons remained visible, even a�er lowering the sta�s�cal 

thresholds to p < .01. In this case, the most rostral pole of the SC in the right hemisphere was s�ll unresponsive 

for the eccentricity-varying s�muli of the wVF experiment (Figure 11A). The right SC mostly represented 

eccentrici�es larger than 10° in the wVF experiment (Figure 11B). 

Moreover, the lack of responses to eccentricity-varying s�muli in the right rostral SC is likely not 

accounted for by differences in temporal signal-to-noise (tSNR). By restric�ng the SC ROIs to only coronal slices 

with ac�ve voxels in at least one hemisphere and then dissec�ng them into equal rostral and caudal volumes, we 

found heterogeneous tSNR levels that cannot explain the systema�c lack of eccentricity representa�ons found in 

the rostral right SC. tSNR differed sta�s�cally between hemispheres in M1, but both caudally (p < 0.001; ANOVA 

one-way unbalanced with Bonferroni correc�on) and rostrally (p = 0.003). Moreover, this was not the case in M2 

(p = 1 caudally; p = 0.05 rostrally) (Figure 11C).  

 

4.2.2 Interhemispheric asymmetry for central but not wide-field s�mula�on in rostral SC 

Interes�ngly, we found a similar interhemispheric asymmetry in the rostral SC in an independent experiment 

during which we presented spa�ally-restricted s�muli (SL1-SL2; Figure 12). When a large visual s�mulus covering 

40° eccentricity of the visual field was presented to the monkeys, the evoked ac�vity was strong along the en�re 

caudo-rostral axis of both the le� and right SC. Conversely, when the s�mulus was limited to the central 9°of the 

visual field, the rostral-most (25%) sector of the right SC became unresponsive. Using median and IQR eccentricity 

values of each percen�le of the rostro-caudal axis (in step of 5%) in the le� SC as a puta�ve reference for the right 

SC (Figure 12B), it appears that the response to central s�muli in the right SC was not excluding the region 

responsive for puta�ve eccentrici�es up to 6°±1°. Mimicking our findings with the small visual field eccentricity 

s�muli, the central sector of the SC in both hemispheres, became more responsive using small s�muli of the 

second experiment. The small s�muli ac�vated regions typically represen�ng s�muli covering 20°±5° eccentricity, 

evoking responses for about three quarters of the en�re extent of the SC (Figure 12B, middle panel). A similar 

effect was observed in the right SC when we presented s�muli more peripherally (e.g. SL2, s�mulus covering 8°-

26° eccentricity; Figure 12, right panel), with evoked responses engaging the en�re SC, except for the rostral-

most sector.  
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4.3 Visual field maps and representa�onal biases within the oculomotor/aten�onal system  

We calculated the average percentage of voxels ac�vated by parafoveal and mid-eccentric (0.5° - 10°) or 

peripheral (10° - 40°) s�mula�on (obtained in the wVF experiment) and the average percentage of voxels 

ac�vated by s�muli restricted to the upper/lower VF (from both the wVF and sVF experiments). The number of 

ac�vated voxels were derived from the respec�ve eccentricity and polar angle maps, thresholded at different 

levels (p < 0.0001 and p < 0.01). The aim was to compare the representa�ons of different sectors of the visual 

field using differently sized visual s�muli (wVF, sVF) not only within the SC, but also in a number of cor�cal and 

subcor�cal regions of the oculomotor/aten�onal system.  

Specifically, we included in our analysis the pulvinar, the primary visual cortex (V1) in the occipital lobe, 

frontal area FEF, and parietal area LIP. In Figure 13 the representa�on of the visual field in each of these areas 

and the distribu�on of voxels responding to different polar angles and eccentrici�es are reported for the wVF 

A 

B 

SL1 SL2 SL1 SL2 

Figure 12. Le�-right asymmetry for central but not wide-field s�mula�on in the rostral sectors of the SC. A. 
number of voxels ac�vated (p<0.001) for wide field (SL1; yellow), central (SL2, blue) and peripheral (SL1, purple; 
SL2, red) visual s�muli along the caudo-rostral axis of the le� and right SC (expressed in percen�le of the extent of 
the SC across monkeys M1 and M2). B. Schema�c representa�on of the le� and right SC with the ac�vated sectors 
by a wide-field, central and peripheral s�mulus based on the puta�ve re�notopic organiza�on of the SC (dashed 
lines) and actual ac�vated regions (solid colors). The es�ma�on of the caudo-rostral posi�on for the eccentricity 
values (median and IQR) is extracted from the eccentricity map of the le� hemisphere as measured during the 
wVF experiment (averaged between M1 and M2). Central s�mulus: 0° - 9°, LH = 0° - ~20°±5°, RH = ~6°±1°-~20°±5°; 
Peripheral s�mulus SL2: 8° - 26°, LH = ~6°±1°-~20°±5°, RH = ~6°±1°-~24°±7°. C, caudal; R, rostral. 
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experiment at the highest threshold of p < 0.0001. None of these regions showed an interhemispheric asymmetry 

for eccentricity representa�ons as observed in the SC. Then, we grouped data from LH and RH for further analysis. 

POLAR ANGLE MAP ECCENTRICITY 
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Figure 13. Eccentricity and polar angle maps within the aten�onal/oculomotor system and V1-V2. A. Eccentricity and 
polar angle maps (p < .00001) on inflated surfaces and flat maps for a representa�ve subject (M1) within the le� (LH) 
and right (RH) hemispheres. The small polygons at the top are schema�c representa�ons of the visual field showing the 
color code for the re�notopic maps. B. Visual field coverage (p < .0001) within SC, pulvinar, parieto-frontal (lateral 
intraparietal area, LIP; frontal eye fields, FEF) and areas V1-V2. Cor�cal ROIs are shown on inflated surface of a 
representa�ve subject (M1). Data are shown for LH (cyan) and RH (orange), separately. In the ‘visual field mapped’ plot 
(on the le� of each area), single dots represent single voxels; eccentricity and poral angle values of each voxel are used 
as rho and theta coordinates of the polar scatter plot. The ‘polar angle’ plot (on the right of each area) represents the 
probability density func�on of polar angle representa�ons. The ‘eccentricity’ plot (at the botom of each area) 
represents the distribu�on of eccentricity representa�ons. uVM, upper ver�cal meridian; lHM, le� horizontal meridian; 
lVM, lower ver�cal meridian; rHM, right horizontal meridian. CaS, calcarine sulcus; LU, lunate sulcus; IOS, inferior 
occipital sulcus; POS, parieto-occipital sulcus; STS, superior temporal sulcus; IPS, intraparietal sulcus; LS, lateral sulcus; 
CS, central sulcus; CIS, cingulate sulcus; AS, arcuate sulcus; PS, principal sulcus; THA, thalamus; SC, superior colliculus; 
FEF, frontal eye field; LIP, lateral intraparietal area; V1, primary visual area; V2, secondary visual area. 
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Table 4 shows the frac�on of voxels in each of the ROIs ac�vated by the s�muli restricted to either the 

central (C; 0.5° - 10° eccentricity) or peripheral (P; 10°-40° eccentricity), and the upper (U) and lower (L) parts of 

the visual field during the wVF and sVF experiments. The cutoff for a center-periphery asymmetry was arbitrarily 

selected at 10°. Thus, the center-periphery asymmetry is a rela�ve measurement that only allows comparisons 

between areas. Data are shown for different sta�s�cal threshold (p < .01, p < .0001). Three Asymmetry Indices 

(AI) were calculated for each area (wVF C/P AI, wVF U/L AI and sVF U/L AI). AIs and calculated thresholds (|0.3| 

for C/P asymmetry, and |0.2| for U/L asymmetry; see 3.8 in Materials and Methods) are shown in Figure 14. AIs 

of V1 and V2 were all sub-threshold (i.e. C/P AIs < |0.3|, U/L AI < |0.2|). In area V1, which is known for its 

magnified representa�on of the center of the visual field, half of its eccentricity map represented the central and 

mid-eccentric s�muli (0.5° - 10°), and half the peripheral s�muli (10° - 40°). The overall representa�on of polar 

angles was perfectly divided between upper and lower VFs, independently from the threshold applied (p < .01, p 

< .0001) or the size of the s�mulus used (in the wVF and sVF experiments).  

 

Table 4. Averaged percent of voxels ac�vated by eccentricity and polar angle varying s�muli restricted to 

parafoveal and mid-eccentricity (0.5° - 10°), peripheral (10° - 40°) (wVF) and upper/lower parts of the visual 

field (wVF and sVF). Data are derived from the respec�ve re�notopic maps with high (p < .0001) or low (p < .01) 

threshold. 
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Each region besides area V1-V2 showed a bias 

for the upper or lower visual field (i.e., at least one of 

U/L AIs is greater than |02|). Interes�ngly, for regions 

showing larger or smaller magnifica�on factors 

compared to V1, the upper/lower bias appeared to be 

dependent on the s�mulus size used (covering only 

the parafoveal and mid-eccentricity regions of the 

visual field (in the sVF experiment), or peripheral 

s�muli (in the wVF experiment). Using re�notopic 

maps at different thresholds (p < .01, p < .0001) to extract the frac�on of ac�vated voxels did not affect the 

observed biases.  

Interes�ngly, the SC and pulvinar showed opposite upper versus lower and central versus peripheral 

asymmetries. In the SC, s�muli covering the peripheral VF occupied most of the voxels ac�vated by eccentricity-

varying s�muli (72 - 81%) compared to s�muli covering parafoveal and mid-eccentric por�ons of the visual field 

(19 - 28%). Moreover, during the wVF experiment, 63% of all voxels ac�vated by the polar angle s�muli were 

ac�vated by the contralateral upper VF s�muli, and only 37% by the contralateral lower VF wedges. These 

numbers are threshold dependent. However, when the threshold was lowered to p < .01, the upper VF bias was 

maintained (67% upper VF, 33% lower VF). Interes�ngly, the upper-lower VF bias was not obvious in the 

experiment with the small s�muli (sVF). The pulvinar, instead, had a bias for para-foveal and mid-eccentricity 

s�muli as 50-55% of all voxels ac�vated by eccentricity-varying s�muli were ac�vated by such s�muli. Moreover, 

it showed a bias for the lower visual field both for large (wVF) and small (sWF) s�muli (33 - 42% and 58 - 67% of 

all voxels ac�vated by polar angle varying s�muli were ac�vated by upper and lower VF s�muli, respec�vely). 

Within the cor�cal areas of the aten�onal/oculomotor system, the FEF showed a peripheral field bias as 

77% of its voxels was ac�vated by large peripheral s�muli. Moreover, an upper visual field was observed with 

large s�muli (62 - 63% and 47 - 50% of its voxels represented the upper visual field with large s�muli in the wVF 

experiment and small s�muli in the sVF experiment, respec�vely). Area LIP, on the other hand, had a central field 

bias (66% of its voxels ac�vated by eccentricity-varying was actually ac�vated by the parafoveal and mid-

eccentricity s�muli). Moreover, there was a mild upper field bias for small s�muli (52 - 53%, and 62% of all voxels 

ac�vated by polar angle varying s�muli were ac�vated by upper field s�muli in the wVF and sVF experiments, 

respec�vely).  

Figure 14. Asymmetry Index (AI) for upper/lower (on the le�) 
and center/periphery (on the right). AIs for SC, Pulvinar, FEF, 
LIP, V1 and V2 are shown in different colors. Filled and open 
circles refer to data obtained in the wVF and sVF experiments, 
respec�vely. Dashed lines indicate the calculated AI threshold 
at one standard devia�on. 



46 
 

4.4 Whole-brain interhemispheric asymmetries of eccentricity and polar angle representa�ons 

Interhemispheric asymmetries for eccentricity representa�ons appear to be confined to the SC (see Figure 13). 

Moreover, our detailed func�onal analysis of eccentricity and polar angle representa�ons along the rostro-caudal 

axis of the SC revealed well-organized eccentricity and polar angle maps, mainly restricted to the le� and right 

colliculi, respec�vely (see Figure 10). 

To test whether other areas show interhemispheric biases for eccentricity and polar angle representa�ons, we 

extended the analyses of interhemispheric asymmetries for these s�muli to the en�re brain. Within cor�cal 

(occipital, parietal, temporal and frontal areas) and subcor�cal (SC and pulvinar) regions, we first quan�fied the 

percentage of voxels responsive to both eccentricity and polar angle s�muli (Figures 15A-16A, conjoined maps). 

This reflects the frac�on of voxels in each of these areas that are sensi�ve for both varia�ons in eccentricity and 

polar angle varying s�muli. We also calculated the number of voxels whose responses were sensi�ve only for 

either eccentricity or polar angle varying s�muli. We considered these quan�ta�ve measurements as a degree of 

sensi�vity for eccentricity and polar angle varying s�muli, respec�vely. Finally, we performed the same analysis 

separately in each hemisphere to calculate puta�ve interhemispheric biases for these measures. 

Within the anatomically-defined SC and pulvinar ROIs, the overall volume (i.e. frac�on of voxels) ac�vated by 

re�notopic s�muli (only eccentricity, only polar angle and both conjoined) was less than 50% of the overall ROI. 

Within the SC, the volume ac�vated by only eccentricity was significantly smaller than the volume ac�vated by 

both s�muli (p(ecc-conj) = 0.014; p(pol-conj) = 1; nonparametric bootstrap t-test with pooled resampling method, 

10000 permuta�ons, with Bonferroni correc�on; Figure 15A). Similarly, the pulvinar showed a lower sensi�vity 

for eccentricity compared to polar angle-varying s�muli (p(ecc-conj) = 0.04; p(ecc-conj) = 0.06; p(pol-conj) = 0.41). 

The results on the LIs confirmed our previous finding of asymmetric re�notopic organiza�on of the SC (Figure 

15B). The frac�on of voxels ac�vated by both s�muli (conjoined) was biased towards the LH (LI(conj) = 0.29, 

p(conjLH-RH) = 0.04; nonparametric bootstrap t-test with pooled resampling method, 10000 permuta�ons). The 

frac�on of voxels ac�vated by eccentricity-varying s�muli alone tended to be larger in the le� hemisphere (LI(ecc) 

= 0.44), yet this did not reach sta�s�cal significance (p(eccLH-RH) = 0.06). The polar angle varying s�muli, on the 

other hand, ac�vated a larger frac�on of SC voxels in the right hemisphere (LI(pol) = -0.49, p(polLH-RH) = 0.045). A 

similar trend can be no�ced in the pulvinar (Figure 15B), with posi�ve LI indices (LI(ecc) = 0.46; LI(pol) = 0.26; 

LI(conj) = 0.41) but whereby the interhemispheric differences in the frac�on of voxels ac�vated by these different 

s�muli are not pronounced enough to reach sta�s�cal significance (p(eccLH-RH) = 0.1; p(polLH-RH) = 0.26; p(conjLH-

RH) = 0.21). Moreover, the overall volume ac�vated by only eccentricity was significantly smaller than the volume 
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ac�vated by both s�muli (p(ecc-conj) = 0.014; p(pol-conj) = 1). Similarly, the pulvinar showed a lower sensi�vity 

for eccentricity compared to polar angle-varying s�muli (p(ecc-conj) = 0.04; p(ecc-conj) = 0.06; p(pol-conj) = 0.41).  

 

Cor�cally (Figure 16A), we found the highest frac�on of voxels that are sensi�ve to the eccentricity and polar 

angle varying s�muli in occipital cortex (> 60%; striate cortex, V1; extrastriate cortex, V2-V4) and, as expected the 

lowest (< 5%) in auditory (core/belt), primary somato-motor (SI/SII, MI) and medial cortex (posterior medial 

cortex, pmC; medial temporal cortex, mTC; insula, anterior cingulate cortex, ACC, medial premotor cortex, PMm). 

Also as expected, we found a decreasing frac�on of voxels sensi�ve to the eccentricity and polar angle varying 

s�muli along a posterior-to-anterior (TEO, TEp, TEa, TP) and ventral-to-dorsal (vmSTS, STG/dSTS) axis in temporal 

cortex. Similar trends were also evident in the parietal cortex (see Figure 16A), with the highest frac�on of voxels 

sensi�ve to the eccentricity and polar angle varying s�muli in the intraparietal sulcus (IPS; and lower frac�ons in 

the inferior parietal lobule, IPL; superior parietal lobule, SPL; primary and secondary somatosensory areas, SI/SII). 

In prefrontal cortex the highest frac�on of voxels sensi�vity for the re�notopic s�muli were found in the arcuate 

region (arc; area 8A, 8B, 45), which decreased towards the lateral prefrontal (lPFC) and orbitofrontal cortex (OFC). 

Within the premotor cortex, the highest frac�on of voxels sensi�vity for the re�notopic s�muli were found 

ventrally (PMv), and this frac�on decreased within dorsal (PMd) and medial cortex (PMm).  

A B 

Figure 15. A. Mean frac�on of voxels ac�vated (%) in all monkeys (wVF and sVF experiments) by only eccentricity (light 
gray) or polar angle s�muli (dark gray) or both s�muli (white) in SC (red) and Pulvinar (Pul; orange). Error bars indicate 
SEM. The data of individual hemispheres are shown by the single dots. Nonparametric bootstrap t-test with pooled 
resampling method (10000 permuta�ons) with Bonferroni correc�on; *** p ≤ .001, ** p ≤ .01, * p ≤ .05; B. Lateraliza�on 
Index (LI; big dots) based on the frac�on of voxels ac�vated by only eccentricity, only polar or both types of s�muli within 
LH and RH. The LIs of individual monkeys are shown by the dots. Dashed lines indicate the calculated AI threshold at one 
standard devia�on. Sta�s�cal tests as in (A) on the difference in voxels ac�vated in the LH and RH. Asterisks on the le� 
and on the right indicate sta�s�cal significance for LH > RH and RH> LH, respec�vely. Nonparametric bootstrap t-test 
with pooled resampling method (10000 permuta�ons). 
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 A B 

Figure 16. Mean volume ac�vated (%; A) and LI (B) in all monkeys (wVF, sVF) for voxels ac�vated  only by eccentricity (light 
gray), only polar (dark gray) or both s�muli conjoined (white) in occipital cortex (blue), infero-posterior temporal (dark green) 
and medio-superior temporal cortex (light green), mesial cor�ces (yellow), parietal cortex (orange), motor cortex (red), 
prefrontal cortex (purple). Nomenclature and sta�s�cal analysis as in Figure R8. C. Grouped cor�cal ROIs (occipital, infero-
posterior temporal, medio-superior temporal, mesial, parietal, motor, prefrontal cortex) represented on flat map and inflated 
surface for a representa�ve subject (M2) within the le� (LH) hemispheres. Color code as in A-B. 

C 
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None of these cor�cal areas listed above showed a sta�s�cally significant interhemispheric difference in their 

sensi�  vity for both eccentricity and polar angle varying s�muli (Figure 16B, conjoined; p > 0.05).  

In most cor�cal areas that are sensi�ve for both polar angle and eccentricity-varying s�muli, there is no 

difference in the frac�on of voxels ac�vated by these s�mulus types separately (p(ecc-pol) > 0.05; nonparametric 

bootstrap t-test with pooled resampling method, 10000 permuta�ons, with Bonferroni correc�on; see Figure 

16A). Moreover, the frac�ons of voxels ac�vated either by the polar angle or the eccentricity s�muli only is 

smaller than the frac�on of voxels that are sensi�ve for both s�mulus types conjoined (p(ecc/pol-conj) < 0.01). 

This is the case for occipital cortex (blue), posterior occipito-temporal regions (MT/MST/FST, TEO, TEp, vmSTS; 

green) and parietal IPS (orange), but not for the prefrontal cortex (arcuate region and lPFC; purple) in which more 

voxels are ac�vated by the eccentricity than polar angle s�muli (p(arc)(ecc-pol) = 0.01; p(lPFC)(ecc-pol) = 0.03). 

Here, the frac�on of voxels sensi�ve for eccentricity varying s�muli only is equal to the number of voxels sensi�ve 

for both types of re�notopic s�muli conjoined (p(arc)(ecc-conj) = 0.37; p(lPFC)(ecc-conj) = 0.36).  

Surprisingly, posterior temporal and parietal areas showed a similar interhemispheric bias as the SC (Figure 

16B), that is, a le�ward bias for voxels sensi�ve for eccentricity varying s�muli in the MT/MST/FST complex 

(LI(ecc) = 0.3, p(eccLH-RH) = 0.03), IPS (LI(ecc) = 0.26, p(eccLH-RH) = 0.02), IPL (LI(ecc) = 0.26, p(eccLH-RH) = 0.01) and a 

right hemisphere bias in the number of voxels ac�vated by polar angle varying s�muli in the parietal IPS (LI(pol) 

= -0.28, p(polLH-RH) = 0.02) and IPL (LI(pol) = -0.11, p(polLH-RH) = 0.03). Small interhemispheric biases for polar angle 

varying s�muli were also found for le� V1 (LI(pol) = 0.16, p(polLH-RH) = 0.043) and lPFC (LI(pol) = 0.22, p(polLH-RH) = 

0.03). 

 

5 Discussion 

The superior colliculus (SC) is a deep and hence challenging brain structure to inves�gate with fMRI due to its 

rela�vely large distance from the receive coils and hence the usually poor SNR. Here, leveraging highly trained 

monkeys that achieved op�mal fixa�on performance (exceeding 94% accuracy), hand posi�on control, and the 

use of contrast agents, we achieved high-quality subcor�cal fMRI maps of the SC. The use of biologically-relevant 

s�muli, such as phase-encoding re�notopic mapping and single-category s�muli, further enhanced the quality of 

our results. 
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Three observa�ons mo�vate this study. First, the re�notopic organiza�on of the primate SC has been inves�gated 

with electrophysiology in macaques and fMRI in humans, leaving a knowledge gap due to the use of different 

animal models and different techniques. Second, the representa�on of the central visual field (smaller than 10° 

eccentricity) has been recently challenged with electrophysiology (Chen et al., 2019; Dilbeck et al., 2022) and the 

extrac�on of eccentricity maps with central, rela�vely small s�muli (up to 15° eccentricity; Schneider and Kastner, 

2005) have been nontrivial with fMRI. Third, the classical model of the polar angle topography assumes a 

geometric representa�on of the visual field (Robinson, 1972; Otes et al., 1986) and a symmetrical representa�on 

of the upper and lower visual fields. A recent model instead suggested a magnifica�on of the area represen�ng 

the upper visual field, which would align space encoding in the macaque SC with its func�onal role in visual 

explora�on (Hafed et al., 2016; de Malmazet and Tripodi, 2023). 

 

5.1 Re�notopic maps of the primate SC and widespread ac�va�ons for small foveal s�muli  

Wide-field retinotopic maps of the macaque SC and macular magnification. Here, we report the first wide-field 

re�notopic maps of the macaque SC using fMRI (40° eccentricity; wVF; Figure 9). The polar angle and eccentricity 

maps revealed several features that are consistent with previously reported fMRI maps in humans, and 

electrophysiological findings in monkeys.  

First, contralateral upper and lower quadrants are represented on the medial and lateral parts of the SC, 

respec�vely. Second, the central region of the visual field is represented rostro-laterally and the periphery 

caudally. The central 10° of visual field is known to be overrepresented in the SC, varying between ~35% and 

~55% of its surface (Cynader and Berman 1972; Chen et al., 2019; Dilbeck et al., 2022), although less pronounced 

compared to other structures, such as in the lateral geniculate nucleus (73% of the total volume; Schneider et al. 

2004). In the wVF fMRI experiment, we confirmed this overrepresenta�on of the central 10° in the primate SC, 

covering almost half of its rostral-most volume (see LH wVF in Figure 10A) which is in line with recent 

electrophysiological inves�ga�ons (Chen et al., 2019). 

 

SC eccentricity maps depend on the extent of the visual field being stimulated. Here, we also report re�notopic 

maps based on smaller s�muli with size of maximum 12.5° eccentricity (sVF experiment; Figure 9), which are 

similar in size to those commonly used in human re�notopic mapping studies of the SC. As expected, smaller 

re�notopic s�muli ac�vated less voxels in the SC, as also observed in visual cortex (Fize et al., 2003; Vanduffel et 

al., 2002; Janssens et al., 2014; Kolster et al., 2014; Zhu and Vanduffel 2019). In the sVF experiment, we 



51 
 

reproduced similar polar angle maps as extracted in the wVF experiment. Reversely, we complete anterior-to-

posterior eccentricity maps only in the monkeys (M1-M2) which were tested with large re�notopic s�muli, 

covering by defini�on a wider por�on of the peripheral visual field (wVF experiment), and in only one monkey 

(M3) in which we tested smaller s�muli (12.5° eccentricity) in the sVF experiment. Moreover, tes�ng the 

eccentricity preference along the rostro-caudal extent of the SC using small s�muli (sVF experiment) led in all 

monkeys (M3-M6) to rela�vely widespread ac�va�ons with respect to s�muli with the same eccentricity but 

presented in the wVF experiment. S�muli of the sVF experiment of less than 4° ac�vated voxels located across 

more than 2/3 of the rostro-caudal extent of the SC. This is in line with previous human re�notopic mapping 

studies of the SC in which a similar paradigm and s�muli were used (maximum s�mulus size: 15° eccentricity, 

Schneider and Kastner, 2005; 13° eccentricity, DeSimone et al., 2015; 8° eccentricity, Benson et al., 2018). The 

former study revealed polar maps but failed to obtain complete and systema�c anterior-to-posterior eccentricity 

maps in most subjects. In fact, most of the SC ac�vity in all these human fMRI studies was evoked by s�muli 

restricted to foveal eccentrici�es.  

The dependency on the extent of the s�mulated visual field in fMRI-based mapping procedures has recently 

been shown at the level of the visual cortex (V1-V3; Prabhakaran et al, 2020). Specifically, reduced peripheral 

s�mula�on (by using s�muli of radius 14°, 7° or 4°) led to a propor�onal shi� in foveal popula�on recep�ve fields 

(pRFs) and an overall enlargement of pRFs size - likely due to reduced surround suppression in small versus large 

s�muli. Here we observed that more voxels are ac�vated by small eccentricity s�muli (e.g. 3°) if the peripheral 

s�mula�on is reduced (in the sVF versus wVF experiment; see Figure 10A). Although we did not directly compare 

fMRI-based pRFs sizes between the sWF and wVF experiments, the strong ac�vity for small (sWF) s�muli in 

posterior SC may reflect reduced surround inhibi�on, or changes in the underling pRFs size induced by the 

absence of peripheral s�mula�on. 

Representation of the central visual field: surround and fixation-related modulations. The fMRI responses to 

spa�ally-restricted s�muli in two independent passive-viewing experiment (SL1-2; Figure 12) largely confirmed 

the antero-posterior topographic organiza�on we obtained with the phase-encoding re�notopic mapping. These 

studies also reproduced the strong ac�va�on for small s�muli in posterior SC. Central and rela�vely small s�muli 

(covering 9° eccentricity; in the SL2 experiment) evoked widespread ac�va�ons along the rostro-caudal extent, 

covering approximately 3/4 of the antero-posterior extent of the SC. The response to peripheral s�muli, instead, 

were more restricted to the expected posterior por�on of the SC. S�muli covering 8°-26° (SL2), for example, 

ac�vated on average the region of the SC which should represent eccentricity ranges between ~5°-7° and ~15°-

30° (see Figure 12, right panel). 
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The stronger fMRI response to central, rela�vely small s�muli (sVF, SL2), ac�va�ng ~75% voxels along the 

anterior-to-posterior extent of the SC can be par�ally explained by the magnifica�on of the macula (central 10°). 

The representa�on of the central 10° on the SC is s�ll debated, yet previous electrophysiology data and fMRI 

re�notopic data reported in the present study (wVF experiment) suggest that such small s�muli ac�vated roughly 

half of the surface of the SC (54%, Robinson, 1972; Otes et al., 1986; Chen et al., 2019; 47%, Dilbeck et al., 2022; 

36%, Cynader and Berman, 1972). 

A more parsimonious explana�on for the more extensive fMRI responses for small central s�muli than 

predicted based on the (expected) topographic organiza�on of the SC may be related to contextual or fixa�on-

related modulatory effects. Contextual suppression, also known as surround inhibi�on (inhibi�on exerted by the 

presence of peripheral s�mula�on) is a basic mechanism in visual processing and a fundamental feature of 

recep�ve field organiza�on. Surround inhibi�on is present at single-cell level (Shapley and Victor 1979; Jones et 

al., 2001; Levit and Lund, 1997) but also at single-voxel level as revealed by visual fMRI studies (Nurminen et al., 

2009; Press et al., 2001; Williams et al., 2003). In par�cular, in re�notopically organized early visual cortex (V1-

V3), the fMRI response to foveal and small s�muli is reduced in the presence of peripheral, surrounding s�muli. 

This is likely induced by local short- and/or long-range modulatory mechanism, or lateral interac�ons, that can 

regulate the s�mulus representa�on based on the surrounding context through excita�on and inhibi�on (Polat, 

1999). In the SC, surround inhibi�on has been documented at single-neuron level (Schiller et al., 1974; 

Phongphanphanee et al., 2014) and, similarly to the cortex, lateral interac�on mechanisms modulate the 

responses of the neurons. As already observed with re�notopic mapping s�muli (sVF versus wVF experiments), 

using rela�vely small central s�muli in the absence of peripheral s�mula�on would reduce surround inhibi�on 

leading to broad ac�va�ons as a result of less atenuated excitatory ac�vity for central s�muli.  

Moreover, a local network of excitatory and inhibitory interneurons governs func�onal interac�ons between 

the rostral ‘foveal-fixa�on’ zone and the more caudal ‘peripheral-saccade’ zone, both within and across 

hemispheres (Munoz and Istvan, 1998). Firstly, the rostral SC neurons are mainly modulated by excitatory 

connec�ons such that the s�mula�on of rostral foveal neurons in one hemisphere cause excita�on of 

contralateral foveal neurons. This mechanism is not present within caudal parts of the SC. These excitatory 

mechanisms are supposed to be involved in interhemispheric integra�on of the binocular areas of the visual field. 

Conceivably, during central visual s�mula�on, this inter-collicular excita�on mechanism may induce larger fMRI 

ac�vity by small central but not large s�muli encompassing both the foveal and peripheral parts of the visual 

field. Secondly, during con�nuous fixa�on the caudal saccade zone is bilaterally inhibited by rostral SC neurons, 

which may be instrumental for maintaining stable visual fixa�on and suppressing unwanted saccades (Munoz and 
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Istvan, 1998). The caudal SC, instead, inhibits the rostral pole only ipsilaterally when s�mulated (Munoz and 

Istvan, 1998). During sustained fixa�on, the bilateral inhibi�on mechanisms within the SC may be strong enough 

to reduce fMRI ac�vity caudally when a peripheral s�mulus is present, which may be stronger than the ipsilateral 

inhibi�on on the rostral SC.  

 

5.2. Interhemispheric asymmetry of eccentricity and poral angle representa�on  

Surprisingly, we observed an interhemispheric le�ward asymmetry in the eccentricity maps of all monkeys, 

regardless the bilaterally almost equivalent polar angle maps acquired during the same experiment. The 

asymmetrical effect was twofold: (1) the lack of responses in the rostral pole of the right colliculus and (2) the 

virtual absence of an expected anterior-to-posterior progression of representa�ons of gradually larger 

eccentrici�es in the right colliculus. The le�ward asymmetry in the representa�on of central-eccentricity s�muli 

was not only evident in the two independent re�notopic experiments (wVF and sVF; see Figure 10A-B), and in 

eccentricity maps with low threshold (p < 0.01, see Figure 7), but also when s�muli were presented centrally in 

a third independent experiment (SL1 and SL2; see Figure 12). In other words, the right colliculus showed 

ac�va�ons in its rostral-most region only when a wide s�mulus encompassing both foveal and peripheral 

eccentrici�es was presented (polar angle varying s�muli in the wVF and sVF experiments, Figure 9; wide-field 

s�muli in the SL1, first panel in Figure 12). The absence of an anterior-to-posterior progression of representa�ons 

of gradually larger eccentrici�es even for peripheral s�muli (Figure 10C-D) suggests that the eccentricity map in 

the right SC is poorly organized along its rostro-caudal axis and less sensi�ve and precise for perifoveal s�muli.  

Overall, the SC seems less sensi�ve (in terms of frac�on of voxels ac�vated) to eccentricity than polar 

angle varying s�muli (Figure 15A). This corroborates the results of a human fMRI study (Schneider and Kastner, 

2005), which showed that the mean volume of the SC which is ac�vated by rota�ng wedge s�muli was almost 

the double of the mean volume ac�vated by expanding ring s�muli (67.8 ± 7.2 mm3 and 36.1 ± 9.1 mm3, 

respec�vely). One possible explana�on can be that a wedge (polar angle varying) s�mulus is wider and covers 

more por�ons of the contralateral visual field than a ring (eccentricity varying) s�mulus, ac�va�ng more voxels 

in re�notopically organized areas as do large re�notopic s�muli rela�ve to smaller s�muli (Fize et al., 2003; 

Vanduffel et al., 2002; Janssens et al., 2014; Kolster et al., 2014; Zhu and Vanduffel 2019). However, this cannot 

explain the interhemispheric asymmetry found in the re�notopic maps, since the right SC was less widely 

ac�vated by eccentric than polar varying s�muli (Figure 10B), and the le� SC was less widely ac�vated by polar 
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angle than eccentricity varying s�muli (Figures 10B and 15B). The larger rightward sensi�vity for polar angle 

varying s�muli is slightly apparent in the polar maps of a human fMRI study on the SC (in Katyal et al., 2010). 

Three of their five subjects showed bilateral polar maps, whereas the other two had complete polar angle 

representa�ons only in their right colliculi. Yet, the signal amplitude (measured as percent fMRI modula�on) was 

similar for both colliculi in all subjects. Nevertheless, none of the previously reported studies on the human SC 

systema�cally analyzed puta�ve asymmetries in polar angle or eccentricity maps. 

This result was quite unexpected. fMRI-based eccentricity maps in the right SC differs from the 

topography observed in the le� SC and also from expecta�ons based on prior electrophysiological mapping 

studies. It needs to be noted, however, that models of the SC visual topography based on electrophysiology 

(Cynader and Berman 1972; Chen et al., 2019) are typically based on data merged from both hemispheres. 

Moreover, electrophysiology studies rarely speculate about puta�ve interhemispheric differences, not only 

because recording sites are o�en located in just one hemisphere in each animal, but also because it is nontrivial 

to obtain data from exactly the same homotopic anatomical loca�ons in both hemispheres.  

Moreover, func�onal brain asymmetries have been largely considered prototypical features of the human 

cortex. Nevertheless, lateralized behavior and brain func�ons are present in many animal species, from non-

vertebrates to mammals and nonhuman primates (see, for review, Güntürkün et al., 2020). For example, more 

than half of vertebrate species studied so far (Ströckens et al., 2013), including macaques (Itani et al., 1963; 

Lehman, 1978; Hörster and Etlinger, 1985; Warren, 1953), show side preferences during unimanual ac�vi�es. 

Birds like pigeons (Columba livia), chicken (Gallus domesticus) and quail (Cotux japonica) display asymmetries in 

visually-driven behaviors resul�ng in le� hemispheric dominance for complex learning, discrimina�on and 

categoriza�on tasks (Manns and Güntürkün, 2009; Rogers, 1990; Yamazaki et al., 2007), and right dominance for 

spa�al naviga�on (Nagy et al., 2010; Prior et al., 2004; Tomassi et al., 2012; Tommasi and Vallor�gara, 2001), 

social cogni�on and sexual behavior (Daisley et al., 2009; Vallor�gara and Andrew, 1994; Gülbetekin et al., 2009; 

Rogers, 1990). The avian tectum is characterized by a complete anatomo-func�onal asymmetrical specializa�on, 

resul�ng in visual feature detec�on capaci�es primarily dominated by the le� hemisphere and visuospa�al 

processing by right hemisphere (Tommasi and Vallor�gara, 2001; Yamazaki et al., 2007; Rogers, 1995). In humans, 

damage to the le� posterior parietal cortex causes deficit in func�ons related to handedness and in the motor 

sequencing domain, like apraxia (e.g. Rounis et al., 2021). The same lesion in the right hemisphere, instead, leads 

to neglect for the le� hemispace, that is, an impaired or lost ability to process or react to sensory s�muli 

presented in the contra-lesional hemispace (Karnath et al., 2002). Inac�va�on of the SC in nonhuman primates 

causes similar behavioral (neglect-like) deficits and enhancements (bias) for the contra- or ipsi-lesional hemifield, 
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respec�vely. Saccade velocity, detec�on accuracy and sensorimotor ga�ng (the aten�onal shi� to salient 

s�muli) are reduced for targets located in the contra-lesional visual field; on the other side, perceptual decision 

biases facilitate saccade selec�on toward the ipsi-lesional visual field (McPeek and Keller, 2004; Jun et al., 2021). 

The paradoxical facilita�on for the ipsilesional visual field can be anatomically explained by the presence of 

reciprocal inter-collicular inhibi�on mediated by the collicular commissure (Hilgetag, 2000; Sprague, 1966; 

Weddell, 2004; Valero -Cabré et al., 2020). Interes�ngly, the visuospa�al bias induced by unilateral cor�cal lesion 

is supposed to be mediated by similar inhibitory mechanisms regula�ng interhemispheric communica�ons 

through the corpus callosum (Wang et al., 2023; Innocen� 2009; Bloom and Hynd, 2005). 

Cortical asymmetries in the sensitivity to eccentricity and polar angle varying stimuli. Except for the SC, we found 

no evidence for interhemispheric asymmetries in the range of eccentrici�es represented (in pulvinar, areas FEF, 

LIP, V1, V2; Figure 13B), nor in the percent of volume ac�vated by both eccentricity and polar angle varying 

s�muli (in pulvinar and whole cortex; Figure 16B, conjoined). However, the percentage of volume responsive to 

s�muli changing only in eccentricity or polar angle, reflec�ng the por�on of volume sensi�ve to spa�al varia�ons 

only with respect to the gaze center or only with regard to ver�cal and horizontal meridians, exhibited 

lateraliza�on in certain cor�cal regions (Figure 16B). Similar to the SC, the intraparietal sulcus (IPS) and the 

inferior parietal cortex (IPS) showed a slight le�ward and rightward asymmetry for eccentricity and polar angle 

varying s�muli, respec�vely. Although weaker, but s�ll significant, the MT/MST/FST complex and lateral prefrontal 

cortex (lPFC) also showed a le�ward bias for eccentricity and polar angle varying s�muli, respec�vely.  

Whereas the human parietal cortex and frontoparietal networks are clearly rightward lateralized in 

visuospa�al processing (Chen et al., 2019b), in monkeys there is no clear evidence for a func�onal unbalance 

(Wilke et al., 2012; Balan et al., 2018) or for its absence (Wan et al., 2022). It needs to be noted, however, that it 

is never systema�cally inves�gated as one typically needs a large number of subjects to obtain conclusive 

evidence in this respect. Nevertheless, compara�ve studies have delineated a con�nuum in the emergence of 

anatomical hemispheric asymmetries along the primate taxa (Wan et al., 2022; Preuss 2011; Hopkins 2022). In 

chimpanzees, the inferior parietal lobule (IPL) and superior temporal sulcus (STS) are places of structural 

interhemispheric asymmetries (Vickery et al., 2022; Gilissen and Hopkins 2013; Hopkins and Avants 2013; Phillips 

et al. 2013; Hopkins et al. 2014). The IPL is also the region showing a rightward asymmetry in intra-species 

variability already in macaques (Croxon et al., 2018). Intra-species varia�on influences direc�on and outcome of 

natural selec�on and sets the basis for further evolu�on (Godhe and Rynearson, 2017). Different regionally 

specific loci of intra-species variability have been found in both macaques and humans. Interes�ngly, the regions 

showing largest le�-right asymmetries in both macaque and humans were mainly those showing the largest 
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degree of hemispheric dominance in humans (Wang et al. 2014). Moreover, increasing brain size has been taken 

as the evolu�onary mo�ve for hemispheric specializa�on. Species with larger brains have smaller callosal 

commissures. Thus, as hemisphere size increases, hemispheres become increasingly more isolated from each 

other (Hopkins et al., 2015). Compared to primary sensory and motor cortex, the IPL underwent processes of 

dispropor�onate expansion during primate brain evolu�on (Man�ni et al., 2013; Chaplin et al., 2013; Orban et 

al., 2006). A new anterior por�on appeared in the human IPS (Orban et al., 2006). The IPL enlargement also 

resulted in a substan�al displacement of some areas of the IPS from macaques to humans. Specifically, the 

macaque ventral intraparietal (VIP) area is si�ng medial rela�ve to LIP, whereas the human VIP+ is paradoxically 

located more lateral to human LIP+ (Sereno and Huang, 2014). Addi�onally, popula�on-level rightward 

asymmetries in macaques were revealed in the length and depth of the frontal arcuate sulcus (where the FEF is 

located; Sewada, 2020) and the surface area and cor�cal thickness of STS (Bogart et al., 2012; Xia et al., 2020).  

In summary, our observa�ons emphasize the presence of lateralized features in the nonhuman primate brain at 

different levels: 1) subcor�cally, at the level of an ancient, evolu�onary conserved structure as the SC which, in 

some animals (i.e. birds) shows a complete anatomo-func�onal asymmetrical specializa�on; 2) cor�cally, at the 

level of the posterior parietal cortex which shows the largest degree of hemispheric dominance in humans and 

forms of anatomical interhemispheric asymmetry in macaque and chimpanzee. This unexpected finding opens 

avenues for future research to elucidate the func�onal significance of this asymmetry and its poten�al 

implica�ons for visual processing in the macaque monkey. 

 

5.3 Pragma�c representa�on of func�onally-relevant sectors of space within the oculomotor/aten�onal 

system  

Upper visual field and peripheral biases in the primate superior colliculus. In the last years a new conceptualiza�on 

of the SC visual topography has been proposed, based on a pragma�c rather than geometric representa�on of 

the visual field, whereby the most relevant sectors of space for exploratory behaviors are overrepresented (Hafed 

and Chen, 2016; de Malmazet and Tripodi, 2023). Here, we found in the macaque SC a func�onal 

overrepresenta�on of specific sectors of visual space, that is, the peripheral and upper visual field (Figure 14). 

This is in line with the role of the visual SC in detec�ng s�muli outside the current focus of aten�on (i.e., in the 

periphery) and in the far, extra-personal space (associated to the upper visual field). Notably, the observed biases 

remained consistent when the polar angle and eccentricity fMRI data, on which the asymmetries were based, 
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were thresholded at different levels of significance (p < .01, p < .0001). The upper visual field bias appeared only 

when tested with s�muli reaching the periphery (up to 40° eccentricity, wVF experiment) and was not detectable 

with smaller s�muli covering only parafoveal and mid-eccentricity regions (up to 12.5°) of the visual field (in the 

sVF experiment). The dependency of the upper visual field bias on the extent of the visual field being tested 

mirrors again our first finding related to the importance to use s�muli with appropriate sizes for tes�ng spa�al-

related proper�es with fMRI - as recently also documented in a human fMRI study on V1-V3 (Prabhakaran et al, 

2020). 

The overrepresenta�on of the upper visual field, especially for peripheral loca�ons, mimics the 

magnifica�on of this sector of space already shown with electrophysiology (Hafed and Chen, 2016). Visual SC 

cells have smaller recep�ve fields in the upper visual field compared to the lower visual field (Hafed and Chen, 

2016). Notably, this difference was beter detectable for eccentrici�es exceeding 4° (see Figure 4), which is in line 

with our finding reported here. Although never directly inves�gated, “par�cular paucity” of polar angle 

representa�ons near the lower ver�cal meridian has been already noted in an fMRI study on the human SC 

(Katyal et al., 2010). 

One limita�on of our study is the inability to differen�ate responses from superficial or deeper SC layers. 

Therefore, the increased volume dedicated to the periphery in the SC (Figure 14) may also result from responses 

in the deeper visuo-motor layers known to have larger recep�ve fields (Cynader and Berman, 1972; Marocco and 

Li, 1977) which are not sensi�ve to small eccentric s�muli. Nevertheless, a puta�ve bias for the peripheral visual 

field in the primate SC can be already seen in the predominance of monosynap�c re�nal projec�ons in macaques 

for eccentrici�es above 10° (Wilson and Toyne, 1970; Hendrickson et al., 1970; Lund, 1972; Pollack & Hickey 

1979; Dilbeck et al. 2022; see Paragraph 1.2) and in the stronger responses for contralateral peripheral s�muli 

revealed with fMRI in humans (Sylvester et al., 2007; see Paragraph 1.2). The ethological relevance for peripheral 

s�muli in the general detec�on system of primates can be indirectly derived by the behavioral bias for s�muli 

located in the temporal hemifield (known as temporal–nasal asymmetry, see Paragraph 1.2) found in humans. 

This has been shown in studies focused on target detec�on, saccadic movements and aten�onal orien�ng in 

healthy adults (Kristjansson et al., 2004; Rafal et al., 1991; Posner and Cohen, 1980), newborns (Lewis and 

Maurer, 1992; Rothbart et al., 1990) and blindsight subjects (Dodds et al., 2002). 

Moreover, the le�ward interhemispheric asymmetry found in this study affected only the representa�ons of 

parafoveal and mid-central regions of the visual fiend. Peripheral s�muli in the wVF (Figure 10, upper panels) and 
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SL2 (Figure 12, last panels) experiments, instead, yielded equally-balanced representa�ons across hemispheres, 

highligh�ng the more pronounced sensi�vity to the peripheral visual field.  

Upper visual field bias and overrepresentation of center/periphery within the oculomotor/attentional cortical 

system. We found that the upper visual field was overrepresented within the SC, and also in LIP and FEF. Both are 

also important hubs of the oculomotor and/or aten�onal the system (Figure 14). At the same �me, FEF and LIP 

presented different biases for the central (up to 10° eccentricity) or the peripheral (10°- 40° eccentricity) visual 

field: FEF appeared to be more tuned for the periphery and LIP for the central visual field. Also at the cor�cal 

level, the observed biases remained consistent when using re�notopic maps at different significance thresholds 

(p < .01, p < .0001).  

In area FEF the upper visual field bias has never been directly tested in detail thus far, but previous 

electrophysiological and fMRI data suggested a predominance of upper recep�ve fields (see Figure 2 in Mayo et 

al., 2015) or overrepresenta�on of polar angles in the upper visual field (see Figure 3 in Saygin and Sereno, 2008). 

Area LIP, instead, hosts neurons with mainly parafoveal recep�ve fields (Hamed et al., 2001) but no strong 

evidence for upper/lower asymmetries have been found yet (Hamed et al., 2001; Arcaro et al., 2011). 

The quan�fica�on of the recep�ve fields’ distribu�on by means of electrophysiology as well as fMRI has 

to be interpreted carefully. Both techniques can poten�ally sample from neighboring areas, or they may simply 

under-sample the area itself. Electrophysiology samples the target area without looking at the en�re popula�on, 

poten�ally leading to biases related to sample size, neuron types, s�mulus search-set induced biases, and the 

loca�on of the recording electrodes. Then it can easily detect large differences in the recep�ve field organiza�on 

across different sectors of space, but it is less suitable to detect smaller changes in the propor�on of the 

representa�ons of different subfields if those subfields are minimally represented. fMRI methods, on the other 

side, can give a measurement of the popula�on recep�ve fields of single voxels of the en�re region all at once. 

At the same �me, the atlas-based defini�on of cor�cal ROIs through coregistra�on of each monkey brain onto a 

template brain o�en neglects inter-subject differences, registra�on errors and par�al volume effects. This 

poten�ally leads to a misalloca�on or mis- or under-sampling of specific regions. For example, LIP is a small area 

located into a mosaic of small areas in the intraparietal sulcus (IPS). The lower field representa�on is situated 

more anteriorly and the upper visual field more posteriorly (Hamed et al., 2001; Arcaro et al., 2011). It may be 

that the atlas-defined LIP ROI extracted in this study extended less anteriorly in some monkeys leading to an 

exclusion, on average, of visual responses for the lower visual field.  
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Lower visual field bias and overrepresentation of the central visual field in the pulvinar complex. Finally, it’s 

interes�ng to note that the pulvinar showed inverted biases compared to the SC, hence overrepresen�ng the 

central (as much as area V1) and the lower visual fields. In this case, the lower visual field bias was independent 

from the size of the s�mulus used during the poral angle mapping phase of the experiment. The 

overrepresenta�on of the central visual field (up to 10° eccentricity) is not so surprising. The two large visually-

driven nuclei of the pulvinar complex, the dorso-lateral (PL) and the inferior (PI) pulvinar, hosts two separated 

but complete re�notopic maps (Bender, 1981). Both nuclei receive informa�on from cor�cal and re�nal afferents 

(Kaas and Baldwin, 2019), but PL receives striatal projec�ons limited only to the central 7° (Ungerleider et al., 

1983), and PI receives re�nal projec�ons limited only to the central 10° (Grünert et al., 2021). This 

overrepresenta�on of central vision in this re�no-pulvinar pathway has been suggested to be cri�cal in 

establishing the normal connec�ons of cor�co-thalamic circuits driving visually-guided behaviors such as 

precision grasping and object manipula�on (Mundinano et al. 2018), that are, behaviors that o�en take place in 

the central or lower visual field.  

 

5.4 General conclusions  

In conclusion, our study provides insights into the visuotopic organiza�on of the primate SC.  

First, it presents a detailed picture of macaque SC re�notopic maps with fMRI aligned with most recent 

electrophysiological models, and emphasizes the dynamic interplay between spa�al representa�ons in the brain 

and s�mulus context. The observed varia�ons in (peri)foveal representa�ons (Figure 10A) and the presence of 

upper visual field biases (Figure 14) depending on the extent of s�mulated visual field highlight the dependency 

of fMRI-based re�notopic maps on the spa�al extent of the s�mulated visual field. This highlights the need for 

adequate fMRI-based mapping s�muli in light of the context-sensi�ve nature of the SC circuitry regula�ng foveal 

and peripheral ac�vity during sustained fixa�on.  

Secondly, our findings support the hypothesis that the visuotopic organiza�on of the SC is built on a 

pragma�c rather than metric representa�on of the visual field, emphasizing the most relevant sectors of space 

(de Malmazet and Tripodi, 2023). The SC magnifies the central visual field such that half of its surface along the 

rostro-caudal axis represents the central 10°. At the same �me, eccentricity maps are unbalanced for peripheral 

the visual field. The rostral anatomical magnifica�on for the central visual field and the co-present 
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overrepresenta�on of the periphery in the eccentricity maps suggest that both sectors of space are relevant for 

the SC, probably for different func�ons (see below). Moreover, the upper visual field bias observed in parietal 

and frontal areas implies that this pragma�c organiza�on may extend across the en�re oculomotor/aten�onal 

system, resul�ng more tuned for the peripheral visual field in its frontal component, and more tuned for the 

central visual field in its parietal component. The later projects to deeper visuo-motor SC layers (Fries, 1984) 

together with other parietal and frontal areas of the network for fine manipula�on under foveal control (Borra 

et al., 2014). 

Third, our study revealed a surprising interhemispheric asymmetry in the representa�on of eccentrici�es 

and polar angles within the macaque SC and, to a lesser extent, the posterior parietal cortex. These areas are 

pivotal in the visuospa�al processing network. The posterior parietal cortex exhibits anatomo-func�onal 

specializa�on in humans and some signs of anatomical lateraliza�on in macaques. Within these regions, the le� 

hemisphere (LH) exhibited greater sensi�vity than the right hemisphere (RH) to s�muli varying in eccentricity. 

Such s�muli demand a detailed analysis of the visual field in rela�on of the gaze center, crucial for focusing on 

targets and guiding fine manipula�on. Conversely, the RH demonstrated higher sensi�vity than the LH to s�muli 

varying in polar angle, offering broad visuospa�al informa�on in eye-coordinates. This informa�on is valuable for 

reorien�ng aten�on or behavior rela�ve to the direc�on of salient s�muli. 

 

5.4.1. Ethological relevance of different sectors of space 

In primates, SC takes part into a wide network of ascending and descending fibers covering almost the en�re 

brain, but with par�cularly strong connec�ons with extrastriatal, posterior parietal, and frontal cor�ces (Fries, 

1984; Isa et al, 2021). The SC is involved in at least two well-inves�gated func�onal circuits, the 

aten�onal/oculomotor network for orien�ng and exploratory behaviors (Ignashchenkova et al. 2004; Bisley and 

Goldberg, 2010; Matsumoto et al, 2018), and in eye-hand coordina�on for guiding fine hand-object interac�ons 

(Borra et al., 2014; Nagy et al., 2006; Reyes-Puerta et al., 2010). The aten�onal/oculomotor system involves the 

frontal area FEF and the parietal area LIP that, together with the SC, showed a func�onal bias for the upper visual 

field, the sector of space conveying informa�on from poten�ally far s�muli. This specializa�on is also present in 

visual maps of mice (Dräger and Hubel, 1976), where the upper visual field is source of incoming predators (de 

Malmazet and Tripodi, 2023) and it’s probably preserved also in humans, given the shorter latencies for upward 

saccades in primates (Zhou and King, 2002; Greene et al., 2020). 
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Different sectors of space represent a source of appealing or threatening s�muli, such as pray or 

predators. In rodents, upward and downward s�muli evoke through the SC avoidance and approaching behaviors, 

respec�vely (Cruz et al., 2023). Whether predators can appear all over the visual field, near or far in respect to 

the animal, preys or appealing s�muli promotes interac�on when they are located anteriorly and possibly close 

to the animal (Mearns et al., 2020). In simple animals like the lamprey, both orien�ng and evasive behaviors are 

induced upon s�mula�on of the rostral tectum, and s�mula�on of caudal por�ons predominantly elicits evasive 

movements (Isa e al., 2021; Bulter and Hodos, 2005). In primates, we found that the upper visual field bias was 

present for peripheral s�muli in the frontal component of the oculomotor/aten�onal system, area FEF, projec�ng 

to the superficial layers of the SC. This could facilitate fast detec�on, rapid fovea�on and possibly defensive 

behaviors for downward coming s�muli as poten�al treats. The parietal component of the 

oculomotor/aten�onal system, area LIP, instead, showed the upper visual field bias specifically for central s�muli. 

LIP conveys this informa�on to intermediated SC layers where it could be integrated with other informa�on 

coming from projec�ons of the hand-object interac�on system (lateral grasping network; Borra et al., 2014) for 

the control of approach/avoidance of central s�muli. 

This study can provide a first hint in this direc�on. Further behavioral, electrophysiological as well as 

inac�va�on studies should be performed in the same direc�on to provide a more complete picture of the 

pragma�c saliency of different sectors of space. Even if there are data suppor�ng the hypothesis that the upper 

and lower visual fields are primarily linked to extrapersonal and peripersonal space, respec�vely (Zhou et al., 

2017), the macaque SC has never been studied in 3D space, and even less in free-moving animals. Taking into 

account the ecologically-relevance of different sector of space also implies the considera�on of natural behaviors 

of the animal model used. Macaques spend a great amount of their �me in trees, for rest and sleep, and they 

usually get off the ground for foraging and long-range locomo�on. The informa�on conveyed by upper/lower 

visual fields varies based on status of the individual, if in rest on trees or ac�ve on the ground.  

 

5.4.2. Anatomical magnifica�on of the central visual field for guiding approaching/interac�ng behaviors  

These findings as well as most recent electrophysiological inves�ga�ons (Chen et al., 2019) suggest that the 

rostral SC anatomically magnifies the representa�on of the central visual field in primates, such that half of its 

surface along the rostro-caudal axis represents the central 10°. Across species, preys or appealing s�muli promote 

interac�on when located anteriorly and possibly close to the animal (Mearns et al., 2020). In snakes equipped 

with an infrared-detec�ng system, for example, the tectal region corresponding to the anterior sensory field is 
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crucial for pre-striking prey posi�oning and exhibits an enlargement, which is more pronounced for thermal than 

for visual s�muli (Hartline et al., 1978). Similarly to snakes, in the star-nosed mole (Condylura cristata; Crish et 

al., 2003) a subterranean mammal relying on tac�le sensa�on rather than vision for naviga�on and object 

manipula�on, the representa�on of the snout’s fleshy appendage with maximum tac�le acuity is magnified in 

the rostral SC. In mice lacking a fovea, the somatosensory map shows an anterior expansion specifically for the 

whisker, similar to the snout representa�on in the star-nosed mole (Cang et al., 2018; Dräger and Hubel, 1976). 

In primates, the rostral SC hosts motor cells signaling target fovea�on (Munoz and Wurtz, 1993) and intermediate 

neurons involved in gaze anchoring during reaching movements (Reyes-Puerta et al., 2010). Addi�onally, the 

somato-motor representa�on of the hand tends to be confined to the rostro-lateral part of the colliculus. The 

lateral region hosts neurons modulated by the contact of the hand with the target (Nagy et al., 2006) and encodes 

for downward gaze shi�s and low visual field (Zhang et al., 2022), usually associated to the near, peripersonal 

space in which interac�ons with the external environment take place. For its contribu�on in eye-hand 

coordina�on, the SC has been proposed to be part of the network for guiding fine hand-object interac�ons under 

foveal control (Borra et al., 2014). Taken together, these findings suggest a predominant role of the SC rostral 

region in approaching/interac�ng behaviors. 

 

5.4.3. Func�onal and connec�vity bias for the visual representa�on of peripheral s�muli  

Beside the role of the rostral SC to motor func�ons such as fovea�on (Munoz and Wurtz, 1993), short-range 

saccades (Godlove and Schall, 2016) and eye-hand coordina�on (Reyes-Puerta et al., 2010; Borra et al., 2014), 

the contribu�on of the rostral SC to visual maps seems to be confined in signaling (para)foveal s�muli, although 

less effec�vely than the caudal SC with peripheral s�muli (temporal-nasal asymmetry; see 1.2.). Here, we found 

a func�onal bias within the SC visual maps for peripheral s�muli with eccentrici�es larger than 10°, which further 

emphasizes the relevance of represen�ng s�muli far outside the current aten�onal focus. Moreover, an 

interes�ng anatomical specializa�on has been documented in the rostral SC of primates: only ~4% of re�no-tectal 

projec�ons arise from the pars centralis of the re�na (up to 10° eccentricity; Wilson and Toyne, 1970; 

Hendrickson et al., 1970; Lund, 1972; Pollack & Hickey 1979, Dilbeck et al. 2022). This means that the 

representa�on of the central visual field in the rostral SC is poorly informed by re�nal input and, then, it must 

primarily arise from other brain structures. An op�mal candidate would be the primary visual cortex, which highly 

magnifies central eccentrici�es and directly projects to superficial layers of the SC, but its abla�on doesn’t 

completely abolish visual responses in foveal superficial neurons of the SC (Shiller et al. 1974). The pulvinar is a 
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second good candidate, highly connected with both superficial and deeper SC layers (Benevento and Fallon, 1975; 

Froesel et al., 2021) and hos�ng mul�ple visual maps in re�notopic coordinates (Bender, 1981). Here we found 

an overrepresenta�on of the central (up to 10°) visual field in the pulvinar, on par with the one in area V1, 

together with a bias for the lower visual field. The pulvinar could then complement the visual field representa�on 

of the SC providing informa�on on the central and lower visual field, poten�ally being the source of parafoveal 

informa�on not supplied by re�nal afferents. 

 

5.4.4. Interhemispheric asymmetry in the re�notopic maps of the rostral SC and PPC 

Interes�ngly, the le�ward interhemispheric asymmetry found in the SC eccentricity maps along the rostro-caudal 

axis was limited to the rostral-most por�on represen�ng the eccentrici�es for which re�nal projec�ons were 

lacking the most (i.e. up to 10° circa). None of the other key nodes of the oculomotor/aten�onal network showed 

a similar interhemispheric asymmetry in the sensi�vity to central, rela�vely small s�muli, which appeared 

confined to the SC. Furthermore, the le� hemisphere showed more sensi�vity to eccentricity varying s�muli 

along the en�re rostro-caudal extent of the SC and, even more surprisingly, also in the posterior parietal cortex 

(PPC). The right hemisphere showed the opposite trend, with more sensi�vity to polar angle varying s�muli in 

the SC and also in the PPC. Such s�muli either demand a detailed analysis of the visual field in rela�on of the gaze 

center (eccentricity varying s�muli), crucial for focusing on targets and guiding fine manipula�on, or offer broad 

visuospa�al informa�on in eye-coordinates with regard to ver�cal and horizontal meridians (polar angle varying 

s�muli), valuable for reorien�ng aten�on or behavior rela�ve to the direc�on of salient s�muli. 

This hemispheric specializa�on for different types of visuospa�al informa�on opens to the possibility that 

func�onal lateraliza�on is already manifested in the macaque brain. This func�onal lateraliza�on may occur in 

cor�cal regions, as the PPC, for which anatomical lateraliza�on has been suggested in chimpanzees and macaques 

(Croxon et al., 2018; Wan et al., 2021; Preuss 2011; Hopkins 2022; Bogart et al., 2012; Xia et al., 2020). In humans, 

the PPC is specialized (Corballis, 2012; Chen et al., 2019) for func�ons related to fine manipula�on on the le� and 

visuospa�al processing on the right. Crucially, the stronger hemispheric specializa�on in our experiments was 

found in the superior colliculus, not in the cortex, in the manner how eccentricity varying s�muli are represented. 

Given the absence of an effect in monkey PPC, it is possible that such hemispheric specializa�on originated 

subcor�cally within the SC. 
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