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Abstract

Saccadic eye movements cause frequent and substantial displacements of the retinal image, but 

those displacements go unnoticed. It has been widely assumed that this perceived stability 

emerges from the shifting of visual receptive fields from their current, presaccadic locations to 

their future, postsaccadic locations in anticipation of the retinal consequences of saccades. 

Although evidence consistent with this anticipatory remapping has accumulated over the years, 

more recent work suggests an alternative view. In this opinion article, we examine the evidence of 

presaccadic receptive field shifts and their relationship to the perceptual changes that accompany 

saccades. We argue that both reflect the selection of targets for saccades rather than the 

anticipation of a displaced retinal image.

Predictive remapping in nonhuman primates

Humans and other primates constantly redirect their gaze in order to scan their environment. 

This behavior is necessary to overcome the lack of high acuity vision in the visual periphery, 

and is largely achieved via saccades (see Glossary). Saccades ultimately lead to the 

foveation of important visual stimuli, and thus allow the brain to process fine spatial details 

contained within those targets. However, saccades not only lead to fast sweeps of the retinal 

image (motion), but also introduce substantial differences betweenthe presaccadic and 

postsaccadic retinal images (displacement)[1] (Figure 1). However, both disruptions go 

unnoticed, and instead we perceive the world as stable. This perceptual stability is entirely 

an illusion, and it is one that has puzzled scientists at least since the time of Helmholtz in the 

19th century [2].

Although the lack of perceived motion during saccades is generally thought to result from a 

loss of visual sensitivity around the time of eye movements [3,4], such a mechanism is 

unlikely to account for the lack of perceived retinal image displacement. Over the past 20 

years, seemingly convergent evidence has led to a widespread notion that an anticipatory 

updating of visual receptive fields (RFs), or ‘predictive remapping’, mitigates the perception 

of retinal image displacement [1,5]. In particular, RFs have been reported to shift from their 

current, presaccadic locations to their future, postsaccadic locations in anticipation of an 
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upcoming saccade. Thus, in principle, these anticipatory shifts could contribute to the 

integration of visual information across eye movements. The first evidence of predictive 

remapping was observed within the lateral intraparietal cortex (area LIP) of the macaque 

monkey [5]. Many LIP neurons become responsive to stimuli (probes) presented at the 

future postsaccadic RF location just prior to the onset of the eye movement. Subsequently, 

similar findings were reported for neurons within the superior colliculus (SC) [6], frontal 

eye field (FEF) [7,8] (Figure 2), and several areas within extrastriate visual cortex (including 

V2, V3, and V3a) [9].

While more recent studies of predictive remapping aimed to address more detailed questions 

of a seemingly well-established mechanism [10–12], the nature of the presaccadic RF shifts 

in previous remapping studies has been inferred entirely from a few probe locations. 

Therefore, the lack of detailed RF measurements in both the earlier and more recent studies 

has left the validity of the predictive remapping hypothesis in question. For example, in a 

study Sommer and Wurtz [8], monkeys initially fixated upon a fixation point, which was 

displaced after some time, and the animals were required to make a saccade to its new 

location. Before the onset of the eye movement, the responses of FEF neurons were probed 

(Figure 2A,B). The probe in each trial could be presented at one of two locations; that is, the 

probe could either be presented inside a neuron's RF, as established long before an eye 

movement during fixation, or the probe could be presented inside the expected remapped 

RF, referred to as ‘future field’ (FF) in [8]. Figure 2B shows the responses of an example 

neuron from Sommer and Wurtz [8]. Long before a saccade, and during fixation, the neuron 

is responsive to a probe presented inside its RF, but it does not respond to a stimulus 

presented inside the FF. However, immediately before a saccade, the neuron responds to a 

probe presented inside the FF and stops responding to a probe presented at the RF location. 

From this basic result, it was concluded that FEF RFs shift presaccadically to their 

postsaccadic locations.

Following the design used in [8], FEF RFs were measured in greater spatial detail both 

during fixation and during the presaccadic period by Zirnsak et al. [13] (Figure 2C). Overall, 

it was found that FEF RFs do not remap before saccades; that is, they do not shift to their 

future (postsaccadic) locations. Instead, they converge massively toward the saccade target 

(Figure 2D,E) resulting in a distortion (‘compression’) of visual space (Box 1). It appears 

that FEF neurons collectively select the space occupied by targets of eye movements (Box 

2), rather than predict the retinal consequences of those movements. Note that similar 

evidence of converging RFs was previously reported in extrastriate area V4 [14]. In addition 

to more detailed RF measurements, it was of equal importance to sample multiple RF 

locations in space to discriminate between predictive remapping and convergent RF shifts. 

As is depicted in Figure 2D and E, RFs that are close to the fovea during fixation will 

presaccadically converge toward the target, but those shifts will also be in the direction of 

the saccade, as predicted by the remapping hypothesis. Figure 2D shows two example RFs 

from Zirnsak et al. [13]. Each panel plots the average neuronal activity as a function of 

probe location for three different periods. The top panels depict RFs measured during 

fixation at fixation point 1, long before a saccade. The middle panels depict RFs measured 

long after a saccade during fixation at fixation point 2. The bottom panels depict the 
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presaccadic RFs measured immediately before a saccade. It is apparent that both examples 

deviate from the remapping hypothesis. However, it is also apparent that the presaccadic RF 

of example 1 overlaps to a large degree with the hypothetically remapped RF. Reducing the 

set of possible probe locations down to two, as in the example from Sommer and Wurtz [8] 

shown in Figure 2B, would lead to very similar results; that is, presaccadically, a probe 

presented inside the RF would fail to cause strong responses, whereas a probe presented 

inside the FF would yield strong responses. Therefore, one would likely conclude that the 

RF of example 1 has remapped. In contrast, applying the same logic to example 2 would 

lead to a negative result. While the responses to probes presented inside the RF would also 

be reduced, the probe presented inside the FF would fail to cause responses and, hence, one 

would fail to conclude any presaccadic RF shift at all.

Predictive remapping in humans

The first evidence of predictive remapping in human observers utilized an orientation 

adaptation technique and demonstrated a saccade dependent change in the resulting tilt after-

effect (TAE) (Figure 3) [15]. The TAE is usually strongest if probed at the same 

retinocentric location where it was previously induced by an adapter stimulus. However, it 

was demonstrated that the TAE decreased gradually at the present, presaccadic location of 

the adaptor and simultaneously increased at the future, postsaccadic location of the adaptor 

when observers were about to make a saccade. Similar findings were reported for the motion 

after-effect [16], and this apparent presaccadic transfer of visual after-effects has been 

interpreted within the predictive remapping framework. In other words, immediately before 

saccade onset, RFs of the adapted neuronal population are thought to shift along a vector 

equal to the impending saccade, and thus a decreased after-effect is observed at the 

presaccadic adaptor location. In addition, at the newly shifted RF location, the after-effect 

increases. In both studies, however, testing of presaccadic transfer of the after-effects was 

limited to locations at which it is difficult to distinguish between predictive remapping and 

convergent RF shifts, similar to the nonhuman primate studies discussed above. Specifically, 

the adaptor was presented close to the fovea and a presaccadic transfer of the after-effect is 

predicted towards the saccade target for both kinds of RF shifts.

In a more recent study [17], the authors used the paradigm pioneeredin [15], but instead of 

presenting the adaptor close to the fovea, they presented it above and slightly beyond the 

saccade target, with respect to the direction of the saccade (Figure 3B). This design 

separates the locations where one would expect to see a transfer of the TAE, depending on 

whether presaccadic RF shifts follow the remapping prediction or the convergent RF 

prediction. Therefore, if RFs are predictively remapped, one would expect a presaccadic 

increase in the TAE if probed at the postsaccadic adaptor location, which, in this design, was 

actually located further away from the saccade target compared to the presaccadic adaptor 

location. By contrast, if RFs converge toward the target presaccadically, one would expect 

an increase in the TAE probed at a location closer to the saccade target, compared to the 

postsaccadic adaptor location. The latter effect was observed. Thus, insofar as the 

presaccadic transfer of the TAE reflects RF shifts, the combined evidence argues that RFs 

converge toward the saccade target, and this is consistent with the detailed measurements of 
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presaccadic RFs within V4[14] and the FEF [13]. Nonetheless, additional measurements in 

both space and time are needed to fully characterize the presaccadic changes in after-effects.

Shifts of spatial attention prior to saccades

As previously mentioned (Box 2), a good deal of evidence indicates that spatial attention 

shifts to the saccade target prior to a saccade [18]. In one of the earlier psychophysical 

studies [19], human observers had to discriminate visual stimuli while simultaneously 

preparing and executing saccades to one of several locations. The authors found that 

discrimination performance was superior if the visual stimulus was presented at the location 

of the impending saccade, compared to performance at other locations (Figure 4A). 

Evidence of presaccadic shifts of attention to the targets of saccades[20,21] is further 

corroborated by neurophysiological studies in nonhuman primates. These studies show that 

neuronal responses are modulated presaccadically in a manner similar to that observed 

during covert attention [22], when fixation is maintained. For example, the visual responses 

of area V4 neurons increase when an animal either covertly attends to [23,24], or prepares a 

saccade to a RF stimulus [25–28] (Figure 4B). Furthermore, consistent with the performance 

of human observers, both the attention and presaccadic modulation are accompanied by an 

increased ability of V4 neurons to discriminate RF stimuli [23,29]. Finally, V4 RFs have 

been reported to converge towards non-RF targets, both during covert attention [30–32] and 

during saccade preparation [14], presumably increasing the number of neurons that are 

effectively processing this region.

Anticipatory remapping of attentional pointers

Evidence for predictive remapping has primarily been found in structures involved in the 

control of saccades, specifically, area LIP, the SC, and the FEF. Furthermore, LIP, the SC, 

and, particularly, the FEF (see Box 3) have been implicated in the control of visuospatial 

attention, and all three areas exhibit properties suggesting they each contain a ‘priority map’ 

[33], in which peaks of activity point to physically salient and/or behaviorally relevant 

stimuli. Recently [34], it was postulated that the evidence of predictive remapping might be 

interpreted in terms of an updating of ‘attentional pointers’ within the respective priority 

maps in anticipation of an upcoming eye movement.

Psychophysical evidence for this proposal has been provided in a series of studies with 

human observers [35–37]. In one particular experiment [35], a double-step saccade 

paradigm, in which observers have to plan a sequence of two saccades before executing the 

first movement of the sequence, was combined with a concurrent discrimination task (Figure 

4C). Observers initially had to fixate a central fixation point. Two lines appearing at the 

fixation point signaled the saccade sequence observers were to execute. In the depicted case, 

the first saccade was made to the right green rectangle, and the second saccade was made to 

the rectangle above and to the left of the first saccade target. Within each rectangle, a 

constant stream of upright gratings was shown, each one followed by noise. At some point 

in time within a given trial, one of the gratings, either at the location of the first saccade 

target, the second saccade target, the remapped location of the second saccade target, or at a 

control location, could undergo a leftwards or rightward change in orientation. Observers 
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had to report the direction of the orientation change at the end of a trial. It was demonstrated, 

that in addition to the above-mentioned increase in discrimination performance at the first 

saccade target, performance also increases at the second target, even before the start of the 

first saccade [38]. Furthermore, discrimination performance also increases at the remapped, 

future retinocentric location of the second saccade target [35]; specifically, the location of 

the second saccade target after completion of the first saccade.

Given that RFs appear to converge rather than remap, as described above, how might the 

evidence of remapping of attention be explained? First, it is important to consider the 

number of foci of convergence in a double-step saccade task. In the single-step saccade 

paradigm [13], the focus of convergence was the (single) saccade target location, and likely 

a center of attentional deployment [19]. Although it awaits experimental evidence, a simple 

hypothesis would be that in a two-step saccadic sequence, two retinocentric foci of 

convergence would exist presaccadically, corresponding to the two saccade target locations 

and two centers of attentional deployment [38,39]. Evidence from [35] suggests that there 

may be an additional, third, focus of convergence that emerges at the predicted, postsaccadic 

location of the second target. Two neurophysiological observations appear consistent with 

this interpretation. First, an earlier study indeed seems to show that area LIP neurons signal 

the remapped second target [40]. Second, FEF neurons appear to signal three locations 

before the onset of a two-saccade sequence, specifically, the first target location, the second 

target location, and the future, postsaccadic location of the second target [41]. However, 

neither the psychophysical nor the neurophysiological study seems to have had sufficient 

spatial resolution to clearly distinguish between two and three foci. For example, in [35] it 

remains to be determined if the increased performance at the second target location and at 

the remapped second target location clearly results from two distinct foci or merely two 

points on a single focus centered on the second target (see also [42] and [43] for a related 

issue). This distinction is important, as the latter case would not require any additional 

mechanism other than retinocentric target selection [44,45].

Concluding remarks and future directions

We have discussed the evidence of RF shifts during the preparation of saccadic eye 

movements. Thus far, this evidence suggests that previous observations of predictive 

remapping may be explained instead by a convergence of RFs toward the targets of 

saccades. The apparent convergence of RFs seems to be in accordance with other neuro-

physiological and psychophysical evidence of a predominant role of saccadic targets in 

vision [46–52]. However, future experiments will be necessary to adequately understand the 

nature of presaccadic RF shifts. These experiments might, for example, address RF shifts in 

terms of their (i) temporal dynamics, (ii) generalizability to different types of RF stimuli 

(e.g., flashed versus stable), (iii) similarities across different saccade paradigms (e.g., 

memory-guided versus visually guided saccades), (iv) similarities across the visual system, 

and (v) similarities during single saccades, sequences of saccades, as well as during 

naturalistic visual scanning. Although one presumes that addressing the above questions will 

elucidate the function of presaccadic RF shifts, it is likely that their function will only be 

determined by causal tests of a link between RF shifts and visual perception. In particular, it 
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will be crucial to establish whether RF shifts are necessary for perceived visual stability 

across saccades.
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Glossary

Compression of 
visual space

a visual illusion occurring around the time of saccades. Briefly 

presented stimuli are perceptually mislocalized closer to saccade 

targets. This phenomenon might be related to gain modulation 

induced distortions of neuronal population responses.

Focus of 
convergence

point in retinocentric coordinates to which receptive fields shift. 

Here, each point of convergence may simultaneously reflect a peak 

in gain modulation of neuronal responses, in the probability of a 

saccadic eye movement and in a perceptual benefit. Furthermore, 

the focus of convergence may also reflect a center of perceptual 

compression.

Fovea central region of the retina where visual acuity is greatest.

Gain modulation change in the input/output ratio of a neuronal response.

Lateral 
intraparietal area 
(LIP)

brain region within macaque parietal cortex. Together with the 

frontal eye field (FEF), located in prefrontal cortex, and the 

superior colliculus (SC), located in the midbrain, LIP appears to 

play a key role in the control of visually guided saccades and the 

deployment of visuospatial attention.

Presaccadic 
receptive field shift

general term used here to describe an effective change in the 

receptive field before the onset of a saccade.

Predictive 
remapping

anticipatory shift of receptive fields from their current, presaccadic 

locations to their future, postsaccadic locations before saccade 

onset.

Receptive field 
(RF)

region of sensory periphery (e.g., retina) where stimulation (e.g., 

with light) changes the spiking response of a given neuron.

Retinocentric 
coordinates

eye centered spatial reference frame relative to the fovea.

Saccadic eye 
movements 
(saccades)

quick, jerk-like, movements of the eyes used to position targets at 

the center of gaze (onto the fovea).

Tilt after-effect 
(TAE)

a visual illusion observed after a prolonged exposure to a certain 

orientation (adaptor stimulus). A subsequently shown, probe 
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stimulus, of a different orientation is perceived as tilted from its 

veridical orientation, and away from the adaptor.

Visual area V4 located in extrastriate visual cortex, V4 is considered part of the 

ventral stream. V4 neurons are selective for shape and color. The 

activity of V4 neurons can be modulated by attention and saccade 

preparation.

References

1. Wurtz RH. Neuronal mechanisms of visual stability. Vision Res. 2008; 48:2070–2089. [PubMed: 
18513781] 

2. von Helmholtz, H. A Treatise on Physiological Optics. Translated from the 3rd German ed. 
1909-1911. Southall, JPC., editor. Optical Society of America; Rochester, NY.: 1866/1911. 

3. Ibbotson M, Krekelberg B. Visual perception and saccadic eye movements. Curr. Opin. Neurobiol. 
2011; 21:553–558. [PubMed: 21646014] 

4. Ross J, et al. Changes in visual perception at the time of saccades. Trends Neurosci. 2001; 24:113–
121. [PubMed: 11164942] 

5. Duhamel JR, et al. The updating of the representation of visual space in parietal cortex by intended 
eye movements. Science. 1992; 255:90–92. [PubMed: 1553535] 

6. Walker MF, et al. Neurons in the monkey superior colliculus predict the visual result of impending 
saccadic eye movements. J. Neurophysiol. 1995; 73:1988–2003. [PubMed: 7623096] 

7. Umeno MM, Goldberg ME. Spatial processing in themonkey frontal eye field. I. Predictive visual 
responses. J. Neurophysiol. 1997; 78:1373–1383. [PubMed: 9310428] 

8. Sommer MA, Wurtz RH. Influence of the thalamus on spatial visual processing in frontal cortex. 
Nature. 2006; 444:374–377. [PubMed: 17093408] 

9. Nakamura K, Colby CL. Updating of the visual representation in monkey striate and extrastriate 
cortex during saccades. Proc. Natl. Acad. Sci. U.S.A. 2002; 99:4026–4031. [PubMed: 11904446] 

10. Joiner WM, et al. Modulation of shifting receptive field activity in frontal eye field by visual 
salience. J. Neurophysiol. 2011; 106:1179–1190. [PubMed: 21653709] 

11. Shin S, Sommer MA. Division of labor in frontal eye field neurons during presaccadic remapping 
of visual receptive fields. J. Neurophysiol. 2012; 108:2144–2159. [PubMed: 22815407] 

12. Mirpour K, Bisley JW. Anticipatory remapping of attentional priority across the entire visual field. 
J. Neurosci. 2012; 32:16449–16457. [PubMed: 23152627] 

13. Zirnsak M, et al. Visual space is compressed in prefrontal cortex before eye movements. Nature. 
2014; 507:504–507. [PubMed: 24670771] 

14. Tolias AS, et al. Eye movements modulate visual receptive fields of V4 neurons. Neuron. 2001; 
29:757–767. [PubMed: 11301034] 

15. Melcher D. Predictive remapping of visual features precedes saccadic eye movements. Nat. 
Neurosci. 2007; 10:903–907. [PubMed: 17589507] 

16. Biber U, Ilg UJ. Visual stability and the motion aftereffect: a psychophysical study revealing 
spatial updating. PLoS ONE. 2011; 6:e16265. [PubMed: 21298104] 

17. Zirnsak M, et al. Anticipatory saccade target processing and the presaccadic transfer of visual 
features. J. Neurosci. 2011; 31:17887–17891. [PubMed: 22159103] 

18. Zhao M, et al. Eye movements and attention: the role of presaccadic shifts of attention in 
perception, memory and the control of saccades. Vision Res. 2012; 1:40–60. [PubMed: 22809798] 

19. Deubel H, Schneider WX. Saccade target selection and object recognition: evidence for a common 
attentional mechanism. Vision Res. 1996; 36:1827–1837. [PubMed: 8759451] 

20. Hoffman JE, Subramaniam B. The role of attention in saccadic eye movements. Percept. 
Psychophys. 1995; 57:787–795. [PubMed: 7651803] 

Zirnsak and Moore Page 7

Trends Cogn Sci. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



21. Kowler E, et al. The role of attention in the programming of saccades. Vision Res. 1995; 35:1897–
1916. [PubMed: 7660596] 

22. Moore T, et al. Visuomotor origins of covert spatial attention. Neuron. 2003; 40:671–683. 
[PubMed: 14622573] 

23. McAdams CJ, Maunsell JH. Attention to both space and feature modulates neuronal responses in 
macaque area V4. J. Neurophysiol. 2000; 83:1751–1755. [PubMed: 10712494] 

24. Reynolds JH, et al. Attention increases sensitivity of V4 neurons. Neuron. 2000; 26:703–714. 
[PubMed: 10896165] 

25. Fischer B, Boch R. Enhanced activation of neurons in prelunate cortex before visually guided 
saccades of trained rhesus monkeys. Exp. Brain Res. 1981; 44:129–137. [PubMed: 7286100] 

26. Bichot NP, et al. Parallel and serial neural mechanisms for visual search in macaque area V4. 
Science. 2005; 308:529–534. [PubMed: 15845848] 

27. Moore T, Chang MH. Presaccadic discrimination of receptive field stimuli by area V4 neurons. 
Vision Res. 2009; 49:1227–1232. [PubMed: 18501949] 

28. Steinmetz NA, Moore T. Changes in the response rate and response variability of area V4 neurons 
during the preparation of saccadic eye movements. J. Neurophysiol. 2010; 103:1171–1178. 
[PubMed: 20018834] 

29. Moore T, et al. Visual representations during saccadic eye movements. Proc. Natl. Acad. Sci. 
U.S.A. 1998; 95:8981–8984. [PubMed: 9671790] 

30. Connor CE, et al. Responses in area V4 depend on the spatial relationship between stimulus and 
attention. J. Neurophysiol. 1996; 75:1306–1308. [PubMed: 8867139] 

31. Connor CE, et al. Spatial attention effects in macaque area V4. J. Neurosci. 1997; 17:3201–3214. 
[PubMed: 9096154] 

32. Klein BP, et al. Attraction of position preference by spatial attention throughout human visual 
cortex. Neuron. 2014; 84:227–237. [PubMed: 25242220] 

33. Fecteau JH, Munoz DP. Salience, relevance, and firing: a priority map for target selection. Trends 
Cogn. Sci. 2006; 10:382–390. [PubMed: 16843702] 

34. Cavanagh P, et al. Visual stability based on remapping of attention pointers. Trends Cogn. Sci. 
2010; 14:147–153. [PubMed: 20189870] 

35. Rolfs M, et al. Predictive remapping of attention across eye movements. Nat. Neurosci. 2011; 
14:252–256. [PubMed: 21186360] 

36. Hunt AR, Cavanagh P. Remapped visual masking. J. Vis. 2011; 11:13. [PubMed: 21245278] 

37. Jonikaitis D, et al. Allocation of attention across saccades. J. Neurophysiol. 2013; 109:1425–1434. 
[PubMed: 23221410] 

38. Baldauf D, Deubel H. Properties of attentional selection during the preparation of sequential 
saccades. Exp. Brain Res. 2008; 184:411–425. [PubMed: 17846754] 

39. Zirnsak M, et al. Split of spatial attention as predicted by a systems-level model of visual attention. 
Eur. J. Neurosci. 2011; 33:2035–2045. [PubMed: 21645099] 

40. Gottlieb JP, et al. The representation of visual salience in monkey parietal cortex. Nature. 1998; 
391:481–484. [PubMed: 9461214] 

41. Phillips AN, Segraves MA. Predictive activity in macaque frontal eye field neurons during natural 
scene searching. J. Neurophysiol. 2010; 103:1238–1252. [PubMed: 20018833] 

42. Mathôt S, Theeuwes J. Evidence for the predictive remapping of visual attention. Exp. Brain Res. 
2010; 200:117–122. [PubMed: 19882149] 

43. Harrison WJ, et al. Pre-saccadic shifts of visual attention. PLoS ONE. 2012; 7:e45670. [PubMed: 
23029175] 

44. Golomb JD, et al. The native coordinate system of spatial attention is retinotopic. J. Neurosci. 
2008; 30:1546–1610.

45. Golomb JD, et al. Attentional facilitation throughout human visual cortex lingers in retinotopic 
coordinates after eye movements. J. Neurosci. 2010; 30:1546–1610.

46. Deubel H, et al. Postsaccadic target blanking prevents saccadic suppression of image displacement. 
Vision Res. 1996; 36:985–996. [PubMed: 8736258] 

Zirnsak and Moore Page 8

Trends Cogn Sci. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



47. McConkie GW, Currie CB. Visual stability across saccades while viewing complex pictures. J. 
Exp. Psychol. Hum. Percept. Perform. 1996; 22:563–581. [PubMed: 8666953] 

48. Currie CB, et al. The role of the saccade target object in the perception of a visually stable world. 
Percept. Psychophys. 2000; 62:673–683. [PubMed: 10883576] 

49. Henderson JM, Hollingworth A. Eye movements and visual memory: detecting changes to saccade 
targets in scenes. Percept. Psychophys. 2003; 65:58–71. [PubMed: 12699309] 

50. Rolfs M, Carrasco M. Rapid simultaneous enhancement of visual sensitivity and perceived contrast 
during saccade preparation. J. Neurosci. 2012; 32:13744–13752. [PubMed: 23035086] 

51. Harrison WJ, et al. Eye movement targets are released from visual crowding. J. Neurosci. 2013; 
33:2927–2933. [PubMed: 23407951] 

52. Wolfe BA, Whitney D. Facilitating recognition of crowded faces with presaccadic attention. Front. 
Hum. Neurosci. 2014; 8:103. [PubMed: 24592233] 

53. Ross J, et al. Compression of visual space before saccades. Nature. 1997; 386:598–601. [PubMed: 
9121581] 

54. Kaiser M, Lappe M. Perisaccadic mislocalization orthogonal to saccade direction. Neuron. 2004; 
41:293–300. [PubMed: 14741109] 

55. Hamker FH, et al. The peri-saccadic perception of objects and space. PLoS Comput. Biol. 2008; 
4:e31. [PubMed: 18282086] 

56. Zirnsak M, et al. The spatial distribution of receptive field changes in a model of peri-saccadic 
perception: predictive remapping and shifts towards the saccade target. Vision Res. 2010; 
50:1328–1337. [PubMed: 20152853] 

57. Carrasco M. Visual attention: the past 25 years. Vision Res. 2011; 51:1484–1525. [PubMed: 
21549742] 

58. Crovitz HF, Daves W. Tendency to eye movement and perceptual accuracy. J. Exp. Psychol. 1962; 
63:495–498. [PubMed: 13882419] 

59. Rizzolatti G, et al. Reorienting attention across the horizontal and vertical meridians: evidence in 
favor of a premotor theory of attention. Neuropsychologia. 1987; 25(1A):31–40. [PubMed: 
3574648] 

60. Hunt AR, Kingstone A. Covert and overt voluntary attention: linked or independent. Brain Res. 
Cogn. Brain Res. 2003; 18:102–105. [PubMed: 14659502] 

61. Born S, et al. Presaccadic perceptual facilitation effects depend on saccade execution: evidence 
from the stop-signal paradigm. J. Vis. 2014; 14:7. [PubMed: 24599945] 

62. Steinmetz NA, Moore T. Eye movement preparation modulates neuronal responses in area V4 
when dissociated from attentional demands. Neuron. 2014; 83:496–506. [PubMed: 25033188] 

63. Felleman DJ, Van Essen DC. Distributed hierarchical processing in the primate cerebral cortex. 
Cereb. Cortex. 1991; 1:1–47. [PubMed: 1822724] 

64. Bruce, CJ. Integration of sensory and motor signals for saccadic eye movements in the primate 
frontal eye fields.. In: Edelman, GM., et al., editors. Signals and Senses, Local and Global Order in 
Perceptual Maps. Wiley; NY.: 1990. 

65. Bruce CJ, Goldberg ME. Primate frontal eye fields. I. Single neurons discharging before saccades. 
J. Neurophysiol. 1985; 53:603–635. [PubMed: 3981231] 

66. Armstrong KM, et al. Selection and maintenance of spatial information by frontal eye field 
neurons. J. Neurosci. 2009; 29:15621–15629. [PubMed: 20016076] 

67. Squire RF, et al. Prefrontal contributions to visual selective attention. Annu. Rev. Neurosci. 2013; 
8:451–466. [PubMed: 23841841] 

68. Thompson KG, et al. Neuronal basis of covert spatial attention in the frontal eye field. J. Neurosci. 
2005; 25:9479–9487. [PubMed: 16221858] 

69. Bushnell MC, et al. Behavioral enhancement of visual responses in monkey cerebral cortex. I. 
Modulation in posterior parietal cortex related to selective visual attention. J. Neurophysiol. 1981; 
46:755–772. [PubMed: 7288463] 

70. Bisley JW, Goldberg ME. Neuronal activity in the lateral intraparietal area and spatial attention. 
Science. 2003; 299:81–86. [PubMed: 12511644] 

Zirnsak and Moore Page 9

Trends Cogn Sci. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



71. Kastner S, et al. Increased activity in human visual cortex during directed attention in the absence 
of visual stimulation. Neuron. 1999; 22:751–761. [PubMed: 10230795] 

72. Liu Y, et al. Intention and attention: different functional roles for LIPd and LIPv. Nat. Neurosci. 
2010; 13:495–500. [PubMed: 20190746] 

73. Wardak C, et al. A deficit in covert attention after parietal cortex inactivation in the monkey. 
Neuron. 2004; 42:501–508. [PubMed: 15134645] 

74. Latto R, Cowey A. Visual field defects after frontal eye-field lesions in monkeys. Brain Res. 1971; 
30:1–24. [PubMed: 4999140] 

75. Wardak C, et al. Contribution of the monkey frontal eye field to covert visual attention. J. 
Neurosci. 2006; 26:4228–4235. [PubMed: 16624943] 

76. Moore T, Fallah M. Control of eye movements and spatial attention. Proc. Natl. Acad. Sci. U.S.A. 
2001; 98:1273–1276. [PubMed: 11158629] 

77. Moore T, Armstrong KM. Selective gating of visual signals by microstimulation of frontal cortex. 
Nature. 2003; 421:370–373. [PubMed: 12540901] 

78. Noudoost B, Moore T. Control of visual cortical signals by prefrontal dopamine. Nature. 2011; 
474:372–375. [PubMed: 21572439] 

79. Stanton GB, et al. Topography of projections to posterior cortical areas from the macaque frontal 
eye fields. J. Comp. Neurol. 1995; 353:291–305. [PubMed: 7745137] 

80. Jerde TA, et al. Prioritized maps of space in human frontoparietal cortex. J. Neurosci. 2012; 
32:17382–17390. [PubMed: 23197729] 

Zirnsak and Moore Page 10

Trends Cogn Sci. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Box 1. Saccades and compression of visual space

While vision is stable across eye movements under natural viewing conditions, strong 

perceptual distortions can be induced under controlled laboratory settings (Figure IA). In 

a prototypical experiment, human observers are asked to perform an eye movement from 

an initial fixation point to another stimulus, the saccade target. In addition, a third visual 

stimulus, the probe, is briefly flashed around the time of the saccade and observers have 

to indicate the probe's location after completing the eye movement. For probe 

presentations long before and after a saccade, observers indicate the probe location to be 

close to veridical. For probe presentations close to saccade execution, increasing errors in 

probe localization occur peaking at approximately the onset of the eye movement. Under 

certain viewing conditions, the pattern of mislocalization resembles a ‘compression of 

visual space ’ [53,54], meaning that probes are indicated much closer to the saccade 

target than they have actually been presented. For a quantitative account of compression 

[55], it has been demonstrated that simple gain modulations centered at the cortical 

representation of the saccade target can explain key features of the psychophysical 

(Figure IB) and neural (Figure 2E) data. It is assumed that neurons with RFs relatively 

close to the saccade target are activated more strongly by a given probe around the time 

of a saccade, as are neurons with RFs at locations further away from the target. This 

pattern of activity results in a distortion of the neuronal population response toward the 

saccade target (Figure IC), similar to the observed mislocalization in humans. The pattern 

of activity further leads to convergent RF shifts within downstream areas, which are 

driven by those distorted responses [56].

Figure I Compression of visual space. (A) Mislocalization of stimuli presented close to 

saccade onset by human observers [54]. Vector origins indicate the veridal positions of 

stimuli and vector endpoints indicate the mean indicated positions. (B) Mislocalization of 

stimuli presented close to saccade onset by a model of perisaccadic processing [55]. (C) 

Illustration of how simple gain modulations can distort the neuronal population response. 

The gray curve represents the purely stimulus-driven (white solid rectangle) response of 

simple model neurons assuming Gaussian RFs. The solid, gold curve represents the 

response of the same set of model neurons now modulated by a multiplicative signal 

(dashed gold). The response is distorted toward the center of the signal and reading out 

the maximum of the response would lead to a mislocalization of the stimulus towards the 

center of the signal as well (white rectangle). Note that all responses are shown 

normalized.
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Box 2. Saccades and visuospatial attention

The relationship between eye movements and selective spatial attention has long been of 

interest, not only because it is inherent that gaze shifts reflect the overt deployment of 

attention, but also because of evidence that saccades might be sufficient to cause the 

perceptual improvements that define the orienting of covert attention [57]. Early hints of 

an interdependence between saccades and attention came from psychophysical studies in 

humans, such as one reporting a positive correlation between visual discrimination of 

briefly presented target stimuli and the direction of ensuing saccades [58]. Later studies 

reported that visual discrimination is facilitated at the endpoints of saccades, even when 

observers are instructed to attend elsewhere [19,20]. Psychophysical results such as these 

[18] lend credence to the proposal that saccades and spatial attention reflect a common 

neural mechanism [59]. Specifically, the proposal holds that shifts of covert attention are 

driven by neurons engaged in the planning of saccades, yet those plans are not executed. 

Studies investigating the neural mechanisms of visual spatial attention and saccades 

indeed found evidence that the two are largely, though not completely, overlapping (see 

Box 3). Although some psychophysical evidence suggests that spatial attention and 

saccade planning can be dissociated in terms of perceptual benefits [60,61], 

neurophysiological evidence suggests that saccade planning is sufficient to bring about 

the prototypical neural correlates of spatial attention within visual cortex [62].
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Box 3. The FEF and visuospatial attention

The FEF serves not only as part of a network of retinotopic visual areas [63] and a 

network that controls saccades [64], but it is also part of a network of prefrontal areas 

involved in executive functions. Each cortical column of FEF neurons comprises a set of 

distinct functional classes of neurons that either signals the presence of visual stimuli at a 

retinocentric location, the preparation of a saccade to that location, or both [65]. In 

addition, many FEF neurons encode the location of remembered stimuli (or the location 

of prepared saccades) over several seconds, consistent with a role in working memory 

[66]. More recent evidence from human and nonhuman primate studies has also 

established a role of FEF neurons in the control of visuospatial attention. Specifically, 

this evidence suggests that at least a subset of FEF neurons directly modulates the gain of 

signals within posterior visual cortex in a location-specific manner, and thus provide a 

source of attentional filtering within the spatial domain [67].

Like neurons within visual cortex, FEF activity is enhanced when covert attention is 

directed to a visual stimulus within a neuron's RF [68]. However, unlike posterior visual 

areas, but similar to posterior parietal cortex [69,70], FEF activity is also enhanced when 

attention is directed to a RF without visual stimulation [66,71]. As with posterior parietal 

cortex [72,73], permanent or temporary inactivation of the FEF leads to deficits 

consistent with visuospatial neglect [74,75] suggesting that both structures are necessary 

for normal spatial attention. Perturbations of FEF activity can initiate both the behavioral 

deployment of spatial attention [76] and the neural correlates of that deployment within 

visual cortex [77,78] indicating that changes in FEF neuronal activity are sufficient for 

attentional control. Although it remains to be determined to what extent the FEF's control 

in visuospatial attention operates principally through other structures (e.g., parietal 

cortex, SC) in modulating posterior visual representations, the existence of projections of 

layer 2/3 FEF neurons to extrastriate visual areas [79] suggests that at least some of that 

control is direct. Taken together, evidence to date indicates that local, columnar networks 

of FEF neurons modulate visual cortical signals in conjunction with the preparation of 

saccades to specific spatial locations, and this provides a basis, at least in part, for 

visuospatial attention [67,80].
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Figure 1. 
Saccades, visualstability, and predictive remapping. (A) Illustration of a sequence of three 

saccades within a visual scene. (For simplicity, only one eye is depicted.) (B) The retinal 

images of the three fixation periods shown together with the swift sweep of the retinal 

projection during saccades. Note, retinal images have been reflected horizontally and 

vertically. (C) Schematic display of predictive remapping. Three receptive fields (RFs) are 

depicted during two periods of fixation (left and middle panel) and shortly before a saccade 

(right panel). Following asaccade from fixation point 1 (FP1) (left panel) to FP2 (middle 

panel), RFs are displaced by the eye movement, and remain fixed in retinocentric 

coordinates. With predictive remapping (right panel), RFs are thought to shift to their future, 

postsaccadic, locations before the saccade begins.
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Figure 2. 
Receptive field (RF) shifts in the frontal eye field (FEF). (A) Electrophysiological 

recordings in the macaque FEF. (B) Stimulus layout and timeline as used in [8] together 

with the responses of a FEF neuron. Responses to probes presented long before a saccade, 

and during fixation at fixation point 1 (FP1) are plotted in grey. Responses to probes shown 

shortly before a saccade are plotted in gold. FF stands for ‘future field’. (C) Stimulus layout 

used in [13]. (D) Two example RFs from [13]. RF1s (top) denote the RF centers measured 

during fixation at FP1, and long before a saccade. RF2s (middle) denote the RF centers 

measured during fixation at FP2, long after a saccade. The presaccadic RFs (PRFs) (bottom) 

denote the RF centers measured immediately before a saccade from FP1 to FP2. The gold 

vectors indicate the predicted remapping vector based on the RF1 centers (black crosses). 

The white squares represent the predicted remapping RF center based on the RF2s. (E) 

Population RF centers of all measured FEF RFs plotted as a function of visual space from 

[13]. Gray vectors are based on the differences between the RF1s and the RF2s and provide 

an empirical estimate for remapping. Gold vectors are based on the RF1s and PRFs.
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Figure 3. 
Psychophysical evidence of receptive field (RF) shifts in human observers. (A) Stimulus 

sequence as used in [15]. Observers made saccades from fixation point 1 (FP1) to FP2 and 

judged the orientation of the probe stimulus (left versus right). (B) Spatial layout of stimuli 

used in [15] (top) and [17] (bottom). In [15], the adaptor was presented at the fovea, and 

probes were presented either at the adaptor position (AP) or the expected remapped position 

(RP). In [17] the adaptor was presented beyond and above the saccade target. The test 

between remapping and convergent RF shifts was done by comparing the tilt after-effect 

(TAE) measured at the RP with the TAE measured at the saccade target position (SP). (C) 

Results from [15]. The magnitude of the TAE is plotted as the proportion of the maximum 

TAE measured at the adapted location during fixation (gray). Presaccadically (gold), the 

TAE increases at the RP and decreases at the AP. (D) Results from [17]. The magnitude of 

the TAE at the RP and SP is given by the separation between the psychometric functions. 

Solid curves for leftward adaptors (inset) and dashed curves for rightward adaptors. Gray 

curves plot data measured long before a saccade. Shortly before saccade onset [blue shaded 

area in (C)], the TAE (gold curves) increases at the SP and decreases at the RP.
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Figure 4. 
Saccades and shifts of attention. (A) Left, stimulus sequence as used in [18]. Human 

observers fixated a central fixation point. A string of 5 letters was presented to the left and to 

the right of the fixation point. The central three letters of each string were surrounded by a 

colored ellipse and served as potential saccade targets cued subsequently by a colored 

triangle. Shortly before saccade onset the letter strings were briefly changed. Among 

distracters (‘5's and ‘2's) a single discrimination target (‘E’ or ‘9’) was shown observers had 

to report its identity. Right, presaccadic discrimination performance. Discrimination was 
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greatest when the location of the discrimination target and the saccade target (ST) were 

matched. (B) Presaccadic activity in macaque area V4. The sustained visual response over 

time (gray) to a receptive field (RF) probe is increased presaccadically (gold) when the 

monkey plans a saccade to the RF probe [27]. (C) Left, stimulus layout as used in [35]. 

Right, discrimination performance shown as a function of time relative to saccade onset. The 

solid line shows performance measured at the first saccade target, the dashed line shows 

performance measured at the second saccade target, and the dotted line shows performance 

at the remapped location of the second saccade target. All three measurements increase with 

time whereas performance measured at the control location (not shown) did not increase 

with time and was close to chance level (50%).
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