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a b s t r a c t

The division of labor in visual processing between two anatomically relatively separate

cortical pathways, a ventral and a dorsal stream, has been hotly debated in the last de-

cades. One influential model is the What & How pathway model, suggesting that the

separation is along ventral perception versus dorsal action, although the degree of func-

tional separation between the two streams is controversial. An implication of this model is

that perception and memory-guided movements are highly sensitive to visual contextual

illusions, whereas visually-guided movements are largely immune to them. Here, we

summarize our recent behavioral and imaging data obtained in single and double saccade

paradigms that test this proposal, with a focus on the role of time in visuomotor processing

and updating. We describe results showing that presentation time of the illusion affects

both saccade amplitude and perceptual judgments in a similar way. We also discuss

behavioral findings showing that visuomotor updating is affected by illusory context.

Complementary neuroimaging data suggest a neural correlate of these findings in dorsal

stream areas. Taken together, these results are suggestive of a dynamic, common visual

representation that drives both perception and action, or e at least e that there is no ab-

solute functional specialization of the two visual processing streams.

Crown Copyright © 2016 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Visual processing in the human brain is generally described as

being organized along two largely segregated streams, a dorsal

pathway and a ventral pathway, both originating in the pri-

mary visual cortex. The dorsal stream projects to the posterior

parietal cortex and the ventral pathway projects to the
Nijmegen, Donders Instit
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inferotemporal cortex. It has been suggested that these two

pathways are not just anatomically distinct, but also code

functionally distinct properties of objects. Based on anatom-

ical and functional evidence in the macaque monkey,

Ungerleider and Mishkin (1982) posed that the ventral stream

is crucial for ‘object vision’, that is, the identification (‘what’)

of objects, whereas the dorsal stream is crucial for ‘spatial

vision’, that is, the location (‘where’) of objects.
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Goodale, Milner and their co-workers tested this model by

examining the behaviour of patients with lesions in these

streams. They found that patients with damage in the

ventral stream have poor perception of objects, but have no

problem in grasping them (Goodale et al., 1994; but see, 1991;

Hesse, Ball, & Schenk, 2012; Himmelbach, Boehme, &

Karnath, 2012). Likewise, Rossit, Szymanek, Butler, and

Harvey (2010) showed greatly reduced accuracy and

increased latencies for memory-guided saccades but not for

reflexive saccades in a patient with ventral stream damage.

The opposite was found in optic ataxia patients with damage

in the dorsal visual stream, who show difficulty in acting

upon objects, even though they perceive them accurately

(Jakobson, Archibald, Carey, & Goodale, 1991; Goodale et al.,

1994; but see; Pisella et al., 2000).

Based on such observations, Goodale and Milner proposed

the What & How pathway model, which distinguishes be-

tween the processing of visual information for perception

(‘what’ vision for perception’) and action (‘how’ vision for

action’). According to this model, the task of the ventral

stream is to transform visual input into perceptual represen-

tations for the purpose of conscious perception. The ventral

stream processes object characteristics such as shape, size

and color and their embeddedness in a visual context. This

information can be stored in long-term memory, and allows

the ventral stream to contribute to action planning based on

remembered information. In contrast, the dorsal stream is

involved in the real-time guidance of action, coding object

information based on current visual inputs in a metrically

accurate manner relative to the observer. The dorsal stream

can specify actions that are carried out immediately, allowing

to act upon unpredictable events.

This model of visual processing has been very influential,

sparking many studies and experiments over the last 25 years

(see for instance the other papers in this issue). Not only has

the functional independence of the two streams been ques-

tioned (Schenk & McIntosh, 2010), the number of pathways is

also under study (Pisella, Binkofski, Lasek, Toni, & Rossetti,

2006; Rizzolatti & Matelli, 2003). Others have related the

distinction between connection types, such as feedback and

feedforward interactions, to the functional dichotomies in

visual processing (Lamme& Roelfsema, 2000). In the following

we will review some of our recent behavioral and imaging

work on visuomotor processing and updating in the context of

the What & How pathway model and its alternative accounts.
2. Tricking vision

An interesting implication of theWhat&How pathwaymodel

is that our perception is highly sensitive to visual contextual

illusions, but that our actions are largely immune to these il-

lusions. The rationale is as follows. For perception, it is

essential that the ventral visual stream encodes the size,

orientation, and location of objects relative to other objects,

that is, in an allocentric frame of reference (Goodale & Milner,

1992; Milner & Goodale, 2008). Because the ventral stream

interprets the visual input at a global, pictorial level, its

contribution to perception andmemory-guided actionswill be

highly sensitive to visual contextual illusions. In contrast,
acting upon an object requires the dorsal visual stream to

compute the actual size of the object, and its position and

motion with respect to the observer, that is, in an egocentric

frame of reference. Because the dorsal stream interprets vi-

sual information relative to the observer, the actions it spec-

ifies are assumed to be largely immune to contextual illusions.

Thus, Milner and Goodale predicted that perceptual judg-

ments and goal-directed actions would be differentially

affected by visual contextual illusions. In support, they

showed that the size of the center disk in the Ebbinghaus

illusion biases perceptual size judgments when viewing this

disk but not the grip aperture when grasping this disk (Aglioti,

DeSouza,&Goodale, 1995; Haffenden, Schiff,&Goodale, 2001).

This interpretation, however, has been questioned (see

Smeets & Brenner, 2006 for review). One criticism is that the

perceptual and the motor task were not appropriately

matched (Franz, Gegenfurtner, Bülthoff,& Fahle, 2000; Pavani,

Boscagli, Benvenuti, Rabuffetti, & Farn�e, 1999). More specif-

ically, in the original studies, two discs with different context

circles were shown simultaneously. In the perception task,

subjects had to compare the two central discs, while in the

grasping task they acted on only one of them, which could

have led to an asymmetry in the result. The asymmetry dis-

appearedwhen perceptual and grasping tasks both operate on

a single Ebbinghaus figure. However, this counter-argument

does not seem to hold for other illusions (St€ottinger, Soder,

Pfusterschmied, Wagner, & Perner, 2010). Another counter-

argument is that grip aperture is not an appropriate mea-

sure of how size is processed for action (Smeets & Brenner,

2006), which is strengthened by the finding that other motor

aspects of grasping, such as lift and grip force, perhaps based

on object properties coded ventrally (Gallivan, Cant, Goodale,

& Flanagan, 2014), are affected by illusions of size (Brenner &

Smeets, 1996; Jackson & Shaw, 2000).

Because reaching and grasping are under voluntary con-

trol, and their trajectories susceptible to visual feedback, re-

searchers have resorted to saccades to study the effects of

illusions on visuomotor processing.
3. Look at the dot

Saccades are generally regarded as ballistic movements

whose trajectory, once started, cannot be influenced by

incoming sensory information. This makes these movements

very well suited to study the effects of visual contextual illu-

sions on visuomotor processing.

Over the years, a large set of data has been collected about

the effects of visual illusions on saccades (Bruno, Knox, & de

Grave, 2010; Fracasso, Targher, Zampini, & Melcher, 2013;

Knox, 2006; Melmoth, Grant, Solomon, & Morgan, 2015). For

example, Knox (2006) showed a reduction in saccade ampli-

tude when saccades were executed to the end of an occluded

line, consistent with the known perceptual compression of

the line (i.e., Kanizsa's compression illusion). Melmoth et al.

(2015) reported a bias in saccades to a target embedded in

the Poggendorff illusion. However, the majority of the work

with saccades has been performed with the MüllereLyer

illusion, an illusion that makes a horizontal line appear

shorter or longer by the context of its inward or outward

http://dx.doi.org/10.1016/j.cortex.2016.11.013
http://dx.doi.org/10.1016/j.cortex.2016.11.013
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Fig. 1 e Effect of time on perceiving and acting in an

illusory context. A. Relationship between presentation

time of the illusion, response delay, memory delay and

saccade latency in saccade tasks. For reflexive saccades,

memory delay and response delay are both equal to zero.

For deferred saccades, a response delay is introduced

while keeping memory delay zero. For memory-guided

saccade, there is a non-zero memory delay. B. Illusion

effects for reflexive, deferred andmemory-guided saccades

as a function of the presentation time of the illusion. C. As

B, but for perceptual judgments.
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pointing arrowheads. Already in 1967, Yarbus described how

natural saccadic eye movements are affected by this illusion,

resulting in shorter saccade amplitudes for the perceptually

shorter illusion, and longer amplitudes for the perceptually

longer illusion (Yarbus, 1967). Later, these observations were

confirmed in controlled experiments (Bernardis, Knox, &

Bruno, 2005; Binsted & Elliott, 1999; De Grave, Smeets, &

Brenner, 2006). A review on the effect of the MüllereLyer

illusion on saccades showed that the effect of this illusion

ranges from virtually zero to about 30% of saccade amplitude,

depending on experimental conditions, such as predictability

of the spatial characteristics of the illusion, the presence of

postsaccadic visual feedback, saccade latency and other fac-

tors (Bruno et al., 2010).

According to the What & How hypothesis, an important

distinction between the processing in the ventral and dorsal

stream lays in the role of time: the processing in the (illusion-

resistant) dorsal stream is real-time, whereas the processing

in the (illusion-prone) ventral stream is slow. In line with this

distinction, several authors (e.g., McCarley, Kramer, &

DiGirolamo, 2003) reported that reflexive saccades are less

prone to effects of the MüllereLyer illusion than voluntary

saccades. As reflexive saccades have generally shorter la-

tencies, it might be that differences in temporal aspects of the

tasks are the underlying cause of the wide range of illusion

effects that have been reported.

In an attempt to find consistencies in illusion effects, we

recently examined the role of time in the processing of the

MüllereLyer illusion for saccades and perception (de Brouwer,

Brenner, & Smeets, 2016; de Brouwer, Brenner, Medendorp, &

Smeets, 2014). We performed a set of experiments in which

participantsmade a single leftward or rightward saccade from

a fixation point at one vertex of the MüllereLyer illusion to a

target at its other vertex, while we recorded eye position. We

used both a ‘compressing’ and an ‘expanding’ML illusion and

compared the amplitude of saccades along the horizontal

shaft in these two configurations. We used various shaft

lengths to deter stereotyped responses based on memory of

the stimuli, and verified that the saccade amplitude scaled

with shaft length. Furthermore, subjects received no feedback

about their performance, so they did not know whether their

saccades were performed correctly or not, and as the stimulus

was never present at saccade offset, they could not correct for

amplitude errors due to the illusion.

We examined four temporal factors in the processing of

visuomotor information for saccades: 1) reaction time of the

saccade, i.e., saccade latency 2) presentation time of the illu-

sion; 3) time between the appearance of the illusion and the

cue to make an eye movement, i.e., response delay; and 4)

time between the disappearance of the illusion and the cue to

make an eye movement, i.e., memory delay. Fig. 1A illustrates

the relationship between these factors.

To examine the effect of saccadic latency, participants

were instructed to move their eyes to the target as quickly as

possible in response to the onset of the stimulus (i.e., memory

delay and response delay both equal to zero), The stimulus

was shown for either 12, 24, 47, 94, 153 or 200 msec. Saccade

latency was further modulated by introducing a temporal gap

before the appearance of the stimulus. We called this the re-

flexive saccade condition.
We examined the effect of presentation time in the de-

ferred saccade condition, in which subjects viewed the stim-

ulus for a certain amount of time (153, 306, 459, 659 or

1153 msec) before they made the saccade.

Finally, in the memory-guided saccade condition, subjects

viewed the stimulus for 153, 200 or 659 msec, and subse-

quently kept fixation for up to 1800 msec (the memory delay),

after which they made the saccade.

We computed the illusion effect as follows. We first

determined the median saccade amplitude for each partici-

pant and condition. We then calculated the illusion effect as

the difference between the median amplitude of saccades

http://dx.doi.org/10.1016/j.cortex.2016.11.013
http://dx.doi.org/10.1016/j.cortex.2016.11.013
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along the compressing and expanding configuration, divided

by the length of the shaft of illusion. The result is the influence

of the illusion as a percentage of shaft length, which were

averaged across shaft lengths and leftward and rightward

saccade directions.

For comparison, subjects also performed a perception task,

in which the illusion with three different shaft lengths was

presented for 200, 306, 706 or 2000 msec and participants had

to estimate the length with a precision of .5 cm. The illusion

effect was determined as follows. We first calculated the

average estimated length for each stimulus configuration. For

each participant, we fitted the estimated lengths as a linear

function of the true shaft lengths, reflecting the subject's
perceptual gain. Illusion effects were then calculated by tak-

ing the difference in estimated length for the compressing and

expanding MüllereLyer illusion and correcting this by the

perceptual gain to account for differences between subjects.

Illusion effects were averaged across shaft lengths.

Fig. 1B and C shows the results of both the saccade and

perception experiments, demonstrating that presentation

time is the only variable that seriously affects the illusion ef-

fect. Saccade latency only had a very small effect; memory

delay did not influence the illusion effect. Illusion effects were

largest for reflexive saccades and memory-guided saccades

with a brief presentation time, even when the memory in-

terval went up to 1.8 sec. In fact, irrespective of the saccade

type, the data show a clear drop in size of the effect if subjects

viewed the stimulus for longer than 200 msec, as captured by

the fitted step function (dotted line). Interestingly, the

perception task showed a similar time course although this

task showed larger effects of the illusion (up to three times

larger), as reported before (McCarley & Grant, 2008; van Zoest

& Hunt, 2011). This perceptual time course corroborates a

recent report of Bertulis, Surkys, Bulatov, and Bielevi�cius

(2014), who also found the MüllereLyer illusion to be stron-

gest at early stages of visual processing and to gradually

decrease with the elongation of presentation time.

The saccade results could be viewed in disagreement with

the work by McCarley and colleagues, who suggested that

reflexive saccades are affected less by the illusion than

voluntary saccades (DiGirolamo, McCarley, Kramer, & Griffin,

2008; McCarley & Grant, 2008; McCarley et al., 2003). However,

strictly speaking, their reflexive saccade condition was not

truly reflexive; their participants had previewed the illusion

for 506 msec before they looked at the dot presented on its

vertex. In this respect, their reflexive condition mimics our

deferred saccade condition, for which we found lower illusion

effects (about 6%) than for truly reflexive saccades. Based on

Figure 3 in McCarley et al. (2003), we estimated their illusion

effect at 7%, which is close to the value in our study (see Fig. 1).

For completeness, we also revisited our data to check

whether the illusion effect we report for the reflexive saccade

condition, is a measure of an effect that in fact builds up

across trials. This was not the case; the illusion effect did to

differ across four consecutive bins of trials in the experiment

[ANOVA, F(3,24) ¼ 1.7, p ¼ .20].

Because reflexive and memory-guided saccades behave so

similarly in our experiment, even when both are tested in

separate blocks of trials, they are difficult to reconcile with the

What&How pathwaymodel. This model states thatmemory-
guided saccades and perceptual judgments are based on a

ventral representation and should therefore be highly sus-

ceptible to the illusion, while reflexive and deferred saccades

are based on dorsal processing and are therefore largely im-

mune to the illusion. Also the finding that the illusion is

stronger and more robust perceptually than in saccades

cannot be used to argue for the What & How pathway model

(Franz, Fahle, Bulthoff, & Gegenfurtner, 2001). But the obser-

vation that the saccade and perception task have overlapping

time courses, supports the alternative view that there is a

shared dynamic visual representation (Yildirim &

Cornelissen, 2015; van Zoest & Hunt, 2011), even though the

two tasks may not necessarily need to tap into this repre-

sentation at the same level.

If a common visual representation, originating in primary

visual cortex (V1) drives both perception and action, one could

ask why blindsight patients with lesions in V1 can still make

accurate saccades to stimuli presented in the blind field

(Danckert & Rossetti, 2005; Goodale & Milner, 2004). One

explanation is that, despite a V1 lesion, visual information can

still reach the saccade areas in parietal and frontal cortex

through other connections (Lyon, Nassi, & Callaway, 2010;

Salin & Bullier, 1995). Furthermore, if the V1-bypassing pro-

jections also have chromatic and shape sensitivity, this

explanation can also explain why blindsight patients can

correctly guess the shapes and colors of items without

consciously perceiving them (Weiskrantz, Cowey,&Hodinott-

Hill, 2002). This suggests that the lesion does not block the

complete access of perception to these attributes, which

would be consistent with the idea that perception and action

make use of the same information. Because this information

is inherently redundant, it is possible that two different tasks

(evenwithin the same domain) canmake use of aspects of this

information.

One could argue that the susceptibility to the illusion re-

flects the way the visual system processes scenes in a func-

tional separation of spatial frequencies (DeValois & DeValois,

1990). Low spatial frequency filters, as implemented by the

fast magnocellular/dorsal pathway, process coarse visual in-

formation and high pass filters, implemented by the slow

paravocellular/ventral pathway, provide fine detail

(Kauffmann, Ramano€el, & Peyrin, 2014). Within this notion,

the longer the illusion is viewed the better the realmetrics can

be computed and the smaller the illusion effect. However, this

reasoning would not explain why the illusion effect differs for

saccades directed along the illusion compared to when start-

ing from a position perpendicular to the illusion (De Grave

et al., 2006).

If the ‘what’ and ‘how’ rely on a dynamic visual repre-

sentation, why do the illusion effects decrease after 200msec?

A possible answer could be found in the notion that cortical

streams for vision are hierarchically organized. Successive

levels of the visual cortex are reached through feedforward

connections within 100 msec, where elements are grouped to

extract the gist of scene, including the illusory context (Clarke

& Tyler, 2015; Lamme & Roelfsema, 2000; Schmolesky et al.,

1998). This feedforward sweep is followed by a recurrent

projection, such that information of high-level areas is fed

back to the early regions, allowing modulations of activity in

these regions based on actual grouping, which could then

http://dx.doi.org/10.1016/j.cortex.2016.11.013
http://dx.doi.org/10.1016/j.cortex.2016.11.013
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reduce illusory effects but only if the scene is still visible. As a

result, the first feedforward-recurrent loop of processing may

take 200msec, resulting in the large effects of the illusionwith

short presentation times, as we found.

If this theory is accepted, the results in Fig. 1 have two

further implications. First, the memory-guided saccade and

perception results suggest that visual representations cannot

become more veridical when the stimulus is no longer pre-

sent, even though there may still be time for processing.

Second, the deferred saccade and the perception results sug-

gest that the spatial representation of the target does not

improve any further after a presentation time of about

200 msec.

The results could be reconciled with the What & How

pathwaymodel by assuming that the dorsal spatial processing

(i.e., in the parietal cortex) in itself is insensitive to the illusory

context, but that the ventral spatial representation would in-

fluence the motor output at some stage (e.g., via the frontal

cortex; Schall, Morel, King, & Bullier, 1995). An alternative

explanation e inconsistent with the What & How pathway

model e is that the dorsal stream itself is sensitive to illusory

context. To test between these possibilities, in the next sec-

tion we will describe a task that requires dorsal processing

and allows for studying the activity in the pathways by fMRI

(de Brouwer, Smeets, Gutteling, Toni, & Medendorp, 2015).
4. Track the dot

The allocentric representation of spatial arrangements of ob-

jects in the ventral visual stream can be considered viewer-

invariant and thus remains constant during self-motion. The

egocentric representation of a target in the dorsal visual

stream that is used to guide actions like saccades, however,

needs updatingwhen the observermoves. This process, called

visuomotor updating, is known to also reside in the dorsal

stream (for reviews see Klier & Angelaki, 2008; Medendorp,

2011). According to the What & How pathway model, the

dorsal stream is immune to contextual illusions, so the

visuomotor updating processes should be immune aswell.We

recently tested this proposal, for which we used a double-step

saccade task.

In the double-step task, subjects make sequential saccades

to two targets that are flashed in quick succession and have

disappeared before the start of the first saccade (Hallett &

Lightstone, 1976). Thus, to guide the second saccade, its

spatial dimensions must be computed based on the initial

retinal coordinates of the target and the metrics of the inter-

vening first saccade. We used this task such that it required

visuomotor updating within the context of the Brentano

version of the MüllereLyer illusion. The Brentano illusion is

the ‘double’ version of the MüllereLyer illusion, consisting of

two connected horizontal lines of which one appears shorter

than the other, depending in the configuration of the

arrowheads.

For single saccades, the Brentano illusion is known to

cause a systematic amplitude error (i.e., a deviation from the

ideal saccadic displacement) if the saccade is directed along

the illusion, but not a direction error if it starts from a position

perpendicular to the orientation of the illusion (De Grave et al.,
2006). Thus the position of the target can be accurately enco-

ded relative to a fixation position outside the illusion. We

reasoned that this error provides the opportunity to test the

effect of the illusion in a visuomotor updating task. If partic-

ipants briefly view the illusion with a target at its middle

vertex, but only saccade to this target after an intervening

saccade to a target perpendicular to the illusion, then there

are two possible outcomes. First, if visuomotor updating is

immune to the illusion, the endpoint of the second saccade

will be correct, as if it were a single saccade from the

perpendicular position. In contrast, if visuomotor updating is

affected by the illusion, the endpoint of the second saccade

would show an error as if the saccade were directed along the

illusion.

Our results clearly demonstrated an effect of the illusion

on the visuomotor updating process (Fig. 2), although illusion

effects were stronger in some subjects than others. When

subjects viewed the target embedded within the illusion, and

made a saccade to it after they deviated their eyes to a position

perpendicular to the illusion, they made the same saccade

errors as if they had moved their eyes to this target without

the intervening saccade (Fig. 2A). In other words, it looks like

they were making the second saccade based on an updated,

but illusory target vector.

One could argue that in this task, in which the two targets

are presented sequentially, subjects could only rely on a

visuomotor updating strategy to perform the second saccade.

For instance, if the two targets were presented simultaneously

instead, the brain could also code the dimensions of the sec-

ond saccade based on the allocentric information about the

location of the second saccade target relative to the first,

which should result in an accurate second saccade. But this is

not what happened (de Brouwer, Medendorp,& Smeets, 2016).

The illusion caused systematic errors in the endpoint of the

second saccade, irrespective of whether the targets were

presented sequentially or simultaneously. The illusion effect

on double-step saccades was similar to the effect on single

saccades along the illusion, suggesting that our participants

used an egocentric visuomotor updating strategy. Of note, we

did find a reduced variability in saccade endpoints when

allocentric information was consistently available, but not

when its presence varied from trial to trial. Thus, although

there was a small benefit of allocentric information, we

conclude that egocentric visuomotor updating dominates in a

double-step saccade task within an illusory context. This

process, however, operates on illusory target positions.

This experimental result in itself is not more in conflict

with the What & How pathway model than the result that

single saccades are affected by the illusion. However, unlike

the single-saccade task, this visuomotor updating task allows

us to investigate the question whether these behavioral re-

sults indeed reflect the neural representation of the illusory

target in the dorsal visual stream. We tested this by using a

visuomotor updating task in an fMRI scanner.
5. A bold question

The double-step paradigm allows for an even more direct test

of the What & How pathway model. For this, we rely on a

http://dx.doi.org/10.1016/j.cortex.2016.11.013
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Fig. 2 e Spatial updating within an illusory context. A. First and second saccade trajectories (in green or blue) of a single

subject, starting from either the left or right side of the illusion with the configuration (arrowheads) in the corresponding

color. The illusion was not visible when the saccades were executed. B. Horizontal bias of the second saccade, averaged

across participants, depends on the illusion configuration. For both illusion configurations, the bias is significantly different

from zero. **p < .001. C. BOLD response during the execution of the second saccade, presented on an inflated brain. Data is

the average of 22 participants. SEF ¼ supplementary eye fields, FEF ¼ frontal eye fields, IPS ¼ intraparietal sulcus,

V7 ¼ visual area 7. D. Lateralization of the BOLD response prior to the second saccade due to the illusory context. Error bars

indicate standard errors across participants. *p < .05.
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fundamental organizing principle in the cerebral cortex:

topography. Over the last ten years, imaging studies have

shown various topographic areas along the dorsal visual

stream involved in spatial coding and saccade planning,

including extrastriate, parietal and frontal regions (Curtis &

D'Esposito, 2003; Jerde & Curtis, 2013; Schluppeck, 2006;

Sereno, Pitzalis, & Martinez, 2001; Silver & Kastner, 2009).

These regions show a higher BOLD signal when a saccade is

planned toward a target in the contralateral visual field than

to a location in the ipsilateral field.

Using fMRI, Medendorp, Goltz, Vilis, and Crawford (2003)

have previously exploited the contralateral topography to

test the ramifications of visuomotor updating processes in the

brain. They showed, using a double saccade paradigm, that

when the first saccade reversed the horizontal direction of the

remembered target of the second saccade, there is a reorga-

nization of BOLD activity across the two cortical lobules, with

the highest signal in the hemisphere contralateral to the

hemifield that covers the remapped location of the target. This

shows that the brain dynamically updates the target of

saccade in an eye-centered reference frame.

We reasoned that this approach could also be applied to

test visuomotor updating mechanisms in the context of the

Brentano illusion. Following the behavioral results, we hy-

pothesized that if the target representation in the dorsal vi-

sual stream is affected by the context of the illusion, we expect

that for a target that is remembered to the left of its actual

position, it is more strongly represented in the right dorsal

stream when updated after the first saccade. Vice versa, for a

target that is remembered to the right of its actual position, we

expect a stronger representation in left dorsal stream when
updated after the first saccade. In contrast, if visuomotor

updating operates with the physical position of the target, the

neural activation in the dorsal stream would not be related to

the illusion.

We used a rapid event-related design to address this

question, following the behavioral paradigm described above.

Because the time interval prior to the second saccade was

varied, wewere able to separate the processing in this interval

from the motor-related activity of the preceding first saccade

or the forthcoming second saccade. Moreover, we pseudor-

andomly interleaved the two illusion configurations and

subtracted the associated BOLD responses so that positive

results would only be obtained if the update of the target

representation of the second saccade is affected by the

illusion.

Our results show a clear effect of the illusion on the spatial

selectivity of the BOLD signal in extrastriate area V7, the

intraparietal sulcus and the frontal eye fields (Fig. 2C and D).

We did not find an across-subject correlation between the size

of the illusion effect and the tuning of the BOLD signal, which

may be related to the small size of the effects. These findings

indicate that areas in the dorsal visual stream are sensitive to

visual context: they represent perceived rather than physical

target locations (de Brouwer et al., 2015).

These results thus speak to the question of whether the

modulation of neural activity we found occurred as a result of

interactions with the ventral visual stream, or whether the

dorsal stream itself is sensitive to visual context. One could

argue that if the illusion effects have a sole ventral basis, they

can only penetrate into the planning of single saccades

through direct ventral modulations of the dorsal oculomotor

http://dx.doi.org/10.1016/j.cortex.2016.11.013
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maps. Based on the illusion effects reported for single sac-

cades, such a ventraledorsal interaction will cause amplitude

biases for saccades along the illusion but not for saccades

directed orthogonal to the illusion. Therefore, if the visuo-

motor updating mechanism operates with correct target lo-

cations, a direct ventral inflection would not affect the

updated representation after the first saccade. Because we

found a spatial bias in the BOLD signal prior to the second

saccade, i.e., in relation to the updated target, we suggest that

the target representation in the dorsal stream itself is affected

by the illusion.

No other studies have exploited a saccadic updating

paradigm to distinguish between ventral and dorsal pro-

cessing, making it difficult to place these results in a broader

imaging context. A series of studies by Weidner, Fink, and

colleagues have investigated the neural processes behind the

perception of the MüllereLyer illusion using MEG and fMRI

(Plewan, Weidner, Eickhoff, & Fink, 2012; Weidner & Fink,

2007; Weidner, Boers, Mathiak, Dammers, & Fink, 2010).

They showed that the bilateral lateral occipital cortex, part of

the ventral visual stream, and the right superior parietal

cortex, part of the dorsal stream, are both involved in pro-

cessing the illusion, with bidirectional connections between

the two areas (Plewan et al., 2012). Saber, Pestilli, and Curtis

(2015) showed recently that saccade planning evokes topo-

graphically specific activity in the dorsal and ventral streams.

Other studies have shown that the ventral as well as the

dorsal stream contain object representations, even when

action planning is not involved (Konen & Kastner, 2008; Roth

& Zohary, 2015). All these observations are in general support

of the present results.
6. Summary and conclusion

In 1992, Goodale and Milner proposed a functional distinction

between the ventral and dorsal visual stream. They originally

argued that the processing of visual information for percep-

tion (‘what’) and memory-guided action takes place in the

ventral visual stream, whereas the processing of visual in-

formation for visually-guided action (‘how’) takes place in the

dorsal visual stream. An interesting implication of this What

&How pathwaymodel is that perception andmemory-guided

movement are highly sensitive to visual contextual illusions,

whereas visually-guided movements are largely immune to

these illusions.

The findings of the experiments reviewed do not support a

strong version of this original model. We report a robust effect

of the MüllereLyer or Brentano illusion on saccades, indi-

cating that saccades are not immune to visual illusions.

We further report that illusions affect visually-guided and

memory-guided saccades similarly, suggesting that a com-

mon representation drives these movements. The time-

dependent modulation of the illusion effects can be

explained by a hierarchical model of visual processing, in

which contributions of feedforward and recurrent processing

determine what one perceives and how one acts.

We further describe that visuomotor updating e a func-

tion of the dorsal visual stream e is affected by the illusion.

The BOLD response in areas in the dorsal visual stream is
modulated by the configuration of the illusion. This dem-

onstrates that not only the ventral stream, but also the

dorsal stream, is sensitive to visual context. This adds to the

idea, supported by previous literature (Schenk & McIntosh,

2010), that there is no absolute functional distinction be-

tween the two streams, but rather that they manifest a

strong interconnected network, sharing various processing

characteristics (de Haan & Cowey, 2011).

Whether the observations that we report should be inter-

preted as a falsification of theWhat&How pathwaymodel, or

rather suggest a refinement of the model is a semantic dis-

cussion. Our result cannot be taken to imply that no other

functional distinctions between the two streams exist, for

example, between egocentric versus allocentric coding. At the

very least, as argued by other researchers (e.g., Schenk &

McIntosh, 2010; Schenk, Franz, & Bruno, 2011), our results

suggest that functional specializations of the dorsal and

ventral visual stream are relative rather than absolute.
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