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According to the two visual systems model, the cortical visual system is segregated into a

ventral pathway mediating object recognition, and a dorsal pathway mediating visuomotor

control. In the present study we examined whether the visual control of action could

develop normally even when visual perceptual abilities are compromised from early

childhood onward. Using his fingers, LG, an individual with a rare developmental visual

object agnosia, manually estimated (perceptual condition) the width of blocks that varied

in width and length (but not in overall size), or simply picked them up across their width

(grasping condition). LG's perceptual sensitivity to target width was profoundly impaired in

the manual estimation task compared to matched controls. In contrast, the sensitivity to

object shape during grasping, as measured by maximum grip aperture (MGA), the time to

reach the MGA, the reaction time and the total movement time were all normal in LG.

Further analysis, however, revealed that LG's sensitivity to object shape during grasping

emerged at a later time stage during the movement compared to controls. Taken together,

these results demonstrate a dissociation between action and perception of object shape,

and also point to a distinction between different stages of the grasping movement, namely

planning versus online control. Moreover, the present study implies that visuomotor

abilities can develop normally even when perceptual abilities developed in a profoundly

impaired fashion.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

One of themost influential models regarding the organization

of the cortical visual system proposes a segregation between a

ventral pathway, which mediates object recognition, and a
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dorsal pathway, which supports spatial representations

(Ungerleider & Mishkin, 1982) and goal-directed actions

(Goodale & Milner, 1992). Consistent with this division of

labor, many behavioral studies, with healthy adults as well as

with neuropsychological patients, have demonstrated a

functional dissociation between vision-for-action and vision-
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for-perception (for a recent review see Goodale, 2014, but see

Glover & Dixon, 2001; Himmelbach & Karnath, 2005; Schenk &

McIntosh, 2010 for critics and alternative models). Addition-

ally, neuroimaging and electrophysiological studies, in

human and non-human primates, further demonstrate the

involvement of occipitoparietal regions in visually-guided

actions while occipitotemporal regions are involved in medi-

ating object perception (for a recent review see Gallivan &

Culham, 2015).

Nevertheless, it is unclear whether normal emergence of

each of these two predominantly separated functional net-

works depends on normal development of the visual system,

or whether one functional network could normally emerge

even when the other does not due to abnormal visual system

development from early childhood or even from birth. This

question is particularly of interest given the rich anatomical

and functional connections between the ventral and dorsal

pathways (Himmelbach & Karnath, 2005; van Polanen &

Davare, 2015; Yeatman et al., 2014). In the present study, we

examined this question in the context of object shape repre-

sentation and asked whether the vision-for-action system,

which is presumably mediated by the dorsal pathway, could

develop normally even when the vision-for-perception sys-

tem, presumably mediated by the ventral pathway, was

compromised from an early age.

Only a few studies have examined the developmental as-

sociation between the vision-for-action and vision-for-

perception systems and these yielded mixed results. For

example, Hadad and colleagues have found that similarly to

adults (Ganel, Chajut, & Algom, 2008; Ganel, Freud, & Meiran,

2014, but see Smeets & Brenner, 2008; Utz, Hesse,

Aschenneller, & Schenk, 2015 for critics), children at the age

of five show a dissociation between action and perception

(Hadad, Avidan, & Ganel, 2012). In particular, like adults,

children adhere to Weber's law (Stevens, 1975) in a perceptual

task but not in a grasping task. On the other hand, Schum,

Franz, Jovanovic, and Schwarzer (2012) utilized the Garner

speeded classification task to show that in childhood, both

action and perception rely on integral processing of the

stimulus (i.e., processing the object as a whole) while in

adulthood, action relies on analytical processing of the stim-

ulus (i.e., piecemeal processing of a given dimension) whereas

perception relies on integral processing (Ganel & Goodale,

2003).

These inconsistencies were also reflected in a study that

examined children's sensitivity to the Ebbinghaus illusion in

perceptual and grasping tasks. In particular, similarly to

adults, children were affected by the illusion in the perceptual

task but during grasping, the illusory effect on their motor

control was in a direction opposite to that of adults and to

their own perceptual effect (i.e., discs of the same size were

grasped with a smaller aperture when surrounded by small

distractors, while perceived as being larger; Hanisch, Konczak,

& Dohle, 2001).

The development of a neurofunctional dissociation be-

tween the two pathways was examined in a neuroimaging

study in congenitally blind human adults. In that study,

“visual” stimuli were presented via audition by means of a

sensory substitution device while participants performed

“visual” localization (“where”) or identification (“what”) tasks.
The results revealed that in the congenitally blind, similar to

the neurotypical controls, regions within the dorsal ‘visual’

pathway showed higher selectivity to the localization

(“where”) task, while regions along the ventral ‘visual’

pathway showed higher selectivity to the identification

(“what”) task. While that study focused on a “Where/What”

distinction (Ungerleider & Mishkin, 1982) between the dorsal

and ventral pathways rather than on a How/What distinction

(Goodale & Milner, 1992), which is the focus of the current

investigation, the findings suggest that a neuro-functional

dissociation between the dorsal and ventral pathways might

be innately wired (Striem-Amit, Dakwar, Reich, & Amedi,

2012).

Visual object agnosia can also provide significant insights

about the ventraledorsal pathways relationship, as this con-

dition mainly affects ventral pathway function. Visual object

agnosia refers to a deficit in visual object perception which

cannot be attributed to deficits in low-level vision, general loss

of knowledge about the object (i.e., auditory/tactile recogni-

tion are preserved) or to impaired intelligence (Farah, 1994).

Most research on visual object agnosia comes from acquired

cases following ventral pathway lesions and has focused on

perceptual aspects associated with ventral pathway functions

(e.g., Farah, 1994; Moscovitch, Winocur,& Behrmann, 1997). In

one patient (DF), however, who acquired visual form agnosia

in adulthood following brain damage, visuomotor perfor-

mance has been extensively studied. Even though DF shows a

profound vision-for-perception deficit, she exhibits remark-

ably intact vision-for-action (e.g., Goodale, Milner, Jakobson,&

Carey, 1991; James, Culham, Humphrey, Milner, & Goodale,

2003; Whitwell, Milner, Cavina-Pratesi, Barat, & Goodale,

2015; but see Hesse, Ball & Schenk, 2012; Schenk, 2012 for

critics). In addition, a recent study with acquired visual

agnosia patients also demonstrated a dissociation between

dorsal and ventral visual cortices for perceptual tasks. In

particular, preserved sensitivity to object 3D structure was

found in the dorsal cortex of these visual agnosia patients,

while the sensitivity to this type of information along the

ventral cortexwas significantly reduced (Freud et al., in press).

Nevertheless, developmental cases of visual agnosia may

offer unique and novel perspective about the nature of the

dissociation between action and perception. In particular, if

vision-for-action could develop normally, even when vision-

for-perception is profoundly impaired, it would suggest that

the perception-action dissociation is apparent early in-life

and reflects a fundamental organizational principle of the

visual system.

To the best of our knowledge, only one case of early ac-

quired object agnosia was investigated in a developmental

context of the action and perception dissociation. That case is

patient SB, who suffers from object agnosia acquired at the

age of 3, after massive bilateral lesions to the ventral pathway

and a unilateral lesion to the dorsal pathway (Dijkerman, Lê,

D�emonet, & Milner, 2004; Lê et al., 2002; Rice et al., 2006). Lê

et al. (2002) extensively investigated different visual and

cognitive abilities including vision-for-action and concluded

that the patient had intact visuomotor control. This conclu-

sion was supported by later studies by Rice et al. (2006) and

Dijkerman et al. (2004) who showed that SB exhibited pre-

served visuomotor abilities. Yet, even given these important

http://dx.doi.org/10.1016/j.cortex.2015.12.006
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observations, some factors limit the conclusions that can be

drawn on the developmental trajectory of the dorsaleventral

dissociation. First, SB suffers from acquired agnosia, and

therefore, the development of his visual system until the age

of 3 was intact. Moreover, SB suffers from unilateral damage

to his parietal cortex which may also modulate the neural

response of dorsal cortex in the intact hemisphere (See Konen,

Behrmann, Nishimura, & Kastner, 2011). Finally, in Lê et al.

(2002), no parallel perceptual control task was used and so it

is hard to compare between SB's performance during action

and during perception. Rice et al. (2006) did compare between

action and perception, but their action task was a reaching

task, which is fundamentally different from precision

grasping and has been shown to rely on different neural

mechanisms (Culham et al., 2003). Lastly, Dijkerman et al.

(2004) extensively investigated SB's visuomotor performance,

but his results were not compared to those of a matched

control group. Taken together, despite the informative in-

sights that SB's case provides, it is not yet clear whether

visuomotor control could develop normally even when

ventral vision is highly impaired from birth.

In contrast to acquired visual agnosia, developmental vi-

sual agnosia is found already in early childhood and occurs

without any evident lesion to the visual cortex, and without

introducing cortical imbalances-caused lesions. Therefore, it

offers a rare opportunity to test whether vision-for-action can

develop normally despite profoundly impaired vision-for-

perception abilities from early childhood. We examined LG,

a 28 year-old male, currently a graduate student, who was

diagnosed with developmental object agnosia at an early age

after exhibiting symptoms of impaired object and face

recognition at the age of 2 years (Ariel & Sadeh, 1996). For

example, at that age he was not able to visually recognize his

grandparents or to assemble simple puzzles under visual

guidance. Full neuropsychological assessment at the age of 8

revealed normal intellectual and social skills, alongside pro-

found object agnosia and prosopagnosia (Ariel & Sadeh, 1996).

LG's visual agnosia was further investigated during adulthood

in a series of studies (Aviezer, Hassin, & Bentin, 2012; Aviezer,

Hassin, Perry, Dudarev, & Bentin, 2012; Brooks, Gilaie-Dotan,

Rees, Bentin, & Driver, 2012; Gilaie-Dotan, Bentin, Harel,

Rees, & Saygin, 2011; Gilaie-Dotan et al., 2013; Gilaie-Dotan,

Perry, Bonneh, Malach, & Bentin, 2009; Lev et al., 2015; for a

review see Gilaie-Dotan, in press). These studies showed that

despite no apparent brain lesion on the MRI scans, his inter-

mediate visual regions (V2/V3) were abnormally deactivated

in response to visual input, and selectivity to objects and faces

along the ventral pathway was compromised (Gilaie-Dotan

et al., 2013; Gilaie-Dotan et al., 2009). Interestingly however,

a later study showed that LG has intact perception of biolog-

ical motion, and normal functional connectivity between his

occipitoparietal cortex and his fronto-parietal vision-for-ac-

tion regions (Gilaie-Dotan et al., 2011). These resultsmay point

to a potential developmental dissociation between LG's
dorsal-related and ventral-related functions. In line with this

assumption, LG reports that he relies on haptic exploration to

complement his impaired visual perception, and his visuo-

motor control on every-day tasks seems to be intact.

To test whether a vision-for-action versus vision-for-

perception dissociation is present in LG, we assessed his
sensitivity to object shape in a visuomotor (dorsal) task and in

a perceptual (ventral) task.We predicted that LGwould exhibit

impaired sensitivity to object shape in the perceptual task

while his sensitivity to object shape in the visuomotor task

would be intact.
2. Methods

2.1. Participants

LG, who is a 28 y.o. right-handed male, and a control group of

nine right-handed neurotypical male students with normal or

corrected to normal vision from Ben-Gurion University of the

Negev (ages 24e30) gave written informed consent before

participating in the experiment. The control participants

received course credit or 7$ as compensation for taking part in

the experiment. The experimental protocol was approved by

the ethics committee of Ben-Gurion University of the Negev

and by the Helsinki committee of the Soroka Medical Center.

2.2. Apparatus and stimuli

Participants sat in front of a black tabletop onwhich the target

objects were presented at a viewing distance of approximately

50 cm (see Fig. 1). Target objects were six wooden Efron blocks

(Efron, 1969) that were matched for surface area (25 cm2),

texture, mass, depth, and color, but varied in width and

length. Thewidth of the blockswas the relevant dimension for

the grasping/perceptual estimation tasks and ranged from 2.5

to 5 cm in gaps of .5 cm (Fig. 1A).

Computer-controlled PLATO goggles (Translucent Tech-

nologies, Toronto, ON) with liquid-crystal shutter lenses

were used to control stimulus exposure time and prevent any

possible exposure to the stimuli prior to trial onset. Grip

scaling and manual estimations were recorded by an Opto-

trak Certus device (Northern Digital, Waterloo, ON). The

apparatus tracked the 3D position of the participant's right

index finger, thumb and wrist at a sampling rate of 200 Hz,

providing a .1-mm positional accuracy under the specified

experimental conditions. This was achieved by tracking

three active infra-red light emitting diodes that were con-

nected to the participant's index finger, thumb andwrist, and

allowed for complete freedom of movement of the hand and

fingers.

2.3. Procedure

All participants performed one block of the manual estima-

tion task and then one block of the grasping task. Participants

placed their right index finger and thumb on a start button

before the beginning of each trial. In the grasping task,

following the opening of the shutter goggles, they were asked

to reach out and pick up the Efron block across its width using

a natural grasping movement with their index finger and

thumb (Fig. 1B). The shutter goggles remained open for addi-

tional 1500 msec to allow complete visual feedback during

each grasp. In the manual estimation task, participants were

asked to estimate the width of the target object from a dis-

tance of approximately 50 cm, again using their right index

http://dx.doi.org/10.1016/j.cortex.2015.12.006
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Fig. 1 e Experimental design. (A) The Efron blocks that were used as the experimental stimuli were matched for surface

area, texture, mass, depth and color, but varied in width and length (the widths of the blocks are indicated below them).

Using their index finger and thumb, participants were asked to (B) grasp the block by its width in the grasping task, or (C)

estimate the width of the object from a distance in themanual (perceptual) size estimation task. (The person in the picture is

a lab member.)
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finger and thumb (Fig. 1C). To ensure that participants had the

same tactile feedback as they did in the grasping task (Schenk,

2012), participants were asked to grasp the object following

their manual estimation; the signal to grasp the object was a

brief auditory tone presented 1500 msec after the onset of the

manual estimation trial.

Experimental blocks began with five practice trials that

were excluded from the analysis. In each experimental block,

each object was presented ten times in a pseudo-randomized

order resulting in a total of 60 trials in the grasping task block,

and 60 trials in the manual estimation block.
2.4. Data analysis

The 3D trajectories of the index finger and thumb were

recorded. Movement onset (reaction time) was determined as

the point in time when the aperture between the index finger

and the thumb increased by more than .1 mm for at least 10

successive frames (50 msec). Movement offset was deter-

mined as the point in time when the aperture between the

index finger and the thumb changed by no more than .2 mm

for at least 20 successive frames (100 msec) (Freud & Ganel,
2015). In the manual estimation task, movement offset was

determined as the time point in which the tonewas presented

(1500 msec after trial onset).

To assess sensitivity to the width of the object, we calcu-

lated in the case of the grasping condition the relation be-

tween object width and hand aperture at the time of the

maximumgrip aperture (MGA), or the finalmanual estimation

(perceptual condition) by calculating the linear slope of the

regression analysis (Goodale et al., 1991). Additionally, to

analyze response precision, we computed the Just Noticeable

Difference score (JND) for each participant. The JNDmeasures

the minimum detectable increment in stimulus magnitude

and therefore reflects the sensitivity, which is the size reso-

lution in this case, of the perceptual system of interest (Marks

& Algom, 1998). The JND was calculated based on the within-

subject standard deviation of the responses at the point of

MGA or the point of the finalmanual estimation separately for

each object width (Ganel et al., 2008).

In the grasping task, we also analyzed other standard ki-

nematic measures of reaction time (i.e., time from trial onset

to movement onset), movement time (i.e., time from move-

ment onset to movement offset) and the time taken to reach

http://dx.doi.org/10.1016/j.cortex.2015.12.006
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MGA. Additionally, to characterize sensitivity to width

throughout the movement, we also sampled the grip aperture

at 11 normalized time points from movement initiation

(defined as 0%) to the final grasping of the object (defined as

100%) in 10% steps, and the grip aperture was calculated for

each of these 11 time points. A similar normalization proce-

dure was used in earlier studies (Freud & Ganel, 2015; Ganel,

Freud, Chajut, & Algom, 2012) but here we also calculated

the slope between object size and grip aperture for each of the

segments. To statistically compare between LG and the con-

trols, we first averaged the slopes in each third of the move-

ment (i.e., 10%e30%, 40%e60%, 70%e90%), and then applied

the Crawford and Garthwaite's single-case analysis (2002).

Lastly, to account for the problem of multiple comparisons,

we applied the Bonferroni correction.
3. Results

3.1. Slope

Previous studies (e.g., Goodale et al., 1991; Jeannerod, 1986;

Karnath, Rüter, Mandler, & Himmelbach, 2009) have demon-

strated a linear relationship between object width and hand

aperture, where a slope value of 1 indicates an ideal fit be-

tween object width and hand aperture. Following the same

procedure as these earlier studies, we calculated the linear

slope between these variables in each of the two tasks. The

average linear slope between object width and hand aperture

in the controls was close to 1 in both the manual estimation

and the grasping movement tasks (see Fig. 2A). LG showed a

significantly reduced slope in the perceptual task (LG's
slope ¼ .64, controls' mean slope ¼ .97), as confirmed by the

Crawford and Garthwaite's single-case analysis (2002)

[t(8) ¼ 2.408, p < .05] (Fig. 2A, right). A different pattern was

observed in the grasping task, where LG's slope was well

within the normal range [t(8) < 1] (Fig. 2A, left). These results

suggest that LG has preserved sensitivity to object shape
Fig. 2 e Results from the grasping and manual estimation tasks

healthy matched control participants' data (n ¼ 9) is represente

indicated by a horizontal black line. (A) The linear slope between

sensitivity to object width. Values which are closer to one refle

sensitivity to shape only in the manual estimation task. (B) The j

aperture for object width, showed that LG has impaired resolut

task. (C) LG performed normally in different aspects of the gras

the maximum grip aperture (MGA, middle) and overall moveme

the dimensions of objects cannot be accounted for by a speed-a
during visually-guided grasping despite impaired perceptual

sensitivity to object shape. Nevertheless, an additional crite-

rion that had to be met in order to adhere to the definition of a

classical dissociation between two functions was that the

patient's performance on a specific task (i.e., manual estima-

tion) would be significantly poorer compared to their own

performance on a different task (i.e., grasping) (Crawford &

Garthwaite, 2005). To test this prediction directly, we applied

the Revised Standardized Difference Test (RSDT) which mea-

sures whether the difference between an individual's stan-

dardized score on two conditions (action vs perception) is

significantly different from the difference observed in the

control sample (Crawford & Garthwaite, 2005). This test

showed that LG's performance was significantly worse in the

manual estimation task compared to the grasping task

[t(8) ¼ 2.29, p ¼ .05], thereby demonstrating a classical disso-

ciation between his action and perception of object shape.

3.2. JNDs

The average within-subject variability of responses to each

Efron block was used as an additional indicator for sensitivity

to their width (Ganel et al., 2008). Here, smaller values reflect

finer width resolution. Consistent with the linear slope anal-

ysis, LG exhibited normal sensitivity to object shape in the

grasping task [t(8) ¼ 1.01, p > .3] performing better than 8 of the

9 controls, but was profoundly impaired in the perceptual task,

with significantly greater JNDs (poorer perceptual resolution)

compared to the controls [t(8)¼ 5.034, p< .01, Fig. 2B]. The RSDT

also revealed a significant difference between the two tasks

[t(8) ¼ 3.723, p < .01], further supporting a classical dissociation

between action and perception for object shape in LG.

3.3. LG's visuomotor sensitivity to object shape does not
rely on a speed-accuracy tradeoff

The results of the Efron blocks tasks suggest that LG has

preserved visuomotor sensitivity to object shape while his
. LG's data is represented by the blue dot, while each of the

d by a red dot. The mean value of the control group is

object width and hand aperture served as an indicator for

ct better sensitivity. LG exhibited significantly impaired

ust noticeable difference (JND), reflecting resolution of hand

ion in the manual estimation task, but not in the grasping

ping task including reaction time (left), time taken to reach

nt time (right), suggesting that his preserved sensitivity to

ccuracy tradeoff.
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perceptual abilities are profoundly impaired. Yet, it could be

argued that LG's sensitivity to object shape in the grasping

task wasmediated by a speed-accuracy tradeoff. In particular,

LG might gain his sensitivity to object shape by performing

slower grasping movements, or delaying his MGA until the

end of his movement. To rule out these alternative explana-

tions we further analyzed the kinematic properties of the

graspingmovements. LG's reaction time,movement time, and

the time taken to reach the MGA were found to be in the

normal range and very close to the controls' mean in each of

these parameters [all t's < 1, Fig. 2C], suggesting that his pre-

served sensitivity could not be accounted for by such a speed-

accuracy tradeoff.

3.4. Planning-control dissociation during grasping
movement

In a series of theoretical and experimental studies, Dixon and

Glover have argued that the planning of an action and the

online control of the same action rely on two independent

visual representations. According to this account, the early

stages of the grasping movement can be influenced by

perceptual factors which affect the planning stage, while the

on-line control representation is not affected by these factors

(e.g., Dixon & Glover, 2009; Glover, 2002, 2004; Glover & Dixon,

2001; Glover, Rosenbaum, Graham, & Dixon, 2004). According

to this hypothesis, it could be argued that LG would exhibit

reduced sensitivity to object shape at early stages of the

grasping movement and preserved sensitivity later on during

themovement. On the other hand, normal participants would

gain sensitivity to object shape at earlier stages of the move-

ment, presumably based on their intact perceptual processing

of the Efron block shape. To test this prediction, we calculated

the linear slope separately at different time points during the

execution of the movement (see Methods for details). This

analysis showed that the control participants began to show

sensitivity to object shape (i.e., linear slopes larger than zero)

at about 20% of the movement time. LG, however, was less

sensitive to object shape compared to the controls in the first

two thirds of the movement, showing a reduced linear slope

compared to the controls. To statistically compare between

LG's performance and that of the controls, we first averaged

the slopes in each third of themovement (i.e., 10%e30%, 40%e

60%, 70%e90%), and then applied the Crawford single-case

test. To account for the problem of multiple comparisons we

applied the Bonferroni correction. This analysis revealed that

LG showed a reduced slope compared to the controls in the

first [t(8) ¼ 3.795, p < .05 (corrected)] and second parts of the

movement [t(8) ¼ 3.08, p < .05 (corrected)]. In contrast, LG

showed intact linear slope, similar to that of the controls in

the third part of the movement time [t < 1, p > .4 (corrected)]

(see Fig. 3A, and Fig. 4AeC for the grasping aperture of the

controls relative to LG).

Recently,Whitwell and Goodale (2013) have shown that the

normalization of grasping movement time course could pro-

duce false sensitivity to object size at different phases of the

movement trajectory. However, when movement normaliza-

tion is conducted such that the MGA is taken as the end point

of the movement (100%), this false sensitivity is eliminated.

Hence, we reanalyzed our data using the MGA as the end
point, to ensure that the differences observed between LG and

the controls were not induced by the normalization proce-

dure. This analysis is presented in Fig. 3B and replicates LG's
reduced slope in the first two thirds of the movement

[t(8)'s> 3.13, p's< .05 (corrected)], followed by a normal slope in

the last third of the movement [t(8) < 1, p > .9 (corrected)].

These results suggest that LG's perceptual difficulties could
interact with his grasping performance at the early stages of

the movement trajectory, and therefore provide support for

the planning-control dissociation proposed by Glover and

Dixon (2001). We further elaborate on this issue in the Dis-

cussion section below.
4. Discussion

The present study aimed to test if vision-for-action, presum-

ably mediated by the dorsal pathway, could develop normally

even when vision-for-perception, presumably mediated by

the ventral stream, does not.We examined the perceptual and

the visuomotor sensitivity to the width of graspable objects in

LG, a young man with a rare disorder of developmental object

agnosia. Although LG was profoundly impaired in his

perceptual sensitivity to the width of graspable objects, his

visuomotor sensitivity was comparable to that of the controls.

These results are in-line with previous investigations that

show that at least some aspects of the segregation between

vision-for-perception and vision-for-action emerge early in

life (Hadad et al., 2012).

4.1. The planning-control dissociation

Previous studies that investigated goal directed actions in

general, and grasping in particular, focused their analysis on

the MGA, mainly because this point in the movement trajec-

tory consistently reflects sensitivity to the relevant dimension

of the target object (Jakobson & Goodale, 1991; Jeannerod,

1984, 1986) and is not confounded by other movement fac-

tors such as aperture velocity (Ganel et al., 2014). Yet, in the

last decade more studies went beyond the MGA and system-

atically analyzed the hand aperture across the grasping

movement, revealing interesting changes in the characteris-

tics of the graspingmovement during its execution (e.g., Dixon

& Glover, 2009; Franz, Scharnowski, & Gegenfurtner, 2005).

Dixon, Glover and colleagues (Dixon & Glover, 2009; Glover,

2002, 2004; Glover & Dixon, 2001; Glover et al., 2004),

employed movement trajectory analysis and found a disso-

ciation between planning and online control, leading them to

suggest that these two stages rely on different visual

representations.

In contrast to previous studies examining action-

perception dissociations in visual agnosic patients by mainly

focusing on the MGA (Goodale et al., 1991; Karnath et al., 2009;

Lê et al., 2002), in the present study we went beyond the MGA

to obtain a wider range of spatio-temporal observations along

the movement trajectory. We found that LG's sensitivity to

object shape during graspingwas evident at a later stage of the

movement execution time compared to that of the matched

controls, and that his sensitivity to object shape was compa-

rable to that of the controls only after 60% of the movement

http://dx.doi.org/10.1016/j.cortex.2015.12.006
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Fig. 3 e (A) Average slope of the grip aperture data along the movement trajectory. In controls (n ¼ 9), grasping apertures

began to be scaled to object width at about 20% of movement time (i.e., average slope is larger than zero), and reached a peak

(MGA) at about 70% of themovement time. Although LG exhibited a significantly late sensitivity to object shape (his aperture

was scaled to object width only at around 60% of the movement time), he reached the MGA at a time comparable to that of

the controls. (B) Similar results were obtained when the normalization of themovement trajectory was based on the MGA as

the final point of the movement. Notations as in Fig. 2.
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had been completed. Importantly, this delayed sensitivity

could not be attributed to a speed-accuracy trade-off since

LG's reaction time, time taken to reach the MGA, and the total

movement time were not different from those of the controls.

Moreover, the fact that LG did not differ from the control

participants in any of these aspects means that the differ-

ences that emerged between LG's aperture profile and those of

the control participants could not have been an artifact of the

normalization procedure (Whitwell & Goodale, 2013) and this

was also confirmed in an additional analysis that set the MGA

as the end point of the movement (see the Results section for

details). All of these suggest that LG's failure to show sensi-

tivity to the shape of the object early in the execution of the

grasping movement can be explained by his compromised

perceptual abilities, consistent with Dixon and Glover's
conjecture that this part of the movement is influenced by

perception of the shape and the size of the target object.

While a systematic analysis of the aperture profiles over

different grasping tasks has not been reported in the well-

studied case of patient DF, such an analysis was conducted

in another patient (JS) with acquired visual form agnosia

following bilateral lesion to the medial aspects of the ventral

occipitotemporal cortex (Karnath et al., 2009). That study did

not report the linear slope for each point in the aperture
profiles, but the overall reported trend seems to show a delay

in the emergence of sensitivity to object shape as we have

observed in LG.

Lastly, it is important to note that the planning-control

model and the action-perception model can both account for

the overall performance observed for LG. In particular, ac-

cording to the perception-action model, LG is impaired in the

perceptual task since this task relies on the ventral pathways'
neural mechanisms, which function abnormally in LG. The

perception-actionmodel further posits that the normal aspects

of his grasping movements predominantly rely on his dorsal

pathway mechanisms. The planning-control model comple-

ments these arguments. It suggests that during manual esti-

mation the on-line control mechanisms do not come into play

since themovement is not directed towards an object, and this

in turn means that there would be no online correction during

this task. In the grasping, when the movement is directed to-

wards a target object, the online control mechanisms play a

role and become dominant during the movement.

Taken together, LG's behavior reflects two important dis-

sociations. The first is a dissociation between object perception

and visuomotor control. LG exhibits profoundly impaired

shape perception alongside a preserved visuomotor sensitivity

to object shape (Fig. 2). This dissociation is best accounted for

http://dx.doi.org/10.1016/j.cortex.2015.12.006
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Fig. 4 e Grip apertures along the movement trajectory for

each object size. (A) Grip aperture was averaged across all

control participants. (B) Grip apertures of a representative

control participant. (C) Grip apertures of LG. The graph

demonstrates that LG's sensitivity to size is achieved

relativity late along the movement trajectory, echoing the

results of the slope analysis.
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by the perception-action model. The second dissociation re-

lates to LG's grasping behavior. In particular, LG's sensitivity to

object shape evolved considerably late in the grasping move-

ment compared to matched controls (Fig. 3). This finding

strongly supports the planning-execution model and suggests

that grasping on-line control mechanisms could be dissociated

from the initial planning phase mechanisms, at least within

the particular grasping task that we used.

4.2. JND as a tool for the investigation of size resolution
in grasping and perceptual tasks

Previous studies that utilized the Efron task to investigate

sensitivity to object width (and thus shape) in acquired visual

object agnosia patients, measured sensitivity to shape by

calculating the linear slope (as was done here) or the corre-

lation between hand aperture and object width (Goodale et al.,

1991; Karnath et al., 2009). In the present investigation, we

further extended the analyses that measure the resolution of

response in the estimation and grasping tasks by calculating

the JNDs based on the within-subject standard deviations of

the hand aperture. The use of JND as a tool to investigate the

resolution of the scaling of hand aperture to object width was

first proposed in the context ofWeber's law (Ganel et al., 2008),

and recently has also been used in other tasks (Freud & Ganel,

2015; Ganel & Goodale, 2014). In line with the linear slope

analysis, the JND analysis showed that in LG the scaling of the

hand aperture during grasping exhibited normal resolution to

object shape, but profoundly impaired resolution in the

manual estimation task. These results indicate that the JND,

defined here as the within-subject standard deviation to ob-

ject width, could be used as an additional measure of sensi-

tivity to objects' dimensions, even in clinical populations.

4.3. The role of on-line visual feedback in the perception-
action dissociation

There is an ongoing debate in the literature about the role of

on-line visual feedback in the observed dissociation between

vision-for-action and vision-for-perception. For example,

Franz and colleagues demonstrate that grasping movements

are affected by the Müller-Lyer illusion when visual feedback

is denied and that the apparent insensitivity of grasping to

this illusion that others have reported occurs only when on-

line visual feedback is available, allowing participants to cor-

rect their movements (Franz, Hesse, & Kollath, 2009). Thus,

according to their account, the delayed size sensitivity of the

grip scaling in LG could be interpreted as evidence that this

sensitivity relied only on the availability of visual feedback.

Evidence from previous investigations, however, and from

thecurrent study suggests that despite the importanceof visual

feedback to grasping, the functional dissociation between

vision-for-action and vision-for-perception cannot be

explained solely on this basis (Westwood & Goodale, 2011). In

particular, it has beendemonstrated inanumberof studies that

the action-perception dissociation can be observed even when

vision is occludedat the timeofmovement initiation (i.e., open-

loop grasping) (Chen, Sperandio, & Goodale, 2015; Ganel,

Chajut, Tanzer, & Algom, 2008; Glover & Dixon, 2001; Hu,

Eagleson, & Goodale, 1999). In fact, this is also true for DF

http://dx.doi.org/10.1016/j.cortex.2015.12.006
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(Whitwell et al., 2015, but see Hesse et al., 2012; Schenk, 2012).

Moreover, in the present study, LG's average time to reach the

MGA was similar to that of the control participants, and so

despite not receiving prolonged on-line visual information

relative to the control participants, LG still exhibited intact

sensitivity to object shape as reflected by the linear slope and

the JND, while a different pattern was observed in the percep-

tual task, in which visual feedback was also available.

An additional reason that led us to utilize the close-loop

design in the present study is that this setting can be

considered as more ecological, and as it more closely reflects

grasping performance in real-world situations, it provides

better insights about real-world and everyday behavior and

performance. Nevertheless, future studies should directly test

this issue by examining LG's grasping performance in

different tasks and under open-loop conditions.

4.4. The contribution of intermediate visual areas to
higher level functions

The full field representations of retinotopic related areas as

V1, V2, and V3 (lower half in the dorsal and upper half in the

ventral aspect) are assumed to be contributing in a similar

manner to dorsal and to ventral functions. Therefore, it may

seem unclear how LG's intermediate visual areas (V2/V3)

which function in a significantly abnormal manner (Gilaie-

Dotan et al., 2009, 2013), seem to adversely affect only

ventral-related functions while sparing dorsal-related func-

tions. A few possibilities might give rise to this apparent am-

biguity. One possibility is that dorsal related functions do not

rely on intermediate retinotopic areas as much as ventral

related functions do. This might either stem from non-

sequential or non-hierarchical integration of information in

the dorsal stream (Gilaie-Dotan, in press), or perhaps from

magnocellular integration in the dorsal pathway thatmight be

more reliant on global or coarse integration, while ventral

related functions might be more sensitive to, and therefore

reliant on fine integration (Previc, 1990). Such a scenario,

where ventral functions are highly reliant on hierarchical fine

spatial integration of information (Previc, 1990) and dorsal

functions are not, could explain why ventral functions would

be dependent on intermediate visual areas' functioning, and
dorsal functions would not. In LG's case it is therefore ex-

pected that the abnormal functioning of his intermediate vi-

sual areas (Gilaie-Dotan et al., 2009, 2013) would adversely

affect his ventral but not his dorsal related functions. Another

possibility is that subcortical bypasses through the pulvinar

(Van Essen, 2005) allow dorsal (but perhaps not ventral) high-

order areas to function normally. Furthermore, it is also worth

noting, that not all of LG's ventral functions are actually

impaired, as for example his color perception seems to be

spared (Gilaie-Dotan, in press), and on the other hand maybe

not all his dorsal functions are normale as there are ones that

have not yet been tested.
5. Conclusions

The current investigation provides novel evidence that

perception and action related to object shape are dissociable.
Such dissociation can develop even when vision-for-

perception and the functions of the ventral pathway are

severely compromised. Yet, the current results also point to a

dissociation between different components of the grasping

movements, further demonstrating the distinction between

planning and online control. Taken together, these findings

suggest that the observed functional and neuroanatomical

dissociation between vision-for-action and vision-for-

perception is likely to reflect a fundamental organizational

principle of the visual system.
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