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Human visuoperceptual functions can be divided according to their 

neuroanatomical substrates:  processing ‘what’ an object is depends largely on ventral 

occipitotemporal regions, whereas processing ‘where’ an object is relies more on 

dorsal occipitoparietal regions. Although much is known regarding the mature 

incarnation of this ventral/dorsal dissociation, little is known about how it develops. 

The current study addressed this with two experiments that involved both typically-

developing children and healthy adults, as well as adult individuals with Williams 

Syndrome (WS), a genetically-based neurodevelopmental disorder for which 

dissociations in ventral-dorsal stream processing have been reported. The first 

experiment examined behavioral performance on two matched tasks differing only in 
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their instructions: attend to stimulus identity (face identity-matching; ventral stream) 

or to stimulus position (face location-matching; dorsal stream). The second experiment 

examined patterns of brain activation on these same tasks using functional magnetic 

resonance imaging (FMRI) with each of the three populations. By virtue of including 

both typical adults and children (chronological age, CA, and mental age, MA, controls 

for the WS participants) in addition to WS participants, these experiments were well 

poised to provide both insight into the normal development of ventral and dorsal 

stream processing, and critical information regarding the integrity of these systems in 

WS.  

Thirty-three individuals with WS (age M = 27.2 years), 19 MA controls (age 

M = 9.0 years), and 24 CA controls (age M = 20.7 years) participated in the behavioral 

experiment. Although overall, typical children (MA controls) responded less 

accurately and more slowly than adults (CA controls), like adults, their performance 

did not differ across the identity- and location-matching tasks. By contrast, WS 

participants showed a pronounced and selective deficit in location-matching when 

compared with MA controls, but comparable performance on identity-matching. This 

finding in WS provides empirical support for numerous reports of face processing 

skills that far exceed general spatial ability in WS. This dissociation is not observed 

during the course of normal development. Based on this finding, it was hypothesized 

that the subsequent brain imaging experiment would reveal differentially impacted 

function in the ventral and dorsal visual streams in WS when compared with typically-

developing participants. 
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In the second experiment, both cognitive and FMRI data were collected from a 

second set of participants: 15 with WS (age M = 30.1 years), 16 MA controls (age M 

= 8.9 years), and 17 CA controls (age M = 31.0 years; individually age- and gender-

matched to the WS participants). In accordance with their cognitive profile 

(performance on both tasks that had not quite reached the level of CA controls) MA 

controls recruited many of the same regions as CA controls, but also differed from 

them in certain key task-related regions. These regions included the face-preferring 

temporal fusiform gyrus of the left hemisphere (LH) during identity-matching and 

superior parietal cortex in the LH during location-matching. Given that most critical 

task-related regions reside in the right hemisphere (RH) (RH fusiform gyrus for face 

discrimination, RH parietal cortex for location processing), these findings appear to 

reflect protracted maturation of task-sensitive regions in the nondominant hemisphere. 

When compared with profiles of activation in MA and CA controls, brain response in 

WS participants was abnormal. In accordance with their profound location-matching 

deficits, WS participants showed a striking lack of location-matching activation in 

parietal cortex, a finding that is consistent with a dorsal stream deficit hypothesized in 

this disorder. However, at variance with hypotheses of spared face discrimination and 

ventral stream function in WS, the brain response was also abnormal for face identity-

matching, even though cognitively, WS participants performed this task at the level of 

MA controls. Abnormalities in WS manifested as a poorly modulated response of the 

fusiform gyrus, a lack of response in the amygdala, and surprisingly, an abnormally 

heightened response in a portion of parietal cortex that was not engaged by the task in 

MA or CA controls. The latter two findings are of particular interest because they may 
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relate to an unusually strong preference for face-to-face social interaction (often 

described as “hypersociability”) that has been described in the WS population.  
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CHAPTER 1 

 

GENERAL BACKGROUND 

 



 

 

2 

As sight-driven creatures, we are required to process visual scenes of people, 

places and objects in order to effectively interact with and make sense of the world 

from the time we are very young. The course that the developing visual system takes 

is surprisingly protracted, as some visuospatial functions continue to develop 

throughout the preschool and school-age years (e.g., Akshoomoff and Stiles 1995; 

Taylor, McCarthy et al. 1999; Gathercole, Pickering et al. 2004; Luciana, Conklin et 

al. 2005). In the adult, visuospatial functions can be divided according to the 

neuroanatomical systems upon which they rely. Specifically, two dissociable pathways 

have been recognized, a ventral or ‘what’ system for “object vision” and a dorsal or 

‘where’ system for “spatial vision” (Mishkin, Ungerleider et al. 1983). While these 

two types of functions have been simultaneously studied in adults many times, 

developmental investigators have not routinely employed a single framework to 

examine the emergence of these abilities. That is, they have tended to restrict their 

focus to functions subserved by one system or the other. Thus, little is known about 

the ontogeny of these pathways, how they develop in tandem over time and how the 

adult-like dissociation in behavior and in brain function actually comes about.  

Study of individuals with typical or anomalous developmental courses can 

shed light on the path the visual brain takes in its functional transformation to the adult 

state. The goal of the studies in this dissertation is to exploit this potential at two 

complementary levels, behavioral (Chapter 3) and neurophysiological (Chapters 4 and 

5), with two developmental populations, typical children and individuals with 

Williams Syndrome (WS). In each study, a healthy adult comparison group is included 

to provide information about the mature profile of functioning. The study presented in 
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Chapter 3 is aimed at addressing unanswered questions regarding performance of 

ventral and dorsal stream functions in populations that develop these capacities in a 

typical (school-age children) or an atypical (WS) fashion. An examination of 

performance differences will help determine whether or not the developmental 

trajectories for these two processes are indeed dissociable and in the case of typical 

development, whether one precedes the other in reaching adult status. The study 

presented in Chapters 4 and 5 uses functional neuroimaging (functional magnetic 

resonance imaging, fMRI) to explore the neural substrates that underlie performance 

on the same tasks used in Chapter 3, with the same populations. Information gathered 

from these studies will permit comparisons of the functional organization of dorsal 

and ventral streams in typical participants at different points in development (i.e. 

children and adults) and in a patient population with a genetic abnormality that is 

associated with dorsal and/or ventral stream compromise. Thus, overall, these studies 

can speak first to questions about the pattern of development of the two cortical visual 

pathways. With this knowledge in hand it is then possible to look at the capacity of 

these pathways to adopt altered patterns of functional organization, and the effects this 

can have on their ability to support their respective visuocognitive functions.   

Two Cortical Visual Systems 

An influential body of animal work from the late 1960’s suggested the utility 

of dividing visuoperceptual functions according to whether they guide the animal in 

space or help the animal discriminate objects in its environment (Ingle 1967; Held 

1968; Trevarthen 1968; Schneider 1969). While this early research tended to focus on 

subcortical contributions to spatial and object vision (Trevarthen 1968; Schneider 
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1969), later work gave way to interest in cortical mediation of these functions and to 

Ungerleider and Mishin’s (1982) well-known and influential model of “two cortical 

visual systems.” These two cortical systems were characterized by their distinct 

extrastriate targets (posterior parietal regions for the dorsal stream and inferior 

temporal regions for the ventral stream), anatomical connections, functional properties 

and lesion-based effects on behavior (Ungerleider and Mishkin 1982; Van Essen and 

Maunsell 1983; Desimone and Ungerleider 1989). Within this framework, the dorsal 

occipitoparietal pathway is involved in spatial processing, including perception of 

motion and spatial relations, route-following and visually-guided reaching, whereas 

the ventral occipitotemporal pathway is implicated in perception, discrimination, and 

recognition of objects/patterns and their attributes, such as form and color. Despite 

lively debates over exact definitions and explicit delineations of the types of 

input/output associated with each cortical pathway in humans (Jeannerod 1999; Creem 

and Proffitt 2001; Norman 2002), non-human primate work suggests that the dorsal-

ventral stream distinction has provided a robust and functionally useful description of 

the visual brain.   

Parvocellular Versus Magnocellular 

There is an obvious parallel between the two cortical streams and the division 

of subcortical visual pathways into two different streams, parvocellular and 

magnocellular. Briefly, the subcortical parvocellular pathway originates in midget 

ganglion cells of the retina (P cells) whereas the magnocellular pathway originates in 

parasol retinal ganglion cells (M cells). P cells are color-selective, whereas M cells are 

not. M cells, on the other hand, are larger and conduct impulses faster than their 
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parvocellular counterparts. The anatomical segregation of the two pathways is 

maintained in the lateral geniculate nucleus (LGN), with P cells projecting to four 

layers in the LGN that are distinct from the two LGN layers which receive input from 

M cells.  Projections from LGN to cortex also remain segregated, with layer 4a and 

4Cβ of primary visual cortex (V1) receiving parvocellular input and layer 4Cα of V1 

receiving magnocellular input.  While the parvocellular versus magnocellular 

separation is reflected to some degree in extrastriate regions (e.g. the ‘color pathway’ 

through cortical area V4 and ‘motion pathway’ through cortical area V5/MT) (Van 

Essen and Maunsell 1983; Maunsell and Newsome 1987) the parietal and temporal 

regions for spatial and object processing are not exclusively influenced by either 

subcortical pathway (Merigan and Maunsell 1993). In addition, the two streams in the 

cortex are not completely estranged, as there are non-trivial interactions between early 

and late visual areas from different streams (Van Essen, Anderson et al. 1992). 

Nonetheless, differences in timing of the development of the parvocellular and 

magnocellular pathways in humans (Hickey 1977) have been cited as evidence for 

dissociability in the developmental trajectories of the two cortical visual streams 

(Atkinson 1992; Atkinson 2000).     

Adults: Clinical Studies   

Citing the incomplete segregation in the mapping of the parvocellular and 

magnocellular pathways onto inferior temporal and posterior parietal regions, Goodale 

& Milner (1992; Milner and Goodale 1995) suggest that both cortical streams receive 

some of the same basic types of input. In contrast with Ungerleider & Mishkin (1982), 

they argue that the proper functional distinction between the two cortical streams lies 
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in different uses of visual information for directing behaviors. In their model of 

‘perception’ versus ‘action’ or ‘what’ versus ‘how’, they assert that the dorsal stream 

processes information to guide action on objects (e.g. visually-guided grasping), while 

the ventral stream processes information for the purpose of identifying objects and 

assigning meaning to them. Much of the impetus for their original proposal stemmed 

from observations of human patients with selective damage to areas of the visual 

system. They have written extensively about one patient in particular, D.F. 

(e.g.,Goodale, Milner et al. 1991), a middle-aged woman with damage to ventrolateral 

occipital regions due to carbon monoxide poisoning. D.F. showed a remarkable 

dissociation between her ability to discriminate or recognize objects (severely 

impaired) and the accuracy of her actions on those objects (intact).      

Neuropsychological reports of other patients with discrete cortical lesions 

provide further evidence for a dual-stream representation for vision in the cortex 

(whether it be according to Ungerleider and Miskin (1982) or Goodale and Milner 

(1992; Milner and Goodale 1995)). For example, Hermann et al. (1993) noted 

decrements in performance on the Benton Facial Recognition test (Benton, Hamsher et 

al. 1983) following anterior temporal lobe resection in a large group of epileptic 

patients. Similarly, Warrington and colleagues (Warrington and Rabin 1970; 

Warrington and James 1988) have documented deficits in the perception of stimuli 

locations and spatial relations following posterior parietal damage. In addition, 

evidence for a double dissociation of function has been found (Newcombe and Russell 

1969; Newcombe, Ratcliff et al. 1987), with patients with right posterior temporal 

lesions showing deficits on the Mooney Face task (Mooney 1957) but not on a maze-
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learning test, and conversely, right posterior parietal lesion patients showing impaired 

maze-learning but intact Mooney Face (Mooney 1957) performance.   

Adults: Behavioral Studies 

While clinical studies have produced evidence in favor of a functional 

segregation of cortical visual pathways, as mentioned previously, the dissociation is 

not absolute (Van Essen, Anderson et al. 1992; Merigan and Maunsell 1993). If this is 

the case, then a valid and essential question becomes whether or not a dissociation can 

be convincingly demonstrated in neurologically intact individuals using less direct and 

less invasive procedures. Chen et al. (Chen, Myerson et al. 2000) addressed this 

question directly by factor analyzing reaction time (RT) data from two sets of tasks 

designed to rely primarily on either the dorsal or the ventral visual streams. Paralleling 

the neural organization as it was originally proposed (Ungerleider and Mishkin 1982), 

discrete factor loadings were revealed with ventral and dorsal tasks loading on 

separate factors. Thus, while these streams may interact, the extent of their functional 

independence may be such that their influence on visuospatial behavior can still be 

differentiated (i.e., one can categorize behavioral abilities according to this functional 

separation). Behavioral interference paradigms have also produced contrasting 

patterns of performance, such that when a subject performs object or spatial 

processing, their performance is selectively and negatively influenced by interference 

stimuli/tasks that contain information processed by the same visual stream (Tresch, 

Sinnamon et al. 1993; Hecker and Mapperson 1997). Using a change-detection 

paradigm, Simons (1996) also found performance differences between coding of 

spatial configuration and coding of object identity.  Specifically, subjects’ ability to 
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detect stimulus array changes in the identity of elements dropped to chance when 

verbal strategies were prevented, however, superior skill in detecting changes in 

configuration of the elements was maintained.  

Adults: Neuroimaging Studies  

Several electrophysiological and neuroimaging studies have generated 

important data confirming the behavioral evidence for the existence of the 

dorsal/ventral distinction. Electrophysiological studies of working memory with adults 

suggest that event-related potential (ERP) components elicited during object and 

location processing tasks differ in their relative timing and spatial/scalp configuration 

(Mecklinger and Mueller 1996; Ruchkin, Johnson et al. 1997). Neuroimaging studies 

have also confirmed the segregation, using a variety of paradigms which have 

included perceptual (Haxby, Horwitz et al. 1994; Kohler, Kapur et al. 1995; Shen, Hu 

et al. 1999; Rao, Zhou et al. 2003), working memory (Smith, Jonides et al. 1995; 

Courtney, Ungerleider et al. 1996) and environmental knowledge tasks (Aguirre and 

D'Esposito 1997).   

Wang et al. (Wang, Zhou et al. 1999) suggest that in spite of their 

specialization, these two systems can work together when stimuli such as ‘form-from-

motion’ patterns are viewed.  This is consistent with data from a separate group of 

neuroimaging studies reporting on brain regions that participate in both types of tasks 

(Faillenot, Toni et al. 1997; Shen, Hu et al. 1999).  For example, Kraut et al. (Kraut, 

Hart et al. 1997) observed activity in both cortical streams for a shape-based object 

recognition task (shape selective neurons have also been found in parietal cortex; 

(Sereno and Maunsell 1998)). Clinical evidence also exists that is consistent with the 
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idea that both streams may possess the neural machinery necessary to perform, at least 

under some limited conditions, some functions of the other. Le et al. (2002) reported 

residual (though limited and overly analytic) object processing capabilities in a patient 

with lesions to the dorsal pathway in the right hemisphere and the ventral stream 

bilaterally. They conclude that the “dorsal stream pathway can suffice for basic ‘what’ 

processing” (p. 72).  

Development of Dorsal and Ventral Stream Functions 

While the dorsal and ventral visual pathways have been extensively studied in 

adults, developmental inquiries have yet to produce an adequate response to the need 

for an account of how development proceeds toward the adult state of two dissociated 

systems. While there is considerable work examining development of ventral stream 

functions or dorsal stream functions, separately, there has been no systematic work 

comparing developmental trajectories for these systems. The task of placing these 

findings within a common experimental framework, in order to achieve a more 

complete picture of how ‘what’ and ‘where’ processing develop, is no trivial task. 

Disparate samples, paradigms, stimuli, etc. make this exceedingly difficult to 

accomplish. Simultaneous study of the development of the two streams, within the 

context of a single problem space, is likely to yield the most valuable information in 

this regard.  In the following sections, the existing data attempting to link the 

development of the individual systems are reviewed, first from studies of infancy, and 

second, from studies of older children.  

Infancy: Object Perception  
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  Studies aimed at elucidating the infant’s “object concept” or the infant’s 

understanding of objects and their properties, have undoubtedly augmented our 

understanding of how cognition and knowledge develop. Studies of this type typically 

focus on the question of whether early object knowledge is innate or learned (in the 

context of the familiar ‘nature’ versus ‘nurture’ debate). In addition, studies 

characterizing the infant’s object-related abilities have secondary benefits, in that they 

can provide some insight, albeit limited and indirect, into the development of the 

“hardware” that supports our knowledge. Specifically, two observations about object 

processing in infancy provide insight into the functional development of the dorsal and 

ventral streams. The first involves a dissociation in time, specifically, a developmental 

lag between when children first achieve an understanding that objects continue to exist 

after they are occluded, and when children first begin to reach for those same hidden 

objects. The second entails a dissociation in children’s processing of information, 

specifically, differences in the types of cues that are used for identifying and 

differentiating objects at different times during development.   

‘Violation-of-expectation’ studies using preference-looking measures have 

been used extensively to probe the young infant’s understanding of occluded objects. 

Baillargeon’s research group has used this paradigm with a variety of experimental 

conditions [rolling car studies (e.g., Baillargeon and DeVos 1991), sliding rabbit 

studies (e.g., Baillargeon and Graber 1987) etc.] to investigate infant representations 

of object properties (e.g. structure, height, location, etc.). She and her colleagues have 

found that infants as young as 3.5 months (Baillargeon and DeVos 1991) show 

increased looking (interpreted as “surprise”) when properties of hidden objects are 
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violated. This behavior is thought to indicate an understanding of the impossibility of 

the event (e.g. two solid objects cannot occupy the same space at the same time). 

Interestingly, infants don’t appear to reach for these same occluded objects until 

approximately 7 months of age (Diamond 1985) even though they are motorically able 

to reach at 3 to 4 months. This developmental lag (Baillargeon 1993) has been linked 

back to the segregated organization of the visual system (Spelke and Hermer 1996; 

Mareschal, Plunkett et al. 1999) with the perception-based system facilitating object 

reasoning, but the action-based system still limited in its use of this information. 

Based on their computational modeling work, Mareschal et al. (1999) suggest that the 

delay can be attributed to a difficulty integrating ambiguous dorsal and ventral stream 

information (occlusion renders the object information “imprecise” for the system).   

Related studies looking specifically at how the infant tracks the existence of 

objects, suggest that when object identity is first traced by the infant, surface feature 

information is not readily used. Rather, before 9-10 months of age infants appear to 

differentiate objects according to spatiotemporal information (e.g. object’s motion or 

location), and not until 12 months of age do they use object features (e.g. shape or 

color) or category information for this purpose (Bower 1974; Xu and Carey 1996; Xu 

1999; Xu, Carey et al. 1999). A variety of experimental conditions, including those 

without obvious short-term memory requirements (a potential limitation for very 

young infants) (Xu, Carey et al. 1999), and those utilizing alternatives to the standard 

preference-looking paradigms (Van de Walle, Carey et al. 2000), support the claim 

that infants younger than 10 months cannot use object features to individuate objects. 

In explaining the mechanism behind this conspicuous change between 10 and 12 
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months of age, Xu and colleagues (Leslie, Xu et al. 1998; Xu, Carey et al. 1999) 

invoke the ‘what’ versus ’where’ dissociation in the underlying neural system. They 

hypothesize that the behavioral transformation between 10 and 12 months is a product 

of the infant’s increasing ability to integrate the originally separate encoding of 

motion/location and feature/property information. In this formulation, until 10 months 

of age, “object indexing” (Leslie, Xu et al. 1998) depends on the ‘where’ system (the 

object is represented as a ‘that’, lacking identity based on features). At approximately 

12 months of age, ’what’ information becomes incorporated by the object indexing 

system when a connection is established between the two (Kaldy and Leslie 2003). 

This allows the infant use featural information during object discrimination, even 

though s/he had been able to perceive many ‘what’ properties, such as color (Teller 

and Bornstein 1987) and form (Cook 1987), since approximately 2 months of age.  

Infancy: Object Attention and Orienting 

The rise of the field of cognitive neuroscience has led to the emergence of a 

separate developmental literature, looking at attentional processes in infancy. A 

complicated and multi-faceted entity, attention subsumes many elements, each of 

which is likely to develop at different times. However, in general, two types of 

orienting, to objects and to space, both appear to show considerable developmental 

progress during the first 6 months of life (Colombo 2001). Findings of developmental 

change in attention and orienting behaviors observed during infancy reflect the 

influence of two distinct cortical streams.   

Colombo et al. (1990) showed that infants at three ages (3, 6 and 9 months) 

could learn to direct attention to two types of cues, stimulus cues (simple achromatic 
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forms) and position cues (to right or left of fixation). However, unlike older infants, 

the 3 month-olds were unable to retain associations with stimulus-based cues after a 

delay. In a subsequent study, 3 month-old infants were observed to show a strong bias 

against these stimulus-based cues and toward space-based or position cues. 

Interestingly, 6 and 9 month-old infants showed the opposite, a bias toward attending 

to the stimulus-based cues (Colombo, Mitchell et al. 1990). More recently, Harman 

and colleagues (Harman, Posner et al. 1994) also showed a preference for novel 

objects in 6 month-old infants. Subsequent studies from this group (Posner, Rothbart 

et al. 1998), using a paradigm in which participants were shown a single stimulus 

(object or location) followed by a forced-choice between two objects or two locations, 

replicated the object novelty preference in 6 month-old infants, but only when the first 

stimulus was viewed for 3 seconds or more (exposures of one second or less led to a 

location novelty preference). The authors’ (Posner, Rothbart et al. 1998) failure to 

detect a correlation between the two forms of novelty preference confirms the 

presence of independent systems for orienting to ‘where’ and orienting to ‘what’ in the 

developing visual system.  Further, the changes in attentional bias across ages in these 

studies (Colombo, Mitchell et al. 1990; Harman, Posner et al. 1994) suggest that these 

systems may develop according to different timetables.   

Infancy: Differential Development of the Ventral and Dorsal Streams? 

The studies reviewed thus far, provide convincing evidence that the 

dissociation between ‘what’ and ‘where’ may be evident, even early in infancy. The 

question now becomes one of relative development: do the dorsal and ventral 

pathways follow different maturational trajectories? If so, which develops first? Thus 
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far, very little evidence can address these questions directly (Johnson 2001). 

Nonetheless, these types of questions have great potential to advance our 

understanding of how brain and behavior develop in tandem. In addition, they direct 

us toward avenues of inquiry that can yield important insights into the development of 

the dual-pathway system, while avoiding the long road of defining in totality the 

developmental course of each pathway separately (Johnson 1990). Thus, based on the 

limited information we currently possess, a few investigators have begun speculate as 

to the answers for these questions.   

Some of the strongest pertinent data come from a pair of studies with infant 

monkeys, conducted by Bachevalier, Mishkin and colleagues (Bachevalier, Hagger et 

al. 1990; Distler, Bachevalier et al. 1996). Measures of glucose consumption can 

provide direct information about the functional maturation of the two pathways and in 

this case, revealed different developmental time courses. While posterior parietal areas 

and the dorsal pathway reached adult levels of glucose utilization between 2 and 3 

months, temporal regions and the ventral pathway did not show this increase until 4 

months. This delay in the occipitotemporal pathway is consistent with behavioral 

findings demonstrating that young monkeys do not appear to be able to solve the 

delayed nonmatching-to-sample object recognition task until 4 months of age, and do 

not reach adult levels of performance on the task until 2 years (Bachevalier, Hagger et 

al. 1990).   

Studies of human infant categorization offer complementary results to the non-

human primate research. On the whole, categorization research has yielded impressive 

findings in the infant: categorization ability appears within the first year, before the 
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emergence of language, and further, adult-like categories are used very early in 

development (for review, see Quinn and Eimas 1996). Looking at specific types of 

categorization, Mash and colleagues (Mash, Quinn et al. 1998) found comparable 

performance in typical infants on object and spatial categorization tasks, but poor 

performance in same-age preterm infants only on the former. The confluence of better 

spatial than object categorization performance in Mash et al., (1998), the infant’s 

tendency to use location before featural information to differentiate objects (see 

above) and faster functional development of the dorsal stream in primate physiology 

studies (see above) led Quinn (1998) to speculate that the cortical stream for 

processing spatial information may develop more quickly than the pathway for object 

features. He further suggests that ventral structures may be more affected by variations 

in experience and may display more plasticity. We return to this last proposition a bit 

later.     

Based on evidence from behavioral and ERP studies of face processing 

(ventral stream) and target-directed saccades (dorsal stream), Johnson and colleagues 

(2001) propose the contrary of Quinn (1998): ventral stream first. Cortical processing 

of faces is measurable by brain mapping techniques (e.g. ERP, PET) at approximately 

2 to 3 months of age (Tzourio-Mazoyer, De Schonen et al. 2002; Halit, de Haan et al. 

2003), although the infant’s responses to faces are less specific (e.g., monkey faces 

can trigger a similar response in the infant but not in the adult - de Haan, Pascalis et al. 

2002) when compared with adults. By contrast, Johnson et al. find no sign of pre-

saccadic spike potentials, a characteristic ERP component typically recorded over 

adult parietal cortex before the generation of a visual saccade, in infants of the same 
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age (Csibra, Tucker et al. 1998) or younger (Csibra, Tucker et al. 2001), even though 

their neural machinery for saccade planning has already become functional (Johnson 

1990).   

Atkinson (2000) also suggests that the ventral stream develops first. Her model 

of visual development begins with the independent development of cortical “modules” 

(Zeki 1993) for processing basic visual information. She proposes that both ventral 

and dorsal stream modules develop independently during the first few months of life, 

with ventral stream modules (e.g. for color or orientation) becoming functional 

slightly earlier than those from the dorsal stream (e.g. for directional motion or 

disparity). Integration across modules also occurs early in the ventral stream, to allow 

perceptions of whole, distinct objects. Later stages of the model (5-6 months and on) 

involve the establishment of connections to the dorsal stream to allow actions to be 

made on those objects (e.g. reaching, grasping). Divergent preferences in looking and 

reaching in infants as old as one year (Newman, Atkinson et al. 2001) are consistent 

with the idea that the two streams maintain some degree of independence even after 

they are integrated during these last stages of the model.      

In light of the paucity of data on which to theorize, Atkinson’s model is one of 

the most comprehensive. However, she, like some other developmental researchers 

(Bertenthal 1996) has certainly discussed ‘what’, ‘where’ and ‘how’, but has focused 

her theory largely on only two of these, ‘what’ versus ‘how’ from Goodale & Milner’s 

(1992) model of adult vision (see section on Adult Clinical Studies). Given that the 

actions of a child may be the best indicator of his/her cognitive state during the first 

year of life, Goodale & Milner’s (1992) model of ‘perception’ versus ‘action’ is 
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undoubtedly a suitable one. However, if one’s interest lies more in the cortical 

mediation of visual processing only, an examination of the literature looking at the 

spatial perceptual functions of the dorsal stream, in line with the (Ungerleider and 

Mishkin 1982) model is crucial (Ingle 2002). Unfortunately, to date, some of the most 

influential human adult studies of ‘what’ versus ‘where’ (e.g., Haxby, Horwitz et al. 

1994), rather than ‘what’ versus ‘how’, have few true developmental counterparts.  

We look now at later childhood in search of such studies.   

School-Age: Objects and Positions 

Very few studies simultaneously exploring object and spatial processing in 

older children have been conducted. A single interference study by Lange-Kuettner & 

Friederici (2000) found within- but not across-stream interference effects (e.g., place 

memory is only disrupted by movement judgment) in younger children (4-6 years of 

age), supporting the idea of segregated processing. This resembles adult findings 

(Tresch, Sinnamon et al. 1993) of task performance being selectively affected by 

interference tasks that tap the same stream (e.g. spatial memory disruption by a 

movement discrimination distractor task and object memory disruption by a color 

discrimination task). Regarding the relative development of the two streams, studies of 

older children have shown conflicting results. Some suggest that school-age children 

and adults more accurately remember positional than object information (Finkel 1973) 

and that position memory is less susceptible to interference (Lange-Kuttner and 

Friederici 2000). Others, however, propose that object information is more easily 

remembered than positional information (Gulya, Rossi-George et al. 2002; Lorsbach 

and Reimer 2005). In line with the latter results, there also exists some limited 
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evidence in children at 4 and 7 years of age (Atkinson 1998) of better “matching” than 

“posting” performance on Milner & Goodale’s (1995) “postbox” task, which requires 

children to manually post a letter into a slot at a particular angle (dorsal) or to match 

the perceived angle of the slot (ventral). 

School-Age: Psychophysical Studies   

Kovacs (Kovacs, Kozma et al. 1999; 2000) has performed several 

psychophysical investigations of perception with large samples of older children and 

finds poor performance in children 5 to 14 years of age on a contour-detection task, a 

task thought to be mediated at least in part by the ventral visual stream. Other work 

from her group using the Ebbinghaus illusion suggests that young children lack 

sensitivity to the context effects of the display (perception of which are subserved by 

the ventral visual stream - Haffenden and Goodale 1998) and as a result, evince less 

susceptibility to the illusion than adults (Weintraub 1979; Kaldy and Kovacs 2003). 

Based on these findings she posits a persisting immaturity of the ventral system and 

has put forth a working hypothesis regarding the relative development of the two 

streams, with ventral development lagging behind dorsal, as has previously been 

suggested by non-human primate work (Bachevalier, Mishkin and colleagues, 

reviewed above) and by more recent visual evoked potential (VEP) studies with 

humans (Gordon and McCulloch 1999; Madrid and Crognale 2000). However, use of 

other sets of psychophysical measures such as form and motion coherence or color and 

motion processing with children suggest instead, that the dorsal stream may be the 

relatively later stream to reach the adult state (Gunn, Cory et al. 2002; Atkinson, 

Braddick et al. 2003; Mitchell and Neville 2004; Coch, Skendzel et al. 2005). 
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Atypical Development of Dorsal and Ventral Stream Functions 

While studies of typical development are essential, looking at atypically-

developing populations can also be informative in the quest to characterize the 

development of the dorsal and ventral streams. For example, results from a study of 

congenital hypothyroidism in adolescence (Leneman, Buchanan et al. 2001) suggest 

that the two pathways have different critical windows for their sensitivity to the 

influence of hormones. Studies in schizophrenia (Foxe, Doniger et al. 2001; Doniger, 

Foxe et al. 2002; Kim, Wylie et al. 2006), spina bifida with hydrocephalus (Dennis, 

Fletcher et al. 2002), and Velocardiofacial/DiGeorge Syndrome (22q11.2 Deletion 

Syndrome) (Bearden, Wang et al. 2002) suggest that the visual and spatial 

impairments in these disorders reflect differential involvement of the two streams.   

Work with atypically-developing populations can also provide the empirical 

basis necessary to address other critical developmental questions regarding the visual 

brain’s sensitivity to experience and potential to organize itself in nonstandard ways. 

For example, ERP studies by Neville and colleagues have shown a greater response in 

the congenitally deaf to stimuli that elicit activity in dorsal versus ventral systems 

(peripherally- or centrally-presented squares in (Neville and Lawson 1987; Neville 

and Lawson 1987); gratings that moved or changed color in (Neville and Bavelier 

2002)). Based on their findings, these authors hypothesize that the dorsal system may 

be more modifiable than the ventral system in response to alterations in early input 

(Stevens and Neville 2006). Studies in the WS population are particularly germane to 

questions such as these, regarding the sensitivity of the brain to abnormal 
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developmental conditions (in this case, the result of genetic error) and the extent of 

plasticity that can be achieved by each system. 

Williams Syndrome (WS)  

Atkinson and colleagues (Atkinson, Braddick et al. 2003; Braddick, Atkinson 

et al. 2003) marshal evidence from a number of developmental disorders, including 

dyslexia (the ‘magnocellular hypothesis’) (Stein, Talcott et al. 2000), autism (Spencer, 

O'Brien et al. 2000) and hemiplegic cerebral palsy (Gunn, Cory et al. 2002), in support 

of a ‘dorsal-stream vulnerability’ hypothesis. Much of Atkinson’s work on this topic 

has been with Williams Syndrome (e.g., Atkinson, King et al. 1997), a rare genetic 

disorder caused by a micro-deletion on chromosome 7 (Korenberg, Chen et al. 2000; 

Korenberg, Chen et al. 2001). This syndrome is characterized by distinctive 

dysmorphologic facial features, mild to moderate mental retardation, distinctive 

personality characteristics and a unique cognitive profile, which includes strikingly 

poor visuocognitive ability (Bellugi and St. George 2001). Her findings (Atkinson, 

King et al. 1997) from form versus motion coherence tasks and perceptual matching 

versus manual posting (“postbox” task described above from Milner and Goodale 

1995) tasks implicate reduced or aberrant dorsal stream functioning, at least partly, in 

the visuospatial deficits in WS (for similar evidence from object versus spatial 

memory tasks see also Vicari, Bellucci et al. 2006; Vicari and Carlesimo 2006)). 

Recent evidence of neuroanatomical and neurophysiological abnormalities of the 

dorsal stream (Galaburda and Bellugi 2001; Galaburda, Schmitt et al. 2001; 

Galaburda, Holinger et al. 2002; Meyer-Lindenberg, Kohn et al. 2004; Kippenhan, 

Olsen et al. 2005; Thompson, Lee et al. 2005; Boddaert, Mochel et al. 2006; Van 
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Essen, Dierker et al. 2006) converges nicely with Atkinson et al.’s behavioral and 

psychophysical findings.      

In the case of WS, it has become apparent that visual functions subserved by 

different cortical streams have been differentially compromised. However, the 

functional organization of the WS brain that occurs after such aberrant genetic 

beginnings, and leads to such poor spatial skills, is still not well-specified. In addition, 

it is possible that near-normal performance on some visuospatial tasks in WS (i.e. face 

processing) may be mediated in an abnormal way by underlying brain systems 

(Karmiloff-Smith 1997; Mills, Alvarez et al. 2000). Thus, the approach taken in the 

studies presented here is to simultaneously investigate the neural bases of both types 

of visual functions, those that are impaired (dorsal) and those that may be relatively 

preserved (ventral).   

Summary 

In summary, studies from infancy through late childhood suggest two things. 

First, processing of object and spatial information is subserved by two distinct cortical 

streams during development, as in adulthood. Second, these two streams most 

probably mature according to different timelines. However, opinion is mixed over 

which system seems to hold developmental priority. Several limitations to the current 

corpus of research contribute to a lack of clarity on this important issue. The first 

limitation relates to our ability to interpret behavioral change during infancy. Changes 

occur during the first year of life at an astounding pace, in even very elementary 

behaviors (e.g. saccading, reaching). In fact, the assumption we make in adults of 

cortical mediation of object and spatial processing does not hold in very young infants.  



 

 

22 

There is ample evidence that ‘where’ and ‘how’ functions from are largely mediated 

by subcortical systems until 2 to 3 months of age, and that cortical mediation emerges 

after that time (Bronson 1974; Johnson 1990; Atkinson 2000). Unfortunately for 

researchers, these situations are the source of much complexity. They make it all the 

more difficult to apprehend even simple perceptual behaviors in infants. For example, 

with such rapid and dynamic change in multiple domains occurring during infancy, it 

may not be surprising that novelty preference appears to undergo a complete reversal 

from 3 to 6 months of age (Harman, Posner et al. 1994). Nevertheless, deducing 

whether another reversal will appear at a later age, exactly which factors instigate 

these changes, and how this all relates to the underlying neural substrate is far from 

simple.   

Few studies in older children have utilized designs (i.e. direct comparisons of 

‘what’ and ‘where’) capable of providing more definitive information. Those that exist 

are limited by a failure to concretely define what constitutes a difference between 

children and adults. For example, Gulya et al., (2002) found that children and adults 

show better item than location memory, while Finkel (1973) found that children and 

adults show better location then item memory. Unfortunately, with adults and children 

exhibiting performance differences in the same direction in each case, we can summon 

the alternative and more parsimonious explanation: performance advantages occur on 

tasks that are easier. Further, allowing adult performance to vary across tasks sets up a 

situation in which subtle differences between children and adults (i.e. anything other 

than complete reversals in pattern of performance) may be overlooked. For example, 

more accurate performance on a spatial than an object task in children may be 
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dismissed if adults show a difference in the same direction, even if the difference for 

children is larger. In contrast to the infant, the older child is not expected to show 

drastic changes in behavior with age, therefore, it is these subtle differences that may 

be the most informative for work with this age group.          

Characterizing development of the ‘what’ and ‘where’ systems is an important 

endeavor for researchers interested in detailing the maturation of cortically-mediated 

visuoperceptual abilities. In addition, the topic has become a focal point for 

differences in opinion over other, more general, but nonetheless essential topics in 

brain development. For example, Quinn (1998) and Kovacs (2000) propose a 

protracted period of maturation for the ventral system, with an associated widening of 

the critical time period during which the system can actively respond and change to 

input that is either expected or unexpected. On the other hand, Atkinson (2000) and 

Neville and colleagues (Neville and Bavelier 2002; Stevens and Neville 2006) suggest 

the contrary, a prolonged period of development for the dorsal stream, with an 

extended window during which plasticity and reorganization are possible. Studying 

atypical populations has great potential for reconciling this debate, yet few such 

investigations have been conducted to date. Studies with Williams Syndrome provide 

support for the idea that the functions of one stream may be more vulnerable in 

particular developmental disorders (Atkinson 2000; Braddick, Atkinson et al. 2003; 

Kim, Wylie et al. 2006)}. However, the underlying organization of the impacted 

system has not been fully delineated. What also remains to be seen is whether the 

relatively less affected system sustains behavior in a typical or an anomalous fashion.  
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Currently, this is a notable dearth of information with which to resolve the 

issues that have been highlighted here. The critical gaps in our knowledge and the 

limitations of current studies imply the usefulness of studies which 1) directly 

compare dorsal and ventral stream functions in typical children, healthy adults and 

relevant clinical populations, 2) operationally define differences (e.g. in the typical 

case, related to age) in the relationship between these two types of functions and 3) 

explore the neural underpinnings of observed performance differences (e.g. with 

neuroimaging, for example, using functional magnetic resonance imaging or fMRI). In 

addition, the pairing of behavioral and neurophysiological measures holds much 

promise for addressing limitations of previous studies and providing new information 

regarding behavioral and brain development in these critical perceptual systems.   

The Current Studies 

The current studies utilize a converging measures approach, examining indices 

of performance (task accuracy and reaction time) and brain function in typical 

participants of different ages, as well as in a patient population exhibiting deficits that 

appear to denote differential compromise of the ventral and dorsal streams. In line 

with Ungerleider & Mishkin’s (1982) model for the adult visual system of ‘what’ 

versus ‘where’, ventral stream function will be indexed by performance on a face 

discrimination task and dorsal stream function will be indexed by performance on a 

location discrimination task. In order to confront limitations of prior studies, these 

investigations make use of a matched-task paradigm. That is, these facial identity and 

location processing task conditions are matched apriori for stimuli, procedures and 

required response (see Smith, Jonides et al. 1995 for a similar design with adults). In 
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addition, by exploiting the fact that the difficulty of any face identity- or location-

matching task can be systematically manipulated by varying similarity of the faces or 

of the on-screen locations, these two tasks were constructed to be comparably difficult 

for healthy adults. Anchoring the comparability of the basic tasks in adult performance 

facilitates direct comparisons across the two tasks in typical children and WS 

participants. The metrics of reaction time (RT) and accuracy (Chapter 3) allow 

performance differences to be concretely defined and then investigated, both between 

groups and across tasks. Measures of brain activation to modified versions of these 

same tasks in the Chapters 4 and 5 will allow for an examination of the relationship 

between profiles of performance and patterns of activation in the brain’s systems for 

processing face (‘what’) and location (‘where’) information.  In the next chapter, what 

we currently know about these two types of processing, of faces and locations, will be 

briefly reviewed.   
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CHAPTER 2 

 

BACKGROUND FOR THE CURRENT STUDIES 
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It is evident from the general review of studies in Chapter 1 that despite a 

sizeable body of adult literature, few direct comparisons of ‘what’ and ‘where’ have 

been conducted with children and even fewer with atypically-developing populations. 

Not surprisingly, work comparing the specific functions probed in the current studies, 

face and location processing, has been virtually nonexistent. Thus, data on the 

development of these two functions has come from separate bodies of work, which 

will be briefly reviewed next. 

Face Processing 

Primate studies indicate that ventral stream regions, inferotemporal cortex in 

particular, respond to faces more than other objects (Desimone, Albright et al. 1984). 

Human temporal regions generate ERPs with distinctive topographies in response to 

faces (e.g., N170 - Bentin, Allison et al. 1996), and damage to this region is associated 

with prosopagnosia, a selective inability to recognize faces. Neuroimaging studies 

with adults find activation to faces in bilateral ventral occipitotemporal cortices 

(Halgren, Dale et al. 1999), with a slight bias toward the right-hemisphere (Sergent, 

Ohta et al. 1992; McCarthy, Puce et al. 1997; Rossion, Dricot et al. 2000). A 

particularly active region to faces in the fusiform gyrus has been termed the “fusiform 

face area” (Kanwisher, McDermott et al. 1997), although more recently, the idea that 

faces and other objects are processed in a more distributed fashion across 

occipitotemporal regions has been well-received (Ishai, Ungerleider et al. 1999; 

Haxby, Gobbini et al. 2001). Face-specific behavioral effects (i.e. inversion effect - 

Yin 1969) have also been noted and are thought to reflect distinct cognitive 

mechanisms for faces, namely ‘configural processing’ (i.e. perceiving relational and 
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distance information about the features contained within a face, which is disrupted 

when faces are inverted – Maurer, Grand et al. 2002).  

Humans appear to enter the world with the ability to distinguish face-like 

patterns (Johnson, Dziurawiec et al. 1991). Infants as young as 2 to 3 months show 

brain responses (e.g. using ERPs or PET) suggestive of cortical control of face 

processing (Tzourio-Mazoyer, De Schonen et al. 2002; Halit, de Haan et al. 2003). In 

fact, infants have been shown to exhibit an adult-like right-hemisphere bias for faces 

(de Schonen and Mathivet 1990; Cassia, Kuefner et al. 2006) and respond to face 

inversion in the same way as adults (Cohen and Cashon 2001). However, in spite of 

these impressive beginnings, most studies converge on the idea that face processing 

continues to improve with age (Chung and Thomson 1995), even through adolescence 

(Taylor, Edmonds et al. 2001; Taylor, Batty et al. 2004). Originally, improvements in 

performance on face tasks were thought to reflect a change in strategy (Carey and 

Diamond 1977)), from feature-by-feature analysis to more holisitic (Tanaka and Farah 

1993) or configuration-based (Diamond and Carey 1986) strategies. However, recent 

studies support more of a slow, quantitative age-related change (Taylor, McCarthy et 

al. 1999; Taylor, Batty et al. 2004) and more effective use of the same types of cues 

used by adults (Flin 1985; Baenninger 1994; Freire and Lee 2001); even though 

different types of cues (e.g. featural versus configural) may be associated with 

different developmental timecourses (Mondloch, Le Grand et al. 2002; 2003). This 

change may be associated with the acquisition of greater expertise in processing faces 

and other visual objects (Diamond and Carey 1986; Carey 1996; Gauthier and Nelson 

2001). Some researchers suggest that the changes in the neural system underlying age-
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related performance improvements involve increases in cortical specialization, with 

increasing specificity of systems for face processing (Johnson, Halit et al. 2002). 

Recent developmental fMRI studies of face processing (discussed in Chapter 4) 

support this proposition (Passarotti, Paul et al. 2003; Gathers, Bhatt et al. 2004; 

Aylward, Park et al. 2005; Golarai, Ghahremani et al. 2007).  

Location Processing 

Primate studies suggest that neurons in posterior parietal cortex respond when 

the animal is orienting or attending to locations of stimuli in space, and support 

representations of personal and extrapersonal space for the guidance of reaching, 

grasping and saccading behaviors (for review see Colby and Goldberg 1999). Patients 

with parietal lesions show impairments in several space-based behaviors, including 

processing of distance or position (von Cramon and Kerkhoff 1993). Unilateral lesions 

involving the right inferior posterior parietal region have been associated with the 

clinical syndrome of neglect, the failure to attend to contralesional visual space (Vallar 

and Perani 1986). Functional imaging studies of healthy adults also suggest a role for 

posterior parietal regions (e.g. superior parietal) in shifting attention to locations in 

space (Corbetta, Miezin et al. 1993).    

During development, coding of location is initially dominated by egocentric 

(body-centered) frames of reference until the second half of the first year, at which 

time infants begin to utilize allocentric (external) frames of reference (Acredolo 1978). 

Work with older infants (Bushnell, McKenzie et al. 1995; Newcombe, Huttenlocher et 

al. 1998) suggests a further qualitative shift in allocentric strategies (e.g. from use of 

‘direct’ or spatially coincident cues to more ‘indirect’ or distal ones). A more recent 



 

 

30 

review of the evidence, however, has led Newcombe & Huttenlocher (2000) to reject 

the idea of developmental shifts in the ability to use different types of spatial 

information. Rather, they suggest that young infants can exploit all types of spatial 

information and that what changes with age is the ability to select and use only the 

most appropriate information for the task at hand.   

Studies with toddlers suggest that they can make use of fine-grained distance 

information in a single dimension in order to direct search for hidden objects 

(Huttenlocher, Newcombe et al. 1994). In addition, they show a rudimentary form of 

hierarchical coding (i.e. determining if a location is in a certain region of space, e.g. in 

the right or left half). Despite these notable early achievements, it does not appear to 

be until 10 years of age that children show reliable adult-like spatial coding of fine-

grained and categorical information in multiple dimensions (Sandberg, Huttenlocher et 

al. 1996). These latter results are consistent with other studies of school-age children, 

which find evidence of improvements in location memory through late childhood 

(Park and James 1983). Together, this group of findings (see also Naveh-Benjamin 

1987) suggests that location may not be ‘automatically’ encoded (one criterion for an 

automatic process is little age-related change in performance), as originally proposed 

by Hasher & Zacks (1979). However, this has been widely debated in the literature 

and several studies have found evidence supporting the automaticity theory (Ellis, 

Katz et al. 1987; Ellis, Woodley-Zanthos et al. 1989; Ellis 1990; Schumann-

Hengsteler 1992). Evidence from functional neuroimaging of children’s spatial 

working memory (discussed in Chapter 4) provide a mixed picture, with some studies 

finding adult-like patterns of activation in children (Thomas, King et al. 1999; Nelson, 
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Monk et al. 2000), and others finding evidence for a more protracted period of 

development through adolescence (Klingberg, Forssberg et al. 2002; Kwon, Reiss et 

al. 2002; Schweinsburg, Nagel et al. 2005; Klingberg 2006). 

Face and Location Processing in Williams Syndrome (WS) 

The relationship between research with typical populations and research with 

clinical populations is a reciprocal one: each informs the study of the other (Cicchetti 

1984; Johnson, Griffin et al. 2005)}. The behavioral and neuroimaging studies in this 

dissertation have the potential to inform questions about the normal developmental 

course of face and location processing, while also adding to our existing knowledge 

about key issues in the study of Williams Syndrome.   

A core feature of WS is a dissociation between language (a relative strength) and 

visuospatial cognition (a severe and specific impairment) (Bellugi, Lichtenberger et al. 

1999; Mervis, Robinson et al. 2000; Bellugi, Korenberg et al. 2001). When compared 

with language functioning, this dissociation holds for most types of visuospatial 

abilities, particularly those with significant visuoconstructional demands (e.g. figure 

drawing, block design) (Bellugi, Lichtenberger et al. 2001). However, it does not at all 

apply to face processing, an area where WS show remarkable strength (Rossen, Klima 

et al. 1996). This disparity in WS, within visuospatial cognition, between spatial 

construction and face processing, has been consistently found across different ages, 

paradigms and samples (Udwin and Yule 1991; Jones and Lai 1997; Bellugi, 

Lichtenberger et al. 2001), is not seen in individuals with Down syndrome (DNS) 

(Wang, Doherty et al. 1995). In face processing, not only do WMS perform far better 

than age and IQ-matched DNS, they have been found to be no different from normal 
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age-matched controls on some face discrimination tasks (Bellugi, Klima et al. 1997; 

Bellugi, Lichtenberger et al. 2001).   

The particular tasks chosen for the studies presented here address two critical 

issues in research on Williams Syndrome. The first (discussed in Chapter 4) relates to 

the disparity between face and spatial processing in WS, which has not been directly 

quantified. Studies of face discrimination in WS have typically employed perceptual 

matching paradigms (e.g. the Benton Faces task), while the spatial tests they are often 

compared with commonly require visuoconstructional skills. Rather than contrasting 

levels of performance on very different neuropsychological measures, the current 

studies use identical perceptual matching tasks, with similar task requirements, that 

have been designed to yield comparable performance among adult control participants. 

Further, while the pattern of deficits in WS strongly implicates greater deficits in the 

dorsal stream (Atkinson, King et al. 1997; Galaburda and Bellugi 2001; Galaburda, 

Schmitt et al. 2001; Galaburda, Holinger et al. 2002; Kippenhan, Olsen et al. 2005; 

Thompson, Lee et al. 2005; Boddaert, Mochel et al. 2006; Van Essen, Dierker et al. 

2006), only one study has directly compared function in the dorsal and ventral streams 

(Meyer-Lindenberg, Kohn et al. 2004). This investigation was limited, in that it was 

conducted with high-functioning participants with WS (i.e. non-retarded), raising the 

question of whether the results can be generalized to individuals with a level of 

intellectual functioning that is more typical for the disorder. Given that these authors 

reported normal function in the ventral stream (in contrast to hypoactivation of the 

dorsal stream), the possibility of anomalous mediation of face processing by the 
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‘relatively spared’ ventral stream in these participants remains (Karmiloff-Smith 

1997). 

The second central issue (discussed in Chapter 5) relates more narrowly to the 

examination of the brain response to a face perception task in WS. Faces are stimuli 

with particular social relevance for humans and other primates. Individuals with WS 

show an exaggerated behavioral response to faces. As young children they display a 

heightened interest in faces (Laing, Butterworth et al. 2002; Mervis, Morris et al. 

2003), and as older children and adults they perform face perception and recognition 

tasks with greater accuracy than would be expected from their general level of 

intellectual functioning (Rossen, Klima et al. 1996). The WS preference for faces is 

especially noteworthy when considered in the context of their intriguing personality. 

Overall socio-emotional adjustment has been reported as problematic for individuals 

with WS (Udwin, Yule et al. 1987; Dilts, Morris et al. 1990; Einfeld, Tonge et al. 

1997), as they appear to be predisposed for specific phobias (Dykens 2003) and to 

more general symptoms of anxiety (Einfeld, Tonge et al. 1997). In spite of this, they 

are often highly sociable and extroverted and demonstrate a very strong affiliative 

tendency. Individuals with WS have often been described as “overly friendly” and 

“hypersocial” (Bellugi, Adolphs et al. 1999; Jones, Bellugi et al. 2000), owing to the 

appearance of an irrepressible inclination to engage others in social interaction. As 

young children, individuals with WS are rated as less socially reserved (Gosch and 

Pankau 1994) and seem to lack the normative fear of strangers (Udwin 1990). As 

adults, they have been shown to offer unusually positive approachability ratings for 

faces of unfamiliar persons (Bellugi, Adolphs et al. 1999). The combination in WS of 
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heightened attention and facility with faces in WS, alongside an intense drive for 

interpersonal contact, provides a unique opportunity to examine the social aspects of 

face perception.  
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CHAPTER 3 

 

FACE AND PLACE PROCESSING IN WILLIAMS SYNDROME: 

EVIDENCE FOR A DORSAL-VENTRAL DISSOCIATION 
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This chapter is a reprint of the material as it appears in: 

Paul, B.M., Stiles, J., Passarotti, A., Bavar, N. and Bellugi, U.  (2002). Neuroreport, 

13 (9), 1115-1119. Face and place processing in Williams syndrome: evidence for a 

dorsal-ventral dissociation. 

The dissertation author was the primary investigator and author of this paper.  
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CHAPTER 4 

 

FACE AND LOCATION PROCESSING IN WILLIAMS 

SYNDROME:  BEYOND A DORSAL STREAM DEFICIT 
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Abstract 

We used functional magnetic resonance imaging (fMRI) to explore the neural 

basis of the frequently cited dissociation between skilled face processing but impaired 

spatial abilities in Williams Syndrome (WS), a genetically-determined 

neurodevelopmental disorder. A pair of face identity- and location-matching tasks, 

equated for stimuli, timing and response, were used to examine differences in 

engagement of ventral and dorsal stream visual processing systems. Importantly, by 

including both a chronological age-matched control group (healthy adults) and a group 

of typically-developing child controls (8- to 9-years-old) a consideration of potential 

WS-related differences in ventral and dorsal stream recruitment in the context of 

normal developmental change was afforded. 

Unlike both control groups, WS participants failed to show the expected 

profile of greater ventral region activity during facial identity processing and greater 

dorsal region activity during location processing. The most marked divergence from 

the brain response observed in both control groups was the absence of activation in 

posterior parietal cortex during location-matching, a finding that is consistent with 

previous reports of functional and structural abnormalities in the dorsal pathway in 

WS. However, despite the relatively strong face discrimination abilities often seen in 

WS, the underlying brain response during the identity-matching task also appeared 

atypical. Ventral stream activation centering on the fusiform gyrus was mildly 

abnormal. In addition, a striking deficit in amygdala activation was seen in the WS 

group, along with an unexpectedly increased response in an area of parietal cortex 
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typically associated with visuospatial attention. Implications for both typical and 

atypical development of visual processing pathways are discussed.        
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Background 

Williams syndrome (WS) is a rare neurodevelopmental disorder caused by a 

hemizygous microdeletion on chromosome 7, which includes the gene for elastin 

(ELN), among others (Ewart, Morris et al. 1993; Frangiskakis, Ewart et al. 1996; 

Korenberg, Chen et al. 2000). In addition to distinctive facies (Jones and Smith 1975) 

and heightened risk for cardiac and other organ system pathology (Jones and Smith 

1975; Morris, Demsey et al. 1988; Pober and Dykens 1996) the syndrome is 

characterized by mild to moderate mental retardation (Arnold, Yule et al. 1985; 

Howlin, Davies et al. 1998; Mervis, Morris et al. 1999), a unique social demeanor 

(Vonarnim and Engel 1964; Dilts, Morris et al. 1990; Gosch and Pankau 1994; Jones, 

Bellugi et al. 2000) and a heterogeneous profile of neuropsychological strengths and 

weaknesses (Bellugi, Lichtenberger et al. 2000). Given the substantial understanding 

of the underlying genetic abnormality, the study of WS holds promise for addressing 

questions regarding the genetic bases of human cognition and behavior (Bellugi, 

Lichtenberger et al. 1999; Mervis, Morris et al. 1999; Bellugi and St. George 2001).   

With respect to the cognitive profile observed in individuals with WS, a 

notable disparity between language and spatial abilities is typically seen (Bennett, 

LaVeck et al. 1978; Udwin, Yule et al. 1987; Bellugi, Wang et al. 1994; Mervis, 

Robinson et al. 2000). These individuals often present with relatively strong language 

skills, including speech production (Udwin and Yule 1990; Gosch, Stading et al. 

1994) and receptive vocabulary (Bellugi, Bihrle et al. 1990; Vicari, Bates et al. 2004; 

Brock 2007). Their visuomotor and spatial abilities, however, are exceedingly poor 

(Bellugi, Sabo et al. 1988; MacDonald and Roy 1988). Particular deficits are seen with 
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visuospatial tasks involving drawing and block design (Bellugi, Sabo et al. 1988; 

Bertrand, Mervis et al. 1997). Importantly, individuals with WS show deficits even on 

visuospatial measures that do not require a significant motor or constructional 

component (e.g. Benton Judgment of Line Orientation) (Crisco, Dobbs et al. 1988; 

Wang, Doherty et al. 1995). Moreover, these deficits are unrelated to sensory vision 

problems that are also seen with some frequency in this disorder (Atkinson, Anker et 

al. 2001).  

Deficits in visuoperceptual function in WS, while striking in certain 

subdomains, are not present for all types of stimuli. Specifically, the face processing 

abilities of individuals with WS remain relatively unaffected (Bellugi, Lichtenberger 

et al. 2000). In the first years of life individuals with WS show a heightened interest in 

faces over other classes of stimuli (Laing, Butterworth et al. 2002; Mervis, Morris et 

al. 2003). During the later stages of development, they demonstrate impressive 

accuracy on face perception and recognition tasks (Udwin and Yule 1991; Rossen, 

Klima et al. 1996). They often outperform mental age controls (including those with 

other forms of mental retardation) on measures of face processing (Udwin and Yule 

1991), and have even been found to score at or near the level of chronological age 

controls on certain tasks [(e.g., the Benton Test of Facial Recognition (Benton, 

Hamsher et al. 1983)], (Bellugi, Wang et al. 1994; Wang, Doherty et al. 1995).  

As noted previously, the notable skill and interest in processing faces observed 

in WS is in sharp contrast with the significant deficits in spatial cognition. The 

existence of such a marked discrepancy within a specific genetically based population 

is of great interest, since it may provide insight regarding the relationship between 
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genes and the organization of the neural systems that mediate visuospatial processing 

abilities. The primate cortical visual system is subdivided into two anatomically and 

functionally separate systems. Specifically, the ventral stream (occipito-temporal 

lobes) is principally involved in processing the properties of objects such as faces, 

whereas the dorsal stream (occipito-parietal lobes) is involved in spatial processes 

such as object localization, movement detection, and visually-guided action 

(Ungerleider and Mishkin 1982; Goodale and Milner 1992; Milner and Goodale 

1995). Evidence in support of the dual-stream representation of vision has emerged 

both from studies of patients with brain lesions (Newcombe and Russell 1969; 

Newcombe, Ratcliff et al. 1987), and from psychophysiological (Tresch, Sinnamon et 

al. 1993; Hecker and Mapperson 1997) and neuroimaging studies with healthy adults 

(Haxby, Horwitz et al. 1994; Kohler, Kapur et al. 1995; Smith, Jonides et al. 1995; 

Courtney, Ungerleider et al. 1996; Mecklinger and Mueller 1996; Aguirre and 

D'Esposito 1997; Ruchkin, Johnson et al. 1997; Shen, Hu et al. 1999; Rao, Zhou et al. 

2003).  

It has been frequently suggested that the considerable discrepancy between 

face and spatial processing implicates impairment of the dorsal stream, with relative 

sparing of the ventral stream (Wang, Doherty et al. 1995; Atkinson, King et al. 1997; 

Nakamura, Watanabe et al. 2001; Paul, Stiles et al. 2002; Atkinson, Braddick et al. 

2003; Atkinson, Braddick et al. 2006). Indeed, evidence gathered to date suggests that 

impairment of dorsal stream function is a prominent and enduring feature of this 

disorder. Many children with WS show significantly poorer performance on 

visuoperceptual and visuocognitive tasks that place greater demands on the dorsal 
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rather than the ventral cortical stream (Atkinson, King et al. 1997; Atkinson, Braddick 

et al. 2003). Recent evidence suggests that these deficits persist into adulthood and are 

unlikely to represent a simple lag in development, rather a persistent neurocognitive 

deficit (Atkinson, Braddick et al. 2003; Atkinson, Braddick et al. 2006). In fact, data 

from WS and several other neurodevelopmental disorders, including dyslexia (the 

‘magnocellular hypothesis’) (Stein and Walsh 1997; but see Skottun 2000; Stein, 

Talcott et al. 2000), autism (Spencer, O'Brien et al. 2000), and schizophrenia (Kim, 

Wylie et al. 2006), bolster the proposition that, in general, the dorsal stream may be 

more modifiable and/or more vulnerable to perturbation (Braddick, Atkinson et al. 

2003; Stevens and Neville 2006), possibly as a result of abnormal ontogenetic 

competition between the two pathways (Atkinson, Braddick et al. 2003). 

In recent years, neuroimaging studies of WS have lent support to the 

hypothesis of greater dorsal stream involvement in this disorder. Structural imaging 

work in WS has shown unambiguous abnormalities in dorsal cortical regions. 

Specifically, inspection of gross anatomical features in WS indicates that the central 

sulcus is foreshortened in its dorsal aspect near the interhemispheric fissure, but not in 

its ventral extension toward the sylvian fissure (Galaburda and Bellugi 2000; 

Galaburda, Schmitt et al. 2001; Jackowski and Schultz 2005; Van Essen, Dierker et al. 

2006). Measures of gyrification have yielded complementary results, revealing 

abnormalities in occipital and parietal cortex, but not temporal cortex, in WS (Schmitt, 

Watts et al. 2002; Gaser, Luders et al. 2006). In addition, regional volume reductions 

have been found in the occipital and parietal lobes with some consistency (Jernigan 

and Bellugi 1990; Reiss, Eliez et al. 2000; Reiss, Eckert et al. 2004; Eckert, Hu et al. 
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2005; Thompson, Lee et al. 2005), including grey matter reductions in the superior 

parietal lobule (Reiss, Eckert et al. 2004; Eckert, Hu et al. 2005) and the region in and 

around the intraparietal sulcus (Meyer-Lindenberg, Kohn et al. 2004; Kippenhan, 

Olsen et al. 2005; Boddaert, Mochel et al. 2006). Measures of sucal depth have 

provided evidence of that the intraparietal sulcus, among other sulci, is abnormally 

shallow in WS (Kippenhan, Olsen et al. 2005; Van Essen, Dierker et al. 2006), and 

efforts have been made to link structural deficits in this area with the spatial cognitive 

impairments in WS (Meyer-Lindenberg, Kohn et al. 2004).  

While cognitive and neuroimaging studies converge nicely on the existence of 

dorsal stream impairment in WS, the evidence for relative sparing of the ventral 

stream in WS is less consistent. Behavioral findings of proficient processing of objects 

(at the level of chronological age controls) (Wang, Doherty et al. 1995; Landau, 

Hoffman et al. 2006), in addition to faces, provide some evidence for ventral stream 

integrity. However, the possibility that individuals with WS rely on atypical 

underlying cognitive mechanisms has been raised (Karmiloff-Smith, Thomas et al. 

2004). Specifically, an impaired ability to utilize configural information (distances 

among face features), which is considered essential for normal face processing 

(Maurer, Grand et al. 2002), has been posited (Deruelle, Mancini et al. 1999; 

Karmiloff-Smith, Thomas et al. 2004). Electrophysiological studies in WS have 

provided data regarding the neural mechanisms that might be associated with this 

impairment. In the first event-related potential (ERP) study of face processing in WS, 

Mills and colleagues (2000) found that the brain response to faces in WS was 

noticeably atypical, particularly with respect to the early response components (e.g. 
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the N100 was of a smaller amplitude than expected, while the N200 had an extremely 

large amplitude). Moreover, the ERP components for upright and inverted faces did 

not differ, suggesting that unlike healthy controls, WS participants did not engage 

distinct neural systems when processing the two types of stimuli. Grice et al. (2001) 

made a similar discovery with gamma band electroencephalography (EEG). In a group 

of WS adults they observed a markedly atypical response to upright faces (a complete 

absence of normal gamma activity bursts), in addition to abnormally similar EEG 

activity when processing upright and inverted faces (unlike controls whose EEG 

activity was modulated by changes in face orientation). Given that differences in 

processing of upright versus inverted faces in typical participants are thought to be 

linked to configural processing (i.e., the reliable performance decrement induced by 

face inversion, known as the face inversion effect, is thought to reflect the perceiver’s 

inability to process the configural aspects of the face when it is presented upside-down 

- Yin 1969; Valentine 1988; Rhodes 1993), these findings are consistent with deviance 

in the cognitive mechanisms associated with face processing. Further, they raise the 

possibility that the ventral stream may mediate face processing in an abnormal way.  

Although the two electrophysiological studies of face processing in WS have 

produced relatively consistent findings, functional neuroimaging studies of ventral 

stream processes in WS have been much less concordant. For example, no evidence 

for ventral stream dysfunction was found in a functional magnetic resonance imaging 

(fMRI) study by Meyer-Lindenberg and colleagues (2004), using two tasks, a shape-

matching task and a visual attention task with face and house stimuli, in a select group 

of WS individuals with normal IQ (i.e. non-retarded). In contrast, a fMRI study by 
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Mobbs et al. (2004) examining face gaze processing in a more typical WS sample 

(mild mental retardation), observed activation deficits in primary and secondary visual 

cortices, but not in the fusiform gyrus, a ventral temporal region critical for normal 

face perception (Allison, Ginter et al. 1994; Puce, Allison et al. 1995). Structural MRI 

studies have revealed a handful of differences between WS and healthy control 

participants in the ventral stream, although not all of them have been consistently 

replicated, at least in part due to methodological differences across studies (Eckert, 

Tenforde et al. 2006). These findings in WS include increased grey matter density in 

bilateral fusiform gyri (Reiss, Eckert et al. 2004), and increased in cortical thickness in 

a nearby region of inferior temporal cortex (right hemisphere only) extending into the 

temporal fusiform gyrus (Thompson, Lee et al. 2005). Thus far, measures of sulcal 

depth have been most consistent, with two studies finding decreased depth within the 

collateral sulcus, which runs along the medial border of the fusiform gyrus 

(Kippenhan, Olsen et al. 2005; Van Essen, Dierker et al. 2006). Given the likelihood 

that faces are represented in a distributed manner along the ventral side of the 

temporal and occipital lobes (Ishai, Ungerleider et al. 1999; Haxby, Gobbini et al. 

2001), this finding is of potential importance to the study of face processing in WS. 

The current investigation examined dorsal and ventral stream processing in 

WS using functional magnetic resonance imaging (fMRI) in an effort to address some 

of the inconsistencies among studies that have been conducted to date. Only one other 

study has examined task-related brain activation on measures with differential 

sensitivity to ventral or dorsal stream function in WS (Meyer-Lindenberg, Kohn et al. 

2004). As previously alluded to, Meyer-Lindenberg and colleagues (2004) compared 
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BOLD activation in WS and chronological age- and gender-matched controls during a 

visual task that required that participants attend to either the identity or position of a 

pair of stimuli (faces or houses). Clear hypofunction of the dorsal stream, particularly 

in the region surrounding the intraparietal sulcus, was observed. No differences from 

controls were seen in ventral stream response of WS participants. However, because 

the WS participants included in this study were of normal-range IQ (i.e., non-retarded, 

common in individuals with partial deletions - Mervis, Morris et al. 1999) it remains 

unclear how characteristic these findings are of the the typical individual with WS, 

who exhibit mild-to-moderate intellectual impairment (Arnold, Yule et al. 1985; 

Howlin, Davies et al. 1998). The current study, therefore, included a WS group chosen 

to be representative of the broader population of WS individuals with respect to 

overall cognitive ability.  

Another limitation in our understanding of the neural basis of the pattern 

visuo-spatial/perceptual deficits manifested in WS has been a dearth of information 

regarding the normal developmental trajectory of the ventral and dorsal visual 

processing systems. Despite the plethora of studies focusing on the mature incarnation 

of the ventral/dorsal visual stream dichotomy, little is known about its emergence 

during the course of development (Passarotti, Paul et al. 2003). A limited corpus of 

psychophysical investigations (Gordon and McCulloch 1999; Madrid and Crognale 

2000; Gunn, Cory et al. 2002; Atkinson, Braddick et al. 2003; Mitchell and Neville 

2004; Coch, Skendzel et al. 2005) provides some evidence that the two systems may 

reach maturity at differing rates, however, there is no consensus as to a more exact 

chronology. By virtue of including two healthy control groups (a group of typically-
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developing 8- to 9-year-old children and a group of healthy adults), in addition to WS 

participants, the present study is well poised to provide both insight into the normal 

development of ventral and dorsal stream processing, and critical information 

regarding the integrity of these systems in WS. 

Following work in healthy adults (Haxby, Horwitz et al. 1994; Courtney, 

Ungerleider et al. 1996), to probe ventral and dorsal stream processing, respectively, 

we employed a pair of face identity-matching and location-matching tasks. To 

facilitate across task comparisons, the tasks were matched on key variables, including 

stimulus presentation and response requirements. Performance of individuals with WS 

on these experimental tasks has been well-documented (Paul, Stiles et al. 2002; Paul, 

Snyder et al. in preparation), and shows the characteristic dissociation (Bellugi, Wang 

et al. 1994; Bellugi, Lichtenberger et al. 2000) between relatively strong face-

matching performance and severe impairment in matching stimuli based on their 

location. While we expected to see a pervasive deficit in dorsal stream responsivity in 

WS, the ventral stream response was expected to more closely resemble that seen in 

unaffected controls, particularly for the face identity-matching task (Paul, Stiles et al. 

2002; Paul, Snyder et al. in preparation). However, given the prospect of process-

based abnormalities of face and object perception in WS (Karmiloff-Smith, Thomas et 

al. 2004), we did not exclude the possibility that more subtle differences in ventral 

stream response might be observed. Some of the results for the face identity 

processing task included here have appeared in a preliminary report (Paul, Snyder et 

al. in preparation). 
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Two types of group comparisons were drawn for these tasks, with typically-

developing school-age children enabling a comparison based on approximate mental 

age (MA), and the healthy adults matched to the WS participants on age and gender 

enabling a chronological age (CA) comparison. The inclusion of a typically-

developing child control group, which is unique to the present study, allowed for the 

consideration of the pattern of brain activity in WS within a broader developmental 

context. This type of approach is warranted (Paterson and Schultz 2007) because the 

developmental course in this genetically-based disorder is likely to be altered from the 

very earliest stages (Karmiloff-Smith 2001). Such group comparisons allowed for 

clearer determination of whether any differences in brain response are similar to that 

seen in immature systems, or whether they represent the functioning of a system 

organized in a fundamentally atypical fashion. This distinction has been debated 

extensively in studies of this population and we hoped to provide the first brain 

imaging data to address these questions as applied to visuoperceptual processing in 

WS. 

Methods  

PARTICIPANTS 

 Williams Syndrome (WS) group.  Fifteen individuals with Williams Syndrome 

(9 females, 6 males; M = 30.1 years, SD = 12.0) were recruited and evaluated at the 

Salk Institute as part of a comprehensive multi-disciplinary research project. Imaging 

data from three additional subjects were not used because of excessive head 

movement (one participant) or because they did not complete both task conditions 

(two participants). The diagnosis of WS was made on the basis of FISH (fluorescence 
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in situ hybridization; absence of one copy of the elastin gene on chromosome 7) and 

presence of phenotypic features defined by the American Academy of Pediatrics 

(2001). WS participants were administered the Weschler Adult Intelligence Scale – 

Revised (WAIS-R), with the exception of two participants under the age of 17 who 

were administered the Weschler Intelligence Scale for Children – Revised (WISC-R). 

One participant with WS did not participate in IQ testing at the time of the study. 

Mean IQ scores for the group (Full Scale = 66.1, SD = 9.7; Verbal = 71.8, SD = 7.8; 

Performance = 62.8, SD = 9.6) fell within the range typically reported for individuals 

with WS (Howlin, Davies et al. 1998; Searcy, Lincoln et al. 2004). All WS 

participants completed the Peabody Picture Vocabulary Test – 3rd edition (PPVT-III), 

(M = 75.5, SD = 12.8; range 40 – 92), indicating that the receptive vocabulary Age-

Equivalent for the WS group was about 12 years of age (M = 12.3 years, SD = 4.7; 

range = 5.83 – 22.0 years). In addition, all WS participants completed the 

Developmental Test of Visuomotor Integration (VMI) (Beery 1997) (M = 48.7, SD = 

8.2; range < 45 – 75; four participants scored below the basal score of 45). The Age-

Equivalent for visuomotor integration for the WS group was about 6 years of age (M = 

5.8 years, SD = 1.6; range = 4.1 – 11.25 years).  

 Mental age (MA) matched comparison group.  The MA group consisted of 16 

typically-developing 8- to 9-year-old children (M = 8.9 years, SD = 0.7; 9 females, 7 

males) recruited from elementary schools in San Diego County. Five additional 

children were excluded because of excessive head motion during MRI. The 

chronological age of the MA group mean fell midway between the mean language and 

visuospatial age-equivalent estimates of the WS group (see above).  
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 Chronological age (CA) matched comparison group. A second comparison 

group consisted of neurologically normal adults matched to the WS group for gender 

and age. In all but two cases participants were matched to within 1 year of age (the 

two exceptions were pairs of participants differing in age by 1 year, 4 months in one 

case, and 2 years, 10 months in the second case). The CA group was comprised of 17 

individuals (M = 31.0 years, SD = 11.2; 10 females, 7 males) recruited from the 

University of California, San Diego and surrounding community. One additional male 

was excluded due to technically compromised imaging data (excessive electronic 

noise). 

 None of the control participants had a history of neurological, psychiatric or 

major medical conditions, learning disability, head trauma, or current use of 

psychotropic drugs. The study was approved by the Institutional Review Boards of the 

Salk Institute, the University of California, San Diego (UCSD) and San Diego State 

University (SDSU). Adult participants and parents/guardians of WS and child 

participants gave written informed consent; in addition, children and WS participants 

gave assent to participate. Participants were compensated for their participation with a 

small monetary sum.   

BEHAVIORAL TASK  

 Task stimuli were black and white photographs of male faces with neutral 

expression displayed on a uniform grey background (see Figure 4.1) obtained from the 

University of Essex online face database. Participants were seated 60 cm from the 

computer screen. Stimuli subtended 4.76° × 5.06° visual angle in the vertical and 



 

 

57 

horizontal dimensions. Each stimulus appeared in one of twelve possible positions on 

the screen.   

To obtain an accurate measure of each participant’s face identity- and location-

matching abilities, the tasks were administered prior to the imaging session in a quiet 

room at the Salk Institute. Figure 4.1 illustrates the two task conditions. Each task was 

associated with a distinct warning cue displayed to identify the subsequent test trials 

(green “smiley face” for face identity-matching trials and red tic-tac-toe grid for 

location-matching trials). Trials were presented in blocks of six, with each block 

preceded by a warning cue. Six blocks were administered for a total of 36 trials per 

task condition. Each task trial began with a fixation cross, followed by a series of two 

reference stimuli (500 ms duration per stimulus). After a delay of either 500 or 1750 

ms, a third (test) stimulus appeared until the participant responded, or until 3500 ms 

elapsed. Participants indicated by pressing one of two buttons (“yes” or “no”) whether 

the identity or location of the test stimulus matched either of the two reference stimuli. 

A match was presented in half of the trials. During the face identity-matching 

condition, reference and test stimuli never matched in location; during the location-

matching condition, reference and test stimuli never matched in identity. Participants 

were encouraged to respond as quickly but as accurately as possible. Both accuracy 

and response times were recorded. The first 18 trials for each task condition used a 

500 ms delay between the second reference stimulus and the test stimulus, in 

accordance with our previous study using these tasks with WS (Paul, Stiles et al. 

2002). The second 18 trials used a 1750 ms delay, in line with the functional 

neuroimaging paradigm (see below) that has been successfully employed in the UCSD 
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laboratory for several years (Passarotti, Paul et al. 2003; Stiles, Paul et al. 2006). 

Comparison of accuracy data from the two delay conditions across the three 

participant groups did not reveal a significant group × delay interaction effect (P > 

0.5). These data therefore were collapsed over the two delay conditions in the analyses 

presented here.  

 To ensure adequate understanding of the task procedure, all participants were 

given practice (at least eight trials per task condition for MA and WS groups and at 

least four trials per condition for the CA group). Additional practice and explanation 

were given as needed. Feedback for incorrect answers (computer-generated beep) was 

provided on all trials for the MA and CA groups. However, because of hyperacusis in 

WS, feedback for incorrect answers was given to WS participants only during 

practice.  

FUNCTIONAL NEUROIMAGING  

Task. The behavioral task described above was adapted for block design fMRI 

(Figure 4.1b). Based on preliminary data from 12 WS participants (not included in the 

current study), trials from the behavioral task were modified slightly to promote 

optimal task performance during fMRI runs. This involved increasing the presentation 

of the reference stimuli to 1000 ms, and requiring a button press only on positive 

identity or location matches (to avoid using two different buttons without direct 

visualization). In addition, to achieve scanning runs of constant length, the third (test) 

stimulus was presented for a fixed duration of 3250 ms. Control trials followed the 

same stimulus sequence but did not require a match decision; participants were 

instructed to simply wait for the third stimulus and press the mouse button. Control 
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stimuli were scrambled face images. Each participant completed at least two runs per 

task condition, or as many as tolerated up to a limit of eight total runs. WS participants 

were trained in a mock-scanner immediately prior to fMRI to improve compliance 

(e.g., reduce head and body motion) and ensure understanding of the task.   

Image acquisition.  Images were acquired at UCSD, on a Siemens 1.5 Tesla 

Vision System (Erlangen, Germany) with a standard clinical head coil. A 

thermoplastic mask was used for head stabilization. Both earplugs and noise-canceling 

headphones were used to attenuate scanner noise. Stimuli were rear-projected onto a 

screen located at the subject’s feet, which the subject viewed with a small mirror 

secured to the head coil above their eyes. Participants responded to the tasks with a 

hand-held mouse connected to a laptop computer.     

 Functional images were acquired with a single-shot echo-planar (EPI) pulse 

sequence sensitive to blood oxygenation level dependent (BOLD) contrast (FOV=220 

mm, TR=2500 ms, TE=40 ms, flip angle=90°). Whole head coverage was obtained 

with 27 5 mm slices (in-plane resolution 3.44 x 3.44 mm). Each fMRI run included 

116 volumes (frames). T1-weighted structural images were obtained using an MP-

RAGE sequence (TR=11.4 ms, TE=4.4 ms, flip angle=10°, resolution=1 mm3; 180 

sagittal slices).     

FMRI data preprocessing.  Image preprocessing was performed with 

algorithms developed at Washington University (A.Z. Snyder, R.L. Buckner and 

others). MP-RAGE images from each individual were registered (12 parameter affine 

transformation) to an atlas-representative target conforming to the atlas of Talairach & 



 

 

60 

Tournoux (1988) as defined by the SN method of Lancaster et al. (1995). A study-

specific atlas-representative target image was a prepared from MP-RAGE data 

representing all three participant groups (20 WS, 10 CA adults and 10 MA children) 

using a previously described strategy (Buckner, Head et al. 2004). This approach to 

atlas normalization was adopted to minimize the influence of structural differences 

between groups on functional responses measured in common regions of interest 

(ROI) in atlas space. Structural differences between 8- to 9-year-old children and 

young adults are minor after 12-parameter affine transformation to a common atlas 

space (Burgund, Kang et al. 2002). Structural differences in WS include abnormal 

cortical folding, most prominently in dorsal parietal regions (Schmitt, Watts et al. 

2002; Reiss, Eckert et al. 2004; Eckert, Hu et al. 2005; Kippenhan, Olsen et al. 2005; 

Thompson, Lee et al. 2005; Van Essen, Dierker et al. 2006).  

 Preprocessing of the fMRI data involved (1) correction of central spike artifact 

caused by signal drift, (2) compensation for asynchronous slice acquisition, (3) 

elimination of odd versus even slice intensity differences due to interleaved 

acquisition, (4) rigid body head motion correction within and across fMRI runs and (5) 

intensity scaling to a whole-brain mode value of 1,000. Atlas transformation of the 

functional data was computed via each subject's MP-RAGE. The final preprocessing 

step combined motion correction and atlas transformation in one step to yield 

volumetric time series resampled to 3 mm cubic voxels. 

Individual fMRI analyses.  As a quality assurance (QA) step, the standard 

deviation of the signal over the course of each functional run was calculated and runs 

with excessive variability (mean whole brain standard deviation greater than 2.5%: 6, 
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3, and 1 runs in MA, CA and WS groups, respectively) were excluded from the 

statistical results. Analysis of individual fMRI time series was performed using AFNI 

(Cox 1996). The data were spatially smoothed (6.88 mm full width at half maximum 

Gaussian kernel). Multiple regression analysis was performed assuming a canonical 

hemodynamic response function (HRF) of the gamma type (Cohen 1997). Head 

motion correction parameters (three translation, three rotation), as well as the global 

mean and linear drift were included as nuisance regressors. Voxel-wise t-statistic 

images (one per task condition for a total of two per individual) representing BOLD 

modulation attributable to task performance were computed and converted to 

equivalently probable z-scores. 

Group fMRI analyses.  Group-level analyses were performed in AFNI (Cox 

1996). A voxel-wise two-way mixed design ANOVA (between subjects factor of 

group x within-subjects factor of task condition, with the random factor of subjects 

nested within the group factor) was conducted using the z-score images obtained from 

the multiple regression analyses to generate task contrast maps (face identity-matching 

versus location-matching) for each of the three groups. The results were masked to 

include only voxels in which a group x task condition interaction was present at P < 

0.05 per voxel. After masking, the task contrast maps were corrected for multiple 

comparisons using the cluster threshold technique (individual voxel threshold at P ≤  

0.005, two-tailed; cluster size = 14 voxels, 378µL) (Forman, Cohen et al. 1995) to 

obtain an overall corrected alpha level of 0.05. To confirm apparent group differences 

and characterize activation for each task condition separately, follow-up one-way 

ANOVAs were conducted for each task condition (face identity-matching versus 
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control, and location-matching versus control) using the z-score images obtained from 

the individual multiple regression analyses. This generated mean activation maps for 

each group, as well as pairwise group contrasts. Pairwise group contrast maps were 

masked and corrected for multiple comparisons in the same manner as the task 

contrast maps. Group mean activation maps for each task were corrected for multiple 

comparisons using the cluster threshold technique over the whole brain (individual 

voxel threshold at P ≤  0.005, two-tailed; cluster size = 31 voxels, 837µL).  

Results 

BEHAVIORAL TASK  

Performance accuracy was represented by d´, a measure of accuracy that 

considers the frequency of “hits” as well as “false alarms”, and thus takes into 

consideration participant bias in responding. A standard correction was employed for 

false alarm and hit rates of 0 or 1 (Macmillan and Creelman 1991). Response data 

from one CA control and three WS participants were not available due to equipment 

malfunction (CA control, one WS participant) or administration of a different version 

of the behavioral task (two WS participants). Data from one additional WS participant 

was excluded due to difficulty staying on task during the behavioral session (although 

his accuracy scores during the imaging session were the fourth highest in the WS 

group, suggesting that he was capable of understanding and performing the tasks). 

Accuracy (d´) and response time (RT) were each investigated with a 3 x 2 (group x 

task condition) mixed design analysis of variance (ANOVA).  

Results (Table 4.1) revealed a group x task condition interaction effect (F 

(2,40) = 6.21, P < 0.005), which qualified main effects of group (F (2,40) = 51.42, P < 
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0.001) and task condition (F (1,40) = 27.80, P < 0.001; overall higher accuracy for 

identity-matching). Follow-up Tukey HSD tests for the identity-matching condition 

showed that both the WS and MA groups were outperformed by the CA group (P < 

0.005 for both t-tests), while the performances of the WS and MA groups were not 

significantly different from one another (P > 0.09). By contrast, in the location-

matching condition, WS participants performed significantly worse than both MA and 

CA controls (P < 0.001 for both t-tests); MA controls also performed more poorly 

than CA controls, although this comparison did not quite attain significance (P = 

0.07). RT results revealed only a main effect of group (F (2,40) = 26.8, P < 0.001). 

Follow-up Tukey HSD showed that both the WS and MA groups had overall 

significantly slower RTs than the CA group (P < 0.001 for both t-tests of marginal 

means). However, the WS and MA groups were not different from one another (P > 

0.1). Thus, on the whole, the WS and MA groups performed less accurately and with 

greater response latency than CA controls. However, whereas the WS and MA groups 

did not differ from each other with respect to response latency, they performed at 

comparable levels of accuracy only for face-identity-matching. This replicates a 

previous behavioral study using these tasks with different samples of WS participants, 

8- to 9-year-old typically-developing children, and healthy adults (Paul, Stiles et al. 

2002), and is consistent with the poor spatial abilities that characterize WS. 

FUNCTIONAL NEUROIMAGING 

Behavioral performance. Response data from three CA controls during the 

imaging session were not available due to an error during acquisition. Performance 

(d´) and RT on task trials during the imaging session (control trials not analyzed) were 



 

 

64 

each investigated with a 3 x 2 (group x task condition) mixed design ANOVA. Results 

showed a significant main effect of group (F (2,42) = 48.33, P < 0.001), with the WS 

participants performing more poorly than the MA and CA controls on both the 

identity- and location-matching conditions (Tukey HSD tests of marginal means, both 

P < 0.001). MA controls were also outperformed by CA controls (Tukey HSD test, P 

< 0.05). The main effect of task condition (F (1,42) = 98.19, P < 0.001) was also 

significant, due to better performance for all three groups on identity-matching trials 

(WS identity-matching d´ = 1.28, location-matching d´ = 0.46; MA identity-matching 

d´ =  2.69, location-matching d´ = 1.49; CA identity-matching d´ =  3.17, location-

matching d´ = 2.01). Response time results revealed a main effect of group (F (2,42) = 

7.46, P < 0.005), modified by a significant group x task condition interaction effect (F 

(2,42) = 4.33, P < 0.05).  Follow-up Tukey HSD tests (for each task condition, 

separately) showed that for both identity- and location-matching, response time in the 

WS participants and CA controls was not significantly different. MA controls, 

however, were significantly slower to respond than both other groups during identity-

matching (P < 0.05 for both comparisons).  During location-matching, MA controls 

were significantly slower than only CA controls (P < 0.001; WS and MA groups were 

not different, P > 0.1). Thus, overall, compared with their performance outside of the 

scanner, WS took less time to respond (RTs comparable to CA controls) during the 

imaging session. However, for face identity-matching trials, this appeared to result in a 

speed versus accuracy trade-off (declining by 0.43 discriminability points).  

FMRI. Results of task contrasts (face identity-matching versus location-

matching) for each group are presented in Table 4.2. Considering the particular active 
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and control task conditions included in the current study (Figure 4.1), results from 

these contrasts are thought to represent activation that is unique to discriminating 

either facial identity or location, rather than to more general aspects of performing a 

visuoperceptual discrimination task. In the remainder of this section, patterns of 

activation revealed by task contrasts (Table 4.2; face identity-matching versus 

location-matching) are described. This is followed by a more specific reporting of 

findings from key task-related regions in the ventral and dorsal streams (ventral 

occipito-temporal and parietal regions). These findings draw on patterns of activation 

observed for each task (identity-matching versus scrambled control, and location-

matching versus scrambled control), as well as direct pairwise group contrasts for each 

task. In addition, results from specifically targeted region-of-interest (ROI) analyses of 

response magnitude are also reported (comparisons of percent signal change within 

regions of interest placed around peak foci within ventral occipito-temporal and 

parietal regions).   

FMRI – task contrasts. Generally, both control groups displayed the expected 

ventral versus dorsal stream pattern of greater occipito-temporal lobe recruitment 

during identity-matching, and greater parietal lobe involvement during location-

matching (Haxby, Horwitz et al. 1994; Courtney, Ungerleider et al. 1996). This pattern 

emerged in both CA and MA control groups, despite overall differences in the amount 

of activation observed (the CA group exhibited greater overall activation than the MA 

and WS groups). Brain regions displaying the most conspicuous identity-matching > 

location-matching differences in both the CA and MA control groups included the 

amygdala and the hippocampus. In contrast, the brain regions that showed the most 
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significant location-matching > identity-matching difference in the control groups 

were located in the superior parietal and intraparietal regions.  

Unlike both CA and MA controls, WS participants did not show the expected 

ventral versus dorsal stream pattern of activation. Although WS participants exhibited 

greater identity- versus location-matching activation in a small region of the inferior 

temporal gyrus, unexpectedly, this pattern was also found in parietal cortex. In 

addition, during identity-matching (versus location-matching), WS participants did not 

recruit the amygdala and the hippocampal region, as did both control groups (Figure 

4.2). No regions showed greater activation for location-matching (versus identity-

matching) in the WS group.  

FMRI - ventral occipito-temporal regions. In line with the critical role of 

ventral occipito-temporal cortex in processing objects and patterns, including faces, 

this area of the brain was heavily recruited by all three groups during face identity-

matching (versus scrambled control) (Figure 4.3). However, as was the case in most 

brain regions, both WS participants and MA controls displayed somewhat lower levels 

of activation than CA controls.  

To more specifically characterize activation within ventral occipito-temporal 

cortex, we focused on regions within this part of the brain that responded most 

robustly during facial identity discrimination. We placed a region of interest (ROI; 

sphere with radius = 4.5 mm) (Figure 4.4) around the most reliably activated voxel 

(across all participants, the voxel with the highest mean z-statistic representing the 

identity-matching versus control contrast) in the ventral stream. This region fell within 

the middle fusiform gyrus (right hemisphere [40, -57, -21], left hemisphere [-38, -54, -
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21]), which is known to be critically involved in face processing (Puce, Allison et al. 

1995; Haxby, Hoffman et al. 2000). The fusiform face area (FFA), usually found 

within the middle fusiform gyrus, has been of particular interest because it responds 

preferentially to faces over other classes of stimuli (e.g. objects, scenes, textures) 

(Kanwisher, McDermott et al. 1997). The FFA is typically defined according to 

functional responses, using data from a “localizer” task comparing activation to faces 

with other objects. Although we did not include a “localizer” task to enable the 

localization of a classically-defined FFA, prior reports of the location of this area 

suggest that our ROIs fell within the general vicinity of the FFA. Results from these 

two ROIs (one per hemisphere; Figure 4.4a) during the two task conditions revealed a 

similar pattern of results for CA and MA controls. In both control groups, a pattern 

emerged of significantly greater response amplitude during face identity-matching 

than location-matching (each task compared with the scrambled control).  In addition, 

in line with the evidence of a right hemisphere (RH) bias in the FFA (Kanwisher, 

McDermott et al. 1997), there was a fairly consistent trend toward greater response 

amplitude in the right than the left hemisphere ROI for both CA and MA controls. 

Despite substantial activation in ventral temporal regions that appeared grossly similar 

to that seen in controls (Figure 4.3), this more fine-grain ROI analysis revealed an 

abnormal pattern of activation in WS. This involved, first, the absence of significantly 

more intense activation during identity-matching (versus location-matching). Second, 

a RH > LH trend was not observed in WS.  

To examine how closely these two ROIs representing peak activation across all 

participants corresponded to peak activation in each individual group, we located local 
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identity-matching (versus scrambled control) peaks for each of the three participant 

groups. For both control groups the most reliably active voxel in the dominant RH 

ventral temporal region coincided with the voxel around which the ROI was centered 

(this voxel fell within the center of a large cluster of highly significant activation for 

both CA and MA controls). By contrast, the peak voxel in the WS group was located 

several slices more superior and posterior [40, -69, -12] (again, a large cluster of 

reliably active voxels fell around this central peak). This tendency for ventral 

occipitotemporal activation in WS to be shifted superiorly was noted throughout our 

fMRI analyses.  

Given the anatomical abnormalities seen in WS, it is possible that this superior 

shift in activation could have been related to structural differences among the groups. 

To address this possibility we explored activation within group-specific ROIs (one per 

hemisphere, placed at the site of the most reliably active ventral occipitotemporal 

voxel for each individual group; see Figure 4.3). We reasoned that if the abnormal 

pattern of activation in WS were related to anatomical differences that caused the FFA 

in WS to be displaced, we would observe a more typical pattern within ROIs placed at 

the most active sites in the WS group. However, this was not the case (Figure 4.4b). 

Again, response magnitudes for location-matching were equivalent to those observed 

for identity-matching in the WS group only. In addition, although a nonsignificant RH 

> LH trend emerged for identity-matching, this pattern did not hold for location-

matching. In fact, unlike controls, activation within the fusiform gyrus and 

surrounding cortex appeared to follow a LH > RH pattern for this task in WS.  
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The ROI analyses further revealed some interesting findings germane to our 

understanding of how functionality in face-sensitive brain regions evolves during 

typical development. For adults (CA group), the most reliably active focus in the 

fusiform gyrus occurred in the same location for both face identity-matching and 

location-matching, a finding that held bilaterally. This suggests that adults are reliant 

on the same fusiform region when viewing a face, regardless of the task they are 

performing (i.e. active face processing as in the identity-matching task, or more 

passive viewing as in the location-matching task). Thus, differences across task 

conditions arose not in location of activation, but instead in response magnitude, i.e., 

activation was of lesser intensity when the task required less active processing of the 

face stimulus (this is seen in the graphs of Figure 4.4, as lower percent signal change 

in the RH and LH ROIs during location-matching compared to face identity-

matching). Similarly, typical children (MA group) showed less intense activation in 

the fusiform ROIs during passive versus active face processing. In addition, during 

active face processing, the most reliably activated RH and LH voxels in typical 

children were the same peak voxels observed in adults. However, during passive face 

processing, typical children diverged from adults, predominantly in the LH. The most 

reliably active focus was the same for adults and children in the RH (although, unlike 

adults for whom this voxel represented the center of a large cluster of reliably active, 

contiguous voxels in the RH, children showed more thinly distributed activation along 

the anterior to posterior extent of the fusiform gyrus). However, in the LH the most 

active voxel for children occurred at a more posterior site, falling in the occipital 

portion of the fusiform gyrus (with a large cluster of reliably active, contiguous voxels 
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extending laterally from this peak; Figure 4.5). In other words, for children, in the LH, 

the location of the most reliable fusiform activation differing depending on the 

particular type of face processing being performed.  

Parietal regions. In line with prior studies in healthy adults showing prominent 

parietal cortex activation during spatial localization (Haxby, Horwitz et al. 1994), both 

control groups displayed reliable activation in inferior and superior parietal regions 

(Figure 4.6). This activation occurred during location-matching (versus scrambled 

control), to a greater extent than during identity-matching. In adult controls (CA 

group), this activation was largely bilateral, with a RH > LH pattern during location-

matching. In the typically-developing children (MA group), this location-matching 

activation was only significant in the RH, and it did not reach statistical significance 

during identity-matching. Direct comparison of CA and MA controls revealed a small 

region of parietal cortex that was more active in CA than MA controls during identity-

matching ([20, -72, 51]). More substantial differences (CA > MA) were noted for 

location-matching, particularly in bilateral superior parietal regions (differences in LH 

> RH).  

Unlike the ventral occipito-temporal activation in WS participants, which 

partly resembled MA controls, posterior parietal cortex activation in WS followed an 

entirely abnormal pattern. Most strikingly, WS participants did not display significant 

parietal region activation during location-matching (Figure 4.6). Voxel-wise group 

contrasts revealed statistically significant differences between WS and CA controls 

throughout posterior parietal cortex. Although MA controls showed somewhat less 

reliable parietal activation (than CA controls) during location-matching, when directly 
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comparing the MA controls with WS participants significantly greater parietal 

activation in MA controls, particularly within the inferior and intraparietal region, was 

still evident. This lack of parietal activation during the location-matching task in WS 

is consistent with a prior report of parietal region hypoactivation during spatial 

position processing in this population (Meyer-Lindenberg, Kohn et al. 2004).  

As previously mentioned, functional abnormalities in posterior parietal cortex 

in WS, particularly in the intraparietal region, are thought to be related to spatially 

coincident structural abnormalities. In light of this, a highly unexpected finding was 

the presence of significant parietal region activation during face identity-matching (but 

not location-matching) in the WS group. Two foci were significantly activated during 

identity-matching in WS. The more lateral focus (inferior parietal [28, -55, 46]) was 

present in the CA group. However, the more medial, posterior focus (superior parietal 

[14, -67, 45]) was not observed in either control group during identity-matching and 

was found to be significantly different in pairwise group contrasts (WS > MA and WS 

> CA; Figure 4.7). This more medial, posterior region, however, was recruited by both 

control groups during the location-matching condition (Figure 4.6).  

To characterize more fully activation in parietal cortex across participant 

groups, we looked at response magnitude in the regions showing the greatest voxel-

wise group x task interaction (Figure 4.6; RH superior parietal, LH superior parietal, 

RH inferior parietal) by placing ROIs (spheres with radius = 6.0 mm) around these 

local peaks. One-way ANOVAs of response magnitude within these regions showed a 

main effect of group for location-matching in all three ROIs (RH superior parietal [(F 

(2,45) = 28.5, P < 0.001]; LH superior parietal [(F (2,45) = 10.6, P < 0.001]; RH 



 

 

72 

inferior parietal [(F (2,45) = 14.7, P < 0.001]. Follow-up Tukey HSD tests 

demonstrated significantly greater response magnitude for the CA group than for both 

the MA and WS groups (all P < .005) in all three ROIs. In the RH and LH superior 

parietal ROIs, the MA and WS groups were not significantly different (P > .4). 

However, in the RH inferior parietal region, MA controls showed significantly greater 

response magnitude than WS participants (P < .05). Analysis of peak regions for 

location-matching showed that the two bilateral superior parietal regions showing 

highly significant group x task interaction effects represented the two most reliably 

active regions for location-matching in CA controls. The most reliably active region 

for location-matching in MA controls also overlapped with the RH superior parietal 

locus. However, for the LH superior parietal region, activation for MA controls was 

less reliable and non-significant after correcting for multiple comparisons. The next 

most reliably active parietal loci for MA controls were all in the RH, i.e. in the 

precuneus [4, -57, 45] and the inferior parietal region [32, -45, 45]. Less reliable 

activation in LH parietal cortex has been reported in children (versus adults) during 

spatial working memory tasks; this activation has also been found to correlate with 

spatial working memory task performance in children (Klingberg, Forssberg et al. 

2002; Nagel, Barlett et al. 2005). This was also the case for the current data, as 

response magnitude within the LH superior parietal ROI showed a significant 

correlation with location-matching performance (d′ from the behavioral session) in 

MA controls (r = .55, P < .05), but not in CA controls or WS participants, suggesting 

that greater LH superior parietal recruitment is related to developmental gains in 
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location-matching performance. Activation in the RH superior and inferior parietal 

ROIs did not correlate with location-matching performance in any of the groups.   

Discussion 

Using fMRI, we investigated the neural correlates of the characteristic 

disparity seen in WS between strength in face discrimination abilities, in the context of 

deficient spatial cognition. Specifically, we employed a pair of complementary tasks 

tapping ventral and dorsal stream function, respectively, which were matched for key 

variables such as stimulus presentation, timing, and required response. The two-

pathway model has frequently been invoked to explain the pattern of visuo-

spatial/perceptual strengths and weakness in WS, as the weight of the evidence to date 

has strongly implicated a deficit in the dorsal pathway with relative sparing of the 

ventral pathway. By comparing a cognitively typical (mild-to-moderate mental 

retardation) group of WS participants to controls matched for chronological age (CA) 

and controls matched for approximate mental age (MA), the present study aimed to 

characterize the response of ventral and dorsal stream brain regions in a representative 

WS sample. Importantly, by including the MA group, differences in neural 

recruitment in the WS sample can be considered within the context of information 

regarding normal developmental change.  

Results of this study revealed several differences between WS participants and 

both the MA and CA control groups that are suggestive of abnormalities in the 

functional organization of both dorsal and ventral cortical visual processing systems in 

this disorder. Furthermore, our analyses uncovered key findings pertinent to the 
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understanding of normal developmental change in brain regions underlying ventral 

and dorsal stream processes. 

VENTRAL STREAM 

As visual objects, faces place primary processing demands on inferior occipito-

temporal regions of the ventral visual pathway, which mediate perception, 

discrimination, and recognition of visual objects and patterns (Haxby, Horwitz et al. 

1994). Indeed, all participant groups showed reliable activation of these regions, 

particularly when the task required visual analysis and when attention was directed to 

the properties that are most critical to this process (i.e. during facial identity versus 

location discrimination).  

Ventral stream – fusiform region. Within the ventral stream, the most reliably 

active region across participants fell within the middle fusiform gyrus, a region 

(particularly in the right hemisphere) consistently found to be highly responsive to 

faces (Kanwisher, McDermott et al. 1997). Although there is some variability within 

the extant WS neuroimaging literature (electrophysiological, as well as structural and 

functional MRI) regarding a sparing of the ventral stream, including the fusiform 

gyrus, previous fMRI studies in WS have not reported functional abnormalities in 

these structures (Meyer-Lindenberg, Kohn et al. 2004; Mobbs, Garrett et al. 2004; 

Meyer-Lindenberg, Hariri et al. 2005). Therefore, we predicted an essentially normal 

pattern of activation in these regions in WS, at least during face discrimination. 

Indeed, like the two control groups, we found that the fusiform gyrus and surrounding 

cortex was reliably recruited by the WS group, results which accord with prior studies 

(Meyer-Lindenberg, Kohn et al. 2004; Mobbs, Garrett et al. 2004). Evidence for 
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attentional modulation of the fusiform response to faces (Palermo and Rhodes 2007) 

has led others (Mobbs, Garrett et al. 2004) to speculate that increased interest and 

attention to social stimuli, such as faces, in WS, may facilitate normal levels of 

fusiform activation. Although the current study does not directly test this hypothesis, 

our results accord with such a formulation (see Section 3.1 below for a discussion of a 

potential parietal correlate). 

Given the significance of the fusiform gyrus for face processing, we undertook 

a more in-depth examination of activation in this structure. ROIs placed within the 

most face-responsive fusiform region (likely corresponding to the FFA, bilaterally; 

defined according to activation across all participants) revealed evidence for 

differences between WS participants and controls that were not apparent in our initial 

analyses. Furthermore, this analysis uncovered differences between the two healthy 

control groups that have implications for our knowledge of the normal development of 

face processing. 

Ventral stream – typical adult and child response profile within the fusiform 

gyrus. An examination of peak activation in the fusiform gyrus showed that typical 

adults recruited the same segment of the middle fusiform gyrus (bilaterally, RH > LH) 

for both face identity- and location-matching, with more active face processing (i.e. 

identity-matching) eliciting increased response magnitude within these areas. Typical 

children also relied most on these same loci when actively processing facial identity. 

The consistency with which these sites emerged as the most reliable face-responsive 

ventral stream regions in controls of all ages confirms the primacy of the middle 

fusiform gyrus in face processing, and suggests that this basic relationship develops 
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some time before the middle childhood years (the age of the MA controls). A recent 

fMRI study that employed an active face discrimination task (one-back 

discrimination) with children of this age range (7-11 years) also uncovered local peaks 

of activation within the middle fusiform gyrus (Golarai, Ghahremani et al. 2007).  

Two other fMRI studies with school-age children, however, have not 

idenitified typical face-preferring loci within the temporal fusiform gyrus [ages 5-8 in 

(Gathers, Bhatt et al. 2004); ages 8-10 in (Aylward, Park et al. 2005)]. The pattern of 

results for the tasks included here, which differ in the level of facial analysis required 

(active discrimination in the identity-matching task versus more passive viewing in the 

location-matching task), suggests that this discrepancy might be related to differences 

in task requirements rather than to imaging methodology (e.g., use of spatial 

normalization of adults and children to a common template, a previously validated 

procedure - Burgund, Kang et al. 2002), as has been proposed by some (Golarai, 

Ghahremani et al. 2007). In contrast to the similarity in fusiform activation seen in 

children and adults during active face discrimination, passive viewing of faces yielded 

more divergent results. Like the adult group, the child group showed lower response 

amplitude within our fusiform regions of interest in both hemispheres during passive 

viewing. However, children also differed from the adult profile, particularly in the LH, 

in that the most reliably activated region occurred at a more posterior location 

(occipital, rather than temporal portion of the fusiform gyrus, extending into lateral 

aspects of inferior occipital cortex). In other words, depending on the task, children 

recruited different foci within the LH than adults who consistently engaged the same, 

more anterior locus regardless of how actively they processed the identity of the face 
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stimuli. This variability observed during passive face processing in children could 

explain the lack of fusiform activation observed in the two prior studies (Gathers, 

Bhatt et al. 2004; Aylward, Park et al. 2005), both of which utilized a passive viewing 

task that did not require individuation of the face stimuli during the imaging session. 

ERP studies have also demonstrated that certain face-sensitive components (e.g. P1 - 

Halit, de Haan et al. 2000) show greater changes with age for implicit versus explicit 

face processing tasks (Taylor, Batty et al. 2004). Our findings also raise the possibility 

that the middle fusiform region may be engaged less automatically by a face image 

during development, or that simple detection of a face may not always be sufficient to 

induce robust activation in this area in children.  

The more adult-like consistency of peak activation in the fusiform gyrus of the 

RH in typically-developing children fits well with what is known about the 

development of face processing and its underlying neural substrate. The fusiform 

gyrus region of the RH appears to play a more central role in face processing, as seen 

for example in cases of acquired prosopagnosia from unilateral right-sided extrastriate 

cortical dysfunction (De Renzi, Perani et al. 1994), in the RH advantage for face 

processing commonly observed in hemi-field reaction times studies (Sergent and 

Bindra 1981; Rhodes 1993), or the frequent pattern of greater RH than LH ventral 

temporal response to faces in functional imaging studies (e.g., Sergent, Ohta et al. 

1992; McCarthy, Puce et al. 1997; Rossion, Dricot et al. 2000). In addition, the RH 

bias for face processing appears to emerge very early in the course of development (de 

Schonen and Mathivet 1990). It follows, then, that the location of activation in the RH 

might appear more mature in the typical 8- to 9-year-old MA controls, and that these 
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children might begin to show signs of a RH > LH bias (Figure 4.3). However, the less 

consistent response in these children suggests that function in this region has not quite 

achieved the more localized status of the adult. 

Our finding of peak activation in a more posterior, occipital LH locus for 

children is consistent with the emerging view from within the developmental literature 

of a relatively more distributed neural system for faces in children. For example, 

Gathers et al., (2004) observed a “developmental shift” in the ventral stream response 

to faces from posterior occipital regions in children to more anterior temporal regions 

in adolescents and adults (for a similar finding with magnetoencephalography see also 

Kylliainen, Braeutigam et al. 2006). In addition, developmental ERP studies of the 

face-sensitive N170 (Bentin, Allison et al. 1996) have shown that while a single N170 

component appears in adults, children often exhibit two subcomponents of the N170 

(merging during adolescence) that are thought to reflect distinct anatomical sources 

(Taylor, Batty et al. 2004). Two ERP components for faces have also been reported in 

infants, which are believed to be the precursors of the adult N170 (de Haan, Pascalis et 

al. 2002; Halit, de Haan et al. 2003). Collectively, these changes seem to parallel 

developmental improvements in the ability to differentiate objects that are highly 

similar to one another (such as faces - Gathers, Bhatt et al. 2004). Some have 

hypothesized that this gradual consolidation of activation with age, alongside steady 

improvements in behavioral proficiency, is related to changes in cognitive strategy 

with age, specifically, less reliance on featural or part processing, in favor of 

configural processing (Aylward, Park et al. 2005; Joseph, Gathers et al. 2006). Part-

based processing is thought to be engaged during object perception, and may be more 
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selective to occipital regions that show heightened responsivity to objects over other 

stimuli (Lerner, Hendler et al. 2001). Consistent with our finding within the LH, 

previous neuroimaging studies of the response of lateral occipito-temporal regions to 

hierarchical stimuli (multiple small shapes or letters configured to form a large, global 

shape or letter) indicate that the LH shows a preference for local-level or part-based 

processing (Fink, Halligan et al. 1996; Martinez, Moses et al. 1997). Behavioral and 

electrophysiological studies with infants and children (Henderson, McCulloch et al. 

2003), however, suggest that any functional or cognitive changes with development 

are more likely to entail a shift in the weighting of different strategies (Mondloch, Le 

Grand et al. 2002) or a general increase in efficiency of strategy use (Pedelty, Levine 

et al. 1985; Chung and Thomson 1995; Itier and Taylor 2004), rather than an absolute, 

qualitative change in which children begin with a piecemeal approach that is later 

abandoned in favor of a more configural one [(Carey and Diamond 1977) but see 

(Schwarzer 2000; Schwarzer 2002)].  

Ventral stream – Williams Syndrome response profile within the fusiform 

gyrus. Despite grossly normal-appearing recruitment of ventral occipito-temporal 

cortex, more careful examination of the activation within these regions indicates that 

WS participants exhibited neither of the patterns described above for the control 

groups. Bilaterally, peak activation within the fusiform gyrus tended to occur at a 

different location in WS than in controls, particularly in the dominant RH (Figure 4.3). 

In addition, WS participants engaged face-responsive regions to the same degree for 

both tasks (no differences for active compared with passive face processing), and 

further, they failed to show consistent evidence of a RH > LH profile of laterality. 
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This same general pattern of results was found within the regions representing the 

most active fusiform loci across all participants, and within the loci in which as a 

group, WS participants showed peak activation.  

Although the WS and typical child participants showed generally comparable 

face discrimination performance, the pattern of fusiform activation observed in 

participants with WS differed from that seen in the child controls. The most 

remarkable feature of the response in typical children was more distributed activation 

across tasks in the fusiform of the LH, possibly reflecting regional specialization that 

emerges in a more protracted fashion. Findings from the WS group imply that while 

these individuals tended to engage the same peak foci for both tasks, these foci were 

not located in the same place as controls. In addition, they were part of a large portion 

of cortex centered around the fusiform gyrus, which tended to be over-recruited in WS 

during passive face processing, the task for which controls showed lower levels of 

fusiform activation.     

These findings are consistent with a less finely-tuned face processing system in 

WS. As previously noted in this population for other measures of brain response to 

visual objects (Grice, Haan et al. 2003), these findings are reminiscent of the 

decreased specialization of the brain response to faces seen in very young infants (de 

Haan, Pascalis et al. 2002; Johnson 2007), which changes rapidly within the first year 

of life (Halit, de Haan et al. 2003; Johnson, Griffin et al. 2005). Electrophysiological 

data from WS has also shown abnormal specialization of the brain response to faces, 

for example, decreased RH lateralization and a lack of response modulation according 

to changes in the stimulus (e.g., upright versus inverted faces, or faces versus cars - 
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Mills, Alvarez et al. 2000; Grice, Spratling et al. 2001; Karmiloff-Smith 2007). This is 

supported by evidence from behavioral studies suggesting that persons with WS use 

similar cognitive mechanisms with faces and other objects (Donnai and Karmiloff-

Smith 2000), mechanisms that entail analysis of the features of a visual stimulus, 

rather than its configuration (Deruelle, Mancini et al. 1999; Karmiloff-Smith, Thomas 

et al. 2004). The relationship of structural abnormalities in the ventral stream (i.e. 

reduced grey matter volume in bilateral parahippocampal gyri - Reiss, Eckert et al. 

2004) (decreased depth of the collateral sulcus - Kippenhan, Olsen et al. 2005; Van 

Essen, Dierker et al. 2006) to functional abnormalities in this region may be 

informative in elucidating factors that contribute to this unique behavioral profile. 

It is important to note that from a qualitative standpoint, some of the features 

of the ventral stream response in WS participants did resemble typically-developing 

children. Specifically, while children did show a tendency toward greater RH fusiform 

activation during active face discrimination, like WS participants, they tended to show 

more bilateral activation during passive face viewing. Thus, it is possible that the other 

features of the WS profile that diverge from that seen in the 8- to 9-year-old group 

may be characteristic of children of a much younger age. In the future, it will be 

important to directly compare brain responses in WS to those of younger typically-

developing children, in addition to investigating the responses of younger WS 

participants (Karmiloff-Smith, Thomas et al. 2004).  

DORSAL STREAM 

 While data from the current study do provide evidence for abnormalities of 

ventral stream processing, it is important to consider these findings in context. That is, 
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the observed differences in WS were relatively subtle, and do not diverge dramatically 

from patterns of ventral stream activation in typical adults and children. Activation 

was present in the same general regions and with an overall intensity that falls within 

the range seen in controls. By contrast, the response of dorsal stream regions was 

markedly atypical in WS participants, even in very basic ways.  

Dorsal stream – parietal response during spatial localization, normal 

development. Much of the limited knowledge that exists regarding the normal 

development of the neural correlates of spatial processing comes from studies using 

spatial working memory paradigms. Early studies of spatial working memory in 

school-age children have demonstrated that children and adults recruited largely 

similar brain regions, including dorsal regions of the pre-frontal cortex, as well as 

superior and inferior parietal cortex (Thomas, King et al. 1999; Nelson, Monk et al. 

2000). However, it is difficult to determine if more subtle differences existed in these 

studies, as they did not directly compare task-related brain activation in children and 

adults. Subsequent studies of spatial working memory in children and adults have 

revealed increases in pre-frontal and parietal activation related to age and location 

memory performance (Klingberg, Forssberg et al. 2002; Kwon, Reiss et al. 2002; 

Schweinsburg, Nagel et al. 2005). We also found a positive relationship between 

location processing accuracy and response within the superior parietal cortex, a LH 

region that previous studies have reported greater activation associated with 

developmental improvements in spatial working memory (Klingberg, Forssberg et al. 

2002; Nagel, Barlett et al. 2005) and increases in measures of fronto-parietal white 

matter (Olesen, Nagy et al. 2003). Klingberg and colleagues (Olesen, Nagy et al. 
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2003; Klingberg 2006) concluded that the lateralization of these findings reflects a 

fronto-parietal network for spatial working memory that matures later in the left 

hemisphere, in the same way that fronto-temporal white and grey matter show 

protracted periods of development in the left hemisphere (Paus, Zijdenbos et al. 1999; 

Sowell, Thompson et al. 2004). A similar finding by Kucian and colleagues (2006) of 

less LH intraparietal activation in children than adults (mirroring our findings, adults 

showed bilateral activation while children showed significant activation only in the 

RH) during a mental rotation task with no working memory component suggests that 

the delayed emergence of a reliable response in parietal cortex in the LH may also be 

related to developmental changes in spatial processing (independent of working 

memory).  

 Dorsal stream – parietal response during spatial localization, Williams 

Syndrome. Unlike the response of ventral stream regions during location-matching in 

WS, which was abnormally elevated, a complete lack of reliable activation was 

observed in parietal cortex in this group. Although this finding is limited in some 

respect by the low performance accuracy of these participants, there is nevertheless 

evidence that they were still engaged in the task, but simply had great difficulty 

performing it. Specifically, the robust ventral occipito-temporal activation observed 

during location-matching, which was of similar intensity to that seen during face 

identity-matching, implying that these participants were indeed processing the stimuli. 

Moreover, upon scrutiny of the responses of the WS participants during image 

acquisition, it did not appear that they were doing something dramatically different, 

such as defaulting to a face identity-matching strategy, which they were more 
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proficient in (i.e., they did not show an overwhelming ‘no’ response bias since the 

identity of the faces in the location-matching trials never matched). Rather, the 

behavioral data is suggestive of participants’ attempts to complete a location-matching 

task that was exceptionally challenging for them. In addition, the observed lack of 

parietal response is highly consistent with fMRI results from a similar position-

matching task (Meyer-Lindenberg, Kohn et al. 2004), and complements nicely a 

growing number of structural imaging studies showing anatomical abnormalities in 

this region (Schmitt, Watts et al. 2002; Reiss, Eckert et al. 2004; Eckert, Hu et al. 

2005; Kippenhan, Olsen et al. 2005; Thompson, Lee et al. 2005; Boddaert, Mochel et 

al. 2006; Gaser, Luders et al. 2006; Van Essen, Dierker et al. 2006). 

The additional finding of over-recruitment in the ventral stream resembles the 

pattern of compensatory activation seen in elderly adults performing a similar 

location-matching task (Grady, Maisog et al. 1994). For WS, this activation may 

represent an attempt to engage relatively more intact regions while performing a task 

for which the most functionally essential regions (i.e. parietal cortex) are 

compromised. Taken together, these findings provide a convincing neuroanatomical 

and neurophysiological underpinning of the significant deficits in spatial cognitive 

skills characteristic of WS.  

Dorsal stream – parietal response during facial identity processing. Perhaps 

the most unexpected finding of the current study was the presence of significant dorsal 

stream activation in the WS group during face identity-matching. Whereas the absent 

parietal response to spatial tasks in WS appears to indicate an effectively non- or 

minimally functional area, this finding suggests that impairment of this region may 
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manifest in a more complex way than initially thought. The engagement of a parietal 

region not observed in either control group during the same task suggests that at least 

this section of cortex may be functional, but incorporated in an unusual way into the 

brain system for face perception in WS. Unfortunately, activity in parietal regions is 

not typically discussed when face processing tasks do not vary gaze direction, since 

the most well-accepted role for this region in face processing is in mediating spatial 

attention shifts in response to averted gaze (Haxby, Hoffman et al. 2000; George, 

Driver et al. 2001). Using positron emission tomography (PET), Tzourio-Mazoyer et 

al., (2002) observed heightened parietal recruitment in a small sample of newborns 

during face processing, although it is difficult to discern from this study whether this 

corresponds to the region we found to be different in WS. Nonetheless, this does raise 

the possibility that the parietal activation seen in our WS participants is indicative of a 

profoundly immature dorsal stream system, with the activation representing something 

of a developmental remnant that is normally eliminated as the brain systems 

supporting face processing become more specialized with age.  

Certain behavioral features of WS, however, support an alternative account for 

this curious finding. As previously discussed, it has been hypothesized that increased 

social interest and attention to faces in WS may facilitate face discrimination 

performance and normal levels of fusiform activation (Mobbs, Garrett et al. 2004). 

However, the neural instantiation of this conceptualization remains unspecified. The 

region of parietal cortex engaged by the WS group is indeed one of several parietal 

loci involved in attention, specifically for visuospatial information (Kastner and 

Ungerleider 2000; Corbetta and Shulman 2002). Although neither control group 
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recruited this region during face identity-matching, both control groups did show 

significant activation at this locus during the location-matching task, which places a 

greater burden on spatial attention by requiring that distinct locations on the screen be 

explicitly compared. Recent work has shown that this particular parietal region (Figure 

4.7) plays an integral role when visual attention is distributed across the visual field 

(Natale, Marzi et al. 2006; Sturm, Schmenk et al. 2006), as might be the case in our 

tasks, in that face stimuli are presented unpredictably at 12 possible positions across 

the visual field. This added spatial attention demand may be more significant for 

persons with WS, leading to the engagement of this region in order to effectively 

perform the basic discrimination task with visual stimuli that, for them, are 

particularly salient and attention-capturing.  

OTHER REGIONS 

Amygdala. Although the amygdala is a subcortical structure and hence is not 

typically included within the ventral visual stream, its anatomical and functional 

connections with ventral occipital-temporal cortex (Amaral and Price 1984) highlight 

the importance of the finding (as previously reported - Paul, Snyder et al. in 

preparation) of a failure to recruit the this structure during facial identity processing in 

WS. The amygdala’s role in face perception, particularly of emotionally salient 

stimuli, has been well-documented (Breiter, Etcoff et al. 1996; Morris, Frith et al. 

1996). In addition, the amygdala is thought to process other aspects of a face stimulus 

that are important for social interaction, such as gaze direction (Kawashima, Sugiura 

et al. 1999). As seen in the current study, the amygdala also responds to faces that are 

unfamiliar to the viewer (Gobbini, Leibenluft et al. 2004) but lack overt emotional 
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content (i.e. neutral expression faces - Kesler/West, Andersen et al. 2001; Fitzgerald, 

Angstadt et al. 2006; Wright and Liu 2006) or other explicit social cues. This suggests 

a more general role for the amygdala in responding to the social value or meaning of 

faces (Haxby, Hoffman et al. 2002; Leibenluft, Gobbini et al. 2004; Adolphs and 

Spezio 2006).  

The difference between WS participants and controls in amygdala response to 

faces was especially striking because even typically-developing children showed 

significant activation of this structure, which did not differ from healthy adults. 

Although one study has shown hypoactivity of this structure to fearful faces in WS 

(Meyer-Lindenberg, Hariri et al. 2005), another study of face and gaze processing 

(Mobbs, Garrett et al. 2004) failed to observe differences between WS and 

chronological age–matched controls in amygdalar activation, although it appeared that 

neither group evidenced significant activation in this region. Given the amygdala’s 

sensitivity to information communicated by the eyes (Kawashima, Sugiura et al. 1999; 

Morris, deBonis et al. 2002), it is possible that explicitly directing attention to this 

feature (as in Mobbs, Garrett et al. 2004) elicits more robust amygdala activation, and 

thus diminishes WS versus control differences. However, this has yet to be studied 

directly in WS. Further, the WS propensity to seek eye contact and face-to-face 

interaction (Laing, Butterworth et al. 2002; Mervis, Morris et al. 2003), and a finding 

of amygdala hyper-reactivity to non-face stimuli (i.e. threatening scenes) (Meyer-

Lindenberg, Hariri et al. 2005), suggests that a failure to direct attention to the eyes in 

WS (e.g., as has been hypothesized for fusiform hypoactivation in autism - Dalton, 

Nacewicz et al. 2005) is unlikely to provide a sufficient explanation for this finding.  
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RELATIONSHIP OF RESULTS TO WS PARTICIPANT CHARACTERISTICS 

Variability in the WS population. Although this is the first study to 

systematically examine dorsal and ventral stream activation in a typically defined 

group of individuals with WS, one previous study used a similar pair of tasks with WS 

participants of normal-range IQ (Meyer-Lindenberg, Kohn et al. 2004). Like the WS 

individuals in our study who possessed a mild level of mental retardation (typical for 

WS), the participants in the Meyer-Lindenberg et al. (2004) study showed a striking 

lack of parietal activation during a spatial position-matching task. However, these 

authors did not report abnormalities in ventral stream activation during object identity-

matching (houses and faces), nor did they report any indication of anomalous parietal 

recruitment in this condition. Since behavioral data for these tasks was not reported, it 

is not possible to determine whether performance-related differences could account for 

these discrepancies. However, the most obvious difference in the two samples lies in 

their level of intellectual functioning, raising the possibility that affected individuals 

possessing the modal cognitive profile for the disorder (i.e. mild mental retardation 

with relatively strong face discrimination skills but poor spatial abilities) are more 

likely to evince functional abnormalities in the neural systems underlying even well-

performed skills (i.e. face discrimination).  

Overall levels of activation across groups. Although WS participants and 

typically-developing 8- to 9-year-old children (MA controls) appeared similar in the 

overall intensity and extent of activation for the two task conditions, this level of 

activation was in most cases lower than that observed in healthy adult participants (CA 

controls). The source of this difference between CA controls and the two other groups, 
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while relevant to the interpretation of the data, is not readily apparent. It is possible 

that the brain systems subserving facial identity perception and spatial localization 

share a commonly protracted course of normal development, with activation for face 

identity-matching and location-matching reaching adult levels some time after 8-9 

years of age (the age of the MA controls), but in WS never progressing beyond this 

point. However, processing of the baseline task condition (motor response after 

presentation of scrambled images) is also an important consideration. Because it is 

potentially more engaging than a passive baseline state (e.g., visual fixation), it may be 

processed less automatically by typically-developing children or persons with WS. 

This may lead to levels of activation that appear broadly similar across these two 

groups, but different from the level of activation in a group of adults for whom 

processing of the baseline condition is performed more automatically. Although this 

issue may be less likely to impact comparisons between the WS and MA groups, it is 

nonetheless a factor deserving consideration in future fMRI studies of both typically-

developing children and individuals with WS.  
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Table 4.1  Behavioral results.  

Group Task Condition Accuracy           
(d´ ± SD) 

Response Time      
(ms ± SD) 

CA controls Identity-matching 3.22 ± 0.36 1026.2 ± 208 

(n = 17) Location-matching 2.61 ± 0.47 963.5 ± 148 

MA controls Identity-matching 2.29 ± 0.72 1526.4 ± 322 

(n = 16) Location-matching 2.17 ± 0.60 1468.4 ± 305 

WS Identity-matching 1.71 ± 0.95 1626.3 ± 278 

(n = 15) Location-matching 0.46 ± 0.56 1694.2 ± 305 
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Table 4.2  Activation for Identity-Matching > Location-Matching and Location-
Matching > Identity-Matching contrasts in each group. Coordinates listed, 
according to the Talairach and Tournoux (1988) atlas, correspond to foci of maximum 
task difference. Brain regions spanned within each cluster are included.   
 

Identity-matching >   
Location-matching 

Talairach 
Coordinates   

Location-matching >     
Identity-matching 

Talairach 
Coordinates  

Region X Y Z *z-
value  Region X Y Z *z-

value 

CA controls      CA controls     

R Cerebellum, Fusiform Gyrus 40.5 -60 -24 2.67  R Mid Occipital Gyrus 31.5 -81 33 2.57 

L Cerebellum, Fusiform Gyrus / 
BA 37 -37.5 -51 -21 3.40  R Cingulate 13.5 -36 33 2.09 

R Cerebellum, Fusiform Gyrus 34.5 -45 -21 3.28  R Precentral Gyrus 52.5 6 36 1.97 

L Cerebellum -7.5 -48 -18 1.59  Sup Frontal Sulcus / BA 6 25.5 -9 51 2.68 

L Inf Occipital Gyrus / BA 17 -25.5 -99 -15 2.79  R Sup Parietal, Precuneus / BA 7 10.5 -69 57 4.07 

L Inf Occipital Gyrus / Fusiform 
Gyrus -40.5 -78 -15 2.57  R Inf Parietal / BA 40 37.5 -42 42 2.86 

L Amygdala, Hippocampus -19.5 -9 -15 2.13  L Sup Parietal, Precuneus / BA7 -16 -76 48 3.08 

L Hippocampus -22.5 -19 -12 2.24       

R Amygdala, Hippocampus 19.5 -12 -12 2.35       

R Inf Occipital Gyrus / BA 17, 
18 34.5 -93 -9 2.55       

L Mid Temporal Gyrus -46.5 -33 -6 1.86       

R Inf Frontal Gyrus (pars 
orbitalis) 46.5 21 -3 1.73       

R Lingual Gyrus, Cuneus / BA 
17,18 -1.5 -78 6 2.55       

L Inf, Mid Frontal Gyrus -40.5 3 27 2.01       

R Inf, Mid Frontal Gyrus 49.5 24 30 2.46       

Sup Frontal Sulcus, SMA 1.5 9 66 2.05       

           

MA controls      MA controls     

L Hippocampus -19.5 -21 -15 1.80  L Mid Occipital Gyrus / BA 17 -31.5 -90 12 1.77 

R Mid Temporal Gyrus / BA 21 61.5 -12 -12 2.14  R Inf Parietal Lobule 40.5 -39 42 1.49 

R Amygdala, Hippocampus 19.5 -9 -12 2.12  R Sup Parietal, Precuneus / BA 7 16.5 -72 48 2.68 

R Hippocampus / 
Parahippocampal Gyrus 19.5 -27 -12 1.65  L Sup Frontal Gyrus, Sulcus -13.5 -63 57 2.02 

R Calcarine Sulcus 4.5 -75 9 2.22  L Sup Parietal, Precuneus / BA 7 -25.5 -6 63 2.06 

                

WS participants      WS participants     

Sup Temporal Sulcus, Mid 
Temporal Gyrus 43.5 -57 9 1.91  None     

Intraparietal Sulcus 28.5 -54 42 1.57       

Fusiform Gyrus 37.5 -63 -9 1.81       
 

*z-value corresponding to task difference       L = Left, R = Right, Inf = Inferior, Sup = Superior, Mid = Middle 
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Figure 4.1  Task.  (a) Trials were presented in blocks of six with each block preceded 
by a warning cue. Participants indicated whether the third (test) stimulus matched 
either of the two reference stimuli. Matching was based on stimulus identity in the 
face identity-matching task (left) or on the position of the stimulus on the screen in the 
location-matching task (right).  (b) Each 4 minute, 50 second fMRI scanning run 
consisted of six 47.5 sec blocks (5 trials) of task and control trials, in an interleaved 
fashion. Control trials followed the same presentation sequence as task trials; 
participants were instructed to simply wait for the third scrambled image and press the 
mouse button. Control trial blocks were also preceded by a distinct cue (an image of a 
black handprint, not shown), in order to warn participants as to which trial type would 
be shown in the upcoming task block. 

+ + 
# (a) 

(b) 
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Figure 4.2  Amygdala deficit in WS. In a prior study (Paul, Stiles et al. 2002; Paul, 
Snyder et al. in preparation) of face identity-matching in WS that included many of the 
same study participants, we reported an absence of amygdala activation in WS 
participants. The same analyses (see Paul, Snyder et al. in preparation) with the 
current participant groups confirmed this finding, as both control groups evidenced 
significantly greater activation of the amygdala during facial identity processing than 
the WS group (arrows), which showed no significant amygdala activation. Shown are 
pairwise group Z-score contrast images for the identity-matching task, corrected for 
multiple comparisons at P < .05. Data are displayed in radiological convention (right 
is on left). Left = CA controls vs. WS, right = MA controls vs. WS    

z=-15 z=-15 

-3 +3 

WS > Control Control > WS 

L R 
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Figure 4.3  Face identity-matching activation in ventral occipito-temporal cortex. 
Mean Z-score images depicting active voxels (P < 0.05, corrected) in chronological 
age-matched (CA) controls (top), mental age-matched (MA) controls (middle) and WS 
(bottom). Data are displayed in radiological convention (right is on left). Green arrows 
denote loci of peak activation for each group. Results from region-of-interest (ROI) 
analyses at these loci are presented in Figure 4.4 (panel b).   

-4.0 +4.0 

z=-18  z=-15  z=-12  z=-21  

L R 
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Figure 4.4  Ventral occipito-temporal region of interest (ROI) analyses, face 
identity-matching.  (a) Mean activation intensity within a spherical region-of-interest 
(ROI) (radius = 4.5 mm) in the fusiform gyrus region (defined based on all 
participants) of the right (RH) and left (LH) hemispheres. CA and MA controls show a 
main effect of task (identity-matching > location-matching, both P < .001) but WS do 
not (P = .28; trend is in opposite direction, location-matching > identity-matching); a 
RH > LH pattern (i.e. main effect of hemisphere) is apparent  (but non- significant) in 
controls (CA, P = .06; MA, P = .27) but not WS (P = .74).  (b) Mean activation 
intensity within spherical ROI (radius = 4.5 mm) in the most reliably face-active 
ventral occipitotemporal regions of the RH and LH, defined separately for each 
participant group (see Figure 4.3). Again, CA and MA controls still show main effect 
of task (identity-matching > location-matching, both P < .001) but WS do not (P = 
.78). Again, a RH > LH pattern (i.e. main effect of hemisphere) is apparent (but non-
significant) in controls (CA, P = .06; MA, P = .33) but not WS (P = .98). 
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Figure 4.5 Ventral occipito-temporal activation in typical children during 
location-matching (passive face viewing). Mean Z-score image (P < 0.05, corrected) 
for the MA group showing the region of most reliable activation in the left hemisphere 
(LH). Even though children engage the same anterior/middle fusiform gyrus regions 
(in the right and left hemispheres) as adults during active face discrimination (i.e. 
identity-matching), during passive face viewing (location-matcing) peak activation is 
shifted posteriorly in the LH. Data are displayed in radiological convention (right is on 
left). 
 

-4.0 +4.0 

L R 
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Figure 4.6  Parietal region of interest (ROI) analyses, location-matching. Mean Z-
score images (P < 0.05, corrected) for the three participant groups are displayed (top = 
CA controls, middle = MA controls, bottom = WS). Voxels with the greatest group x 
task interaction (RH superior parietal [20, -69, 51], LH superior parietal [-14, -75, 48], 
RH inferior parietal [38, -42, 39]) served as peak foci for ROIs (spheres with radius = 
6.0 mm). Results (see text) from the location-matching task revealed greater response 
magnitude for CA controls than both MA controls and WS in all three ROIs. MA 
controls showed greater response magnitude than WS in RH inferior parietal ROI. 

z=42  z=45  z=48 z=51  

-4 +4 

z=39 

RH inferior parietal LH superior parietal RH superior parietal 
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Figure 4.7  Anomalous parietal activation in WS. Pairwise group Z-score contrast 
images for the identity-matching task, showing regions of significantly greater 
activation in WS than controls. This region was recruited by controls during location-
matching (Figure 4.5) but not during the identity-matching task. Data are displayed in 
radiological convention (right is on left). Images corrected for multiple comparisons at 
P < .05. Bottom = CA controls vs. WS; Top = MA controls vs. WS 

z=45  z=48 

-3 +3 
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Abstract 

Individuals with Williams Syndrome (WS), a genetically determined disorder, 

show impressive face processing abilities despite poor visuospatial skills and 

depressed intellectual function. Interestingly, beginning early in childhood they also 

show an unusually high level of interest in face-to-face social interaction. We 

employed functional magnetic resonance imaging (fMRI) to investigate physiological 

responses in face-sensitive brain regions, including ventral occipito-temporal cortex 

and the amygdala, in this unique genetic disorder. Participants included 17 individuals 

with WS, 17 age- and gender-matched healthy adults (chronological age match 

controls, CA), and 17 typically-developing 8- to 9-year-old children (mental age 

match controls, MA). While engaged in a face discrimination task, WS participants 

failed to recruit the amygdala, unlike both CA and MA controls.  WS fMRI responses 

in ventral occipito-temporal cortex, however, were comparable to those of MA 

controls. These results reveal evidence for a neural correlate of the abnormally high 

sociability that characterizes WS.  
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Introduction 

WS is a neurodevelopmental disorder caused by a known chromosomal 

microdeletion (Ewart, Morris et al. 1993; Korenberg, Chen et al. 2000). Individuals 

with WS typically show mild-to-moderate mental retardation, poor spatial abilities, 

and comparatively strong language skills. In addition, WS individuals exhibit a 

unique, highly affiliative social style. This remarkable behavioral profile together with 

knowledge of the genetic abnormality indicate that WS has strong potential for linking 

genes to human cognition (Bellugi and St. George 2001).  

Individuals with WS also possess a notable interest and skill in face 

processing, an essential aspect of social interaction. The WS predilection for faces is 

marked early in life by heightened interest in faces over other stimuli (Laing, 

Butterworth et al. 2002), and later by impressive accuracy on face discrimination tasks 

(Bellugi, Wang et al. 1994), coupled with an irrepressible inclination to engage in 

social exchange (Bellugi and St. George 2001).   

The nature of the neurocognitive mechanisms employed during face processing 

in WS has been debated (Tager-Flusberg, Plesa-Skwerer et al. 2003; Karmiloff-Smith, 

Thomas et al. 2004). Electrophysiological recordings show that the WS response to 

faces is morphologically atypical (Mills, Alvarez et al. 2000) and abnormally 

modulated by changes in stimulus orientation (Grice, Spratling et al. 2001). Extant 

functional magnetic resonance imaging (fMRI) studies investigating WS face 

processing have produced inconsistent findings in prototypical face-responsive brain 

regions. Specifically face-related activation in ventral occipito-temporal cortex 

(including the fusiform gyrus), a region responsive to visual patterns such as faces 
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(Haxby, Hoffman et al. 2002), has been reported to be normal in WS (Meyer-

Lindenberg, Kohn et al. 2004; 2005). By contrast, the amygdala, a limbic structure 

that guides socio-emotional behavior and plays a role in the perception of facial 

identity and emotion (Haxby, Hoffman et al. 2002; Adolphs and Spezio 2006), is 

reported to be hypoactive in WS in response to negative facial affect (Meyer-

Lindenberg, Hariri et al. 2005) but not during gaze processing (Mobbs, Garrett et al. 

2004). Thus, previous studies have produced conflicting results and further, have used 

tasks that present powerful social signals (e.g., affect, gaze changes). In addition, 

several of these studies were based on WS individuals with normal-range IQ (i.e., non-

retarded) (Meyer-Lindenberg, Kohn et al. 2004; 2005), raising concern regarding 

whether these findings are typical of persons with WS. This leaves open questions 

about the neural systems underlying typical WS proficiency in processing facial 

identity.  

We addressed this using fMRI in a representative WS sample and two healthy 

control groups to enable both chronological age (CA) and mental age (MA) 

comparisons. We focused on ventral occipito-temporal cortex and the amygdala, two 

brain regions that act in concert to support the perceptual and social-affective demands 

of face processing (Haxby, Hoffman et al. 2002). The juxtaposition of good face 

discrimination with atypical socio-emotional behaviors in WS suggests that if 

differences are observed, the amygdala may show relatively more functional 

compromise than ventral occipito-temporal cortex.  

Methods and Materials 

PARTICIPANTS 
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The WS sample (n=17, 10 females; M=31.2-years, SD=11.0) was 

representative with respect to overall cognitive ability, with mean IQ scores (WAIS-

R/WISC-R) falling within the typical WS range (Howlin, Davies et al. 1998; Searcy, 

Lincoln et al. 2004) (Full Scale=67.4, SD=±9.7; Verbal=72.4, SD=7.8; 

Performance=64.5, SD=10.0). The diagnosis of WS was established by FISH 

(fluorescence in situ hybridization probes for the elastin gene on chromosome 7) and 

the presence of phenotypic features defined by the American Academy of Pediatrics 

(2001). Peabody Picture Vocabulary Test (PPVT-III) scores for the WS sample 

revealed a receptive vocabulary age-equivalent of 13 years (SD=4.4). Developmental 

Test of Visuomotor Integration (VMI) (Beery 1997) scores revealed an age-equivalent 

of 5.9 years (SD=1.6). The CA group consisted of neurologically normal adults (17 

age- and gender-matched individuals; M=31.0-years, SD=11.2).  The MA group 

consisted of 17 typically-developing children (9 females) selected such that their mean 

age (8.8-years, SD=0.7) fell midway between the language and visuospatial age-

equivalent estimates for the WS group. Also, past results (Paul, Stiles et al. 2002) 

suggested that 8- to 9-year-old children would perform the face identity-matching task 

with accuracy comparable to the WS group while also being able to complete the 

imaging study. 

TASK 

To obtain measures of each participant’s face-matching abilities, the task was 

administered prior to the imaging session. The task required visual-matching of facial 

identity over a series of three neutral expression stimuli (Figure 5.1). Participants were 
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encouraged to respond as quickly and accurately as possible. Both accuracy (d’) and 

response times (RT) were recorded.  

FUNCTIONAL NEUROIMAGING 

Task. The behavioral task was adapted for block design fMRI (Figure 5.1) and 

modified slightly to promote optimal task performance (viz., increasing duration of the 

reference stimuli to 1000 ms and requiring a button press only for positive identity 

matches). In the control condition three scrambled images appeared sequentially and 

participants made a motor response without any match/mismatch decision. All 

participants completed at least two task runs.  

Image acquisition.  Images were acquired on a Siemens 1.5-Tesla System 

according to a procedure described elsewhere (Passarotti, Paul et al. 2003). Functional 

images were acquired with a single-shot echo-planar (EPI) pulse sequence sensitive to 

blood oxygenation level dependent (BOLD) contrast (FOV=220 mm, TR=2500 ms, 

TE=40 ms, flip angle=90°). Whole head coverage was obtained with 27 5 mm slices 

(in-plane resolution 3.44x3.44 mm). Each fMRI run included 116 volumes. T1-

weighted structural images were obtained using a MP-RAGE sequence (TR=11.4 ms, 

TE=4.4 ms, flip angle=10°, resolution=1 mm3; 180 sagittal slices).     

FMRI data preprocessing.  Image preprocessing was performed with 

algorithms developed at Washington University (A.Z. Snyder, R.L. Buckner and 

others). Individual MP-RAGE images were registered (12-parameter affine 

transformation) to an atlas-representative target conforming to the Talairach & 

Tournoux atlas (1988). A study-specific atlas-representative target image was 
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prepared from MP-RAGE data representing all three participant groups using a 

previously described strategy (Buckner, Head et al. 2004). This approach was adopted 

to minimize the influence of structural differences between groups. Atlas 

transformation of the functional data was computed via each subject's MP-RAGE and 

combined with motion correction in one step to yield volumetric time series resampled 

to 3 mm cubic voxels. Further details of the fMRI data preprocessing have been 

detailed elsewhere (Fox, Snyder et al. 2005).  

FMRI analyses.  Functional runs with excessive variability (mean whole brain 

standard deviation over a run >2.5%: 4, 1, and 0 runs in MA, CA and WS groups, 

respectively) were excluded. Individual and group fMRI analyses were performed 

using AFNI (Cox 1996). Data were spatially smoothed (Gaussian kernel at 

FWHM=6.88 mm). Multiple regression analysis was performed assuming a canonical 

hemodynamic response function of the gamma type (Cohen 1997). Six head motion 

correction parameters, as well as the global mean and linear drift were included as 

nuisance regressors. Voxel-wise t-statistic images representing BOLD modulation 

attributable to task performance were computed and converted to equivalently 

probable z-scores. A voxel-wise one-way ANOVA then was conducted to generate 

pairwise group contrasts (3). The results were masked to include only voxels in which 

a main effect of group was present at P < 0.01 per voxel. The functional maps then 

were corrected for multiple comparisons using the False Discovery Rate procedure 

(Genovese, Lazar et al. 2002) to obtain an overall alpha level of 0.05. Foci including 

less than five contiguous voxels (<135µL) were discounted.   

Results 
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BEHAVIORAL TASK 

Behavioral session data were not available for five WS participants. One WS 

participant’s data were excluded because he had difficulty attending to the task during 

the behavioral session. Results (Figure 5.2) showed that the WS group was less 

accurate and slower than the older CA group. No differences were found between the 

WS and MA groups for accuracy or RT.  

FUNCTIONAL NEUROIMAGING 

FMRI task accuracy and RTs were similar to patterns of data collected during 

the behavioral session, confirming that all groups were engaged in the task during 

imaging. FMRI responses generally were similar in WS participants and MA controls, 

with both groups displaying less robust activations than CA controls (Supplementary 

Table 1 lists occipito-temporal lobe regions displaying group differences). This pattern 

held in many ventral occipito-temporal regions as well (Figure 5.3), suggesting that 

the WS responses generally were immature.  However, the amygdala response in WS 

was distinctly abnormal, as both the MA and CA groups showed significant activation, 

while the WS group did not (Figure 5.3). 

Discussion 

The typically-developing child controls did not display the adult pattern of 

ventral occipito-temporal activation observed in the CA group. This difference is 

consistent with the idea that face processing normally follows a protracted 

developmental course (Chung and Thomson 1995). As the WS responses in this part 

of the brain resembled those of the MA group, this effect can be understood as 

reflecting developmental delay. The presence in WS of fMRI responses (albeit, 
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immature) in cortical regions associated with face and object identification is 

consistent with the observation that these functions may be comparatively well 

preserved (Bellugi, Wang et al. 1994). 

While the MA and CA control groups alike showed robust activation in the 

amygdala, this response was absent in the WS group. The amygdala is thought to 

participate at an early developmental stage in the establishment of brain systems for 

face processing. As part of a fast subcortical pathway that includes the superior 

colliculus and the pulvinar (a thalamic structure that may contribute to the profound 

spatial deficits in WS (Eckert, Galaburda et al. 2006)), the amygdala is thought to 

mediate the human newborn’s precocious ability to detect and orient to faces (Johnson 

2005). This pathway responds selectively to low-spatial frequencies, which carry 

coarse configural information about faces. Interestingly, it is configural information 

that may be processed abnormally in WS (Karmiloff-Smith, Thomas et al. 2004).  

In light of the strong activation for faces in WS observed in ventral occipito-

temporal cortex, which is heavily connected with the amygdala (Amaral and Price 

1984), the absence of amygdalar activation is striking. In addition to its importance in 

emotional processing, the amygdala is involved in detecting social relevance (Sander, 

Grafman et al. 2003) and regulating approach behavior (Amaral 2002). The amygdala 

normally shows heightened activity during discrimination of unfamiliar faces 

(Gobbini, Leibenluft et al. 2004). Absent amygdala responses to faces in WS is 

therefore consistent with unusually positive approachability ratings of strangers’ faces 

(Bellugi, Adolphs et al. 1999). A similar positive approachability bias has been seen in 

patients with amygdala damage (Adolphs, Tranel et al. 1998). It remains unclear 
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whether the current amygdala finding represents a correlate of reduced vigilance when 

assessing unfamiliar faces or a more primary deficit.  

The addition of these findings to recent neuroimaging results in WS adults 

(Meyer-Lindenberg, Kohn et al. 2004; Mobbs, Garrett et al. 2004; 2005) argues for a 

complex interplay among several factors, each of which may be associated with early, 

anomalous functioning of the amygdala. Meyer-Lindenberg and colleagues (2005) 

reported attenuated amygdala response in WS adults to threatening faces but elevated 

response to threatening scenes, suggesting a disordered association between socio-

emotional stimuli and the amygdala (rather than absence of function). They suggested 

(Meyer-Lindenberg, Hariri et al. 2005; 2006) that dysfunction in an amygdala-

prefrontal cortex system for social behavior results in abnormal responses to stimuli 

that are potentially harmful or threatening in WS. Given that the amygdala may also 

be critically involved very early in life in a subcortical pathway for face processing 

(amygdala-thalamus-superior collicus - Johnson 2005), impairment of this structure 

could have far-reaching effects on the development of the adult “social brain” network 

(Skuse 2003). Our findings suggest that the amygdala is functional in the processing 

of social information, in this case faces, at least by middle childhood (seen in the 

robust amygdala response in MA controls). In WS, however, genetic influences may 

impair amygdala function early in development, impacting emergence of the ability to 

process information from faces. This may contribute to the complex constellation of 

social-cognitive and behavioral abnormalities observed during development in WS. 

Because development is a dynamic process, these characteristics themselves may 

interact in a complicated way (Karmiloff-Smith, Thomas et al. 2004), to influence 
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what are ultimately observed as the distinctive and intriguing features of the adult WS 

phenotype.   
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Figure 5.1  Task.  (a) Trials were presented in blocks of six (6 blocks, 36 trials total), 
with each block preceded by a warning cue (green “smiley face”). A delay of either 
500 or 1750 ms followed a series of two reference stimuli (500 ms duration per 
stimulus). After the delay the third (test) stimulus appeared until the participant 
responded, or until 3500 ms elapsed. Participants indicated by pressing one of two 
buttons (“yes” or “no”) whether the identity of the test stimulus matched either of the 
two reference stimuli. A match was presented in half of the trials. The first 18 trials 
used a 500 ms delay between the second reference stimulus and the test stimulus, in 
accordance with our previous face processing study of WS. The second 18 trials used 
a 1750 ms delay, in line with the functional magnetic resonance imaging (fMRI) 
paradigm that has been successfully employed in the UCSD laboratory for several 
years. Comparison of accuracy data from the two trial types across the three 
participant groups did not reveal a significant group × trial type interaction effect (P > 
0.1). These data therefore were collapsed over the two trial types in the present 
analyses.  (b) Each 4 minute, 50 second fMRI scanning run consisted of six 47.5 sec 
blocks (5 trials) of identity-matching and control trials, in an interleaved fashion. 
Unlike the behavioral task, the third (test) stimulus was presented for a fixed duration 
of 3250 ms in order to achieve scanning runs of constant length. Control trials 
followed the same presentation sequence as identity-matching trials. Control trial 
blocks were preceded by a distinct cue (an image of a black handprint, not shown), in 
order to warn participants as to which trial type would be shown in the upcoming task 
block. 
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Figure 5.2  Behavioral session results, face-matching task.  (a) Accuracy  (b) 
Response Time (RT). Results revealed an effect of group membership for both 
dependent variables (d´: F (2,42) = 15.78, P < 0.001; RT: F (2,42) = 20.64, P < 0.001). 
Follow-up Tukey HSD tests revealed the same pattern of results for both variables: 
both the WS and MA groups were outperformed by the CA group, with respect to both 
accuracy and RT (P < 0.001 for all t-test comparisons). The performances of the WS 
participants and MA controls, as expected, were not different (P > 0.3 for both d´ and 
RT).   

(a) 

(b) 
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Figure 5.3  Activation in ventral occipito-temporal regions and the amygdala.  (a) 
Mean Z-score images depicting active voxels (P < 0.05, corrected) in chronological 
age-matched controls (top), mental age-matched controls (middle) and WS (bottom). 
Data are displayed in radiological convention (right is on left). Green circles denote 
significant activation in both control groups in the right amygdalar region, absent in 
the WS group. Green arrows denote activation in all three groups in the fusiform 
gyrus, a region in ventral occipito-temporal cortex that is highly sensitive to faces. 
Except for one focus in a more superior aspect of the fusiform gyrus, where the WS 
group showed more robust activation than both control groups (Talairach coordinates 
[38, -69, -9]; % signal change = 0.21 for WS, 0.079 for MA controls, and 0.13 for CA 
controls), most ventral occipito-temporal regions showed comparable levels of 
activation between the WS and MA groups.  (b) Mean activation intensity within a 
spherical region-of-interest (ROI) (radius = 4.5 mm) placed within the right amygdalar 
region. 
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CHAPTER 6 

 

GENERAL DISCUSSION 
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The studies described in the previous chapters have presented findings from 

behavioral and functional imaging investigations with a pair of face identity- and 

location-processing tasks differentially tapping ventral and dorsal stream processing, 

respectively, in typical participants and in participants affected by a William 

Syndrome (WS), neurodevelopmental disorder. These investigations have yielded 

critical information about the normal development of these functions. In turn, this 

information has provided a context within which to examine these functions in WS, a 

genetic disorder with a deficit profile that parallels the ventral/dorsal processing 

distinction. Findings from WS have augmented our understanding of atypical 

developmental processes that can occur within these two streams, in addition to 

providing further insight into the mechanisms underlying normal developmental 

change. This final chapter will briefly summarize the key findings from these studies, 

and discuss their implications first for Williams Syndrome, and second, for our 

knowledge of the ontogeny of the human visuoperceptual system.   

Summary of Findings 

The behavioral study presented in Chapter 3 yielded two findings of import. 

The first concerned typical children: despite a difference from adults in the overall 

level of performance (lower accuracy, slower response times), children did not show a 

different pattern of performance across the face identity- and location-matching tasks, 

i.e. like adults, their performance was not different on the two tasks. Although the size 

of the typically-developing sample of 8- to 9-year-old children was somewhat limited 

in this particular investigation (N=19), this result is in agreement with findings from a 
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large scale study of 100 children ages 8 to 12 (N=20 per age year) which showed 

comparable across-task performance in children of all age groups. 

The second principal finding from Chapter 3 concerned patients with WS: 

when compared with the child participants (selected, as a group, to be of similar 

mental age to the WS participants), these individuals exhibited a selective, profound 

deficit in location processing. This finding provides empirical support, from a well-

controlled comparison using tasks matched precisely in stimulus and response 

demands, for the numerous reports in the literature of face processing skills that far 

exceed general spatial ability in WS (Bellugi, Lichtenberger et al. 2001). Moreover, it 

lays the groundwork for an investigation of the neural correlates of this disparity, 

which was hypothesized to reveal differentially impacted function in the ventral and 

dorsal visual systems. 

 The results of such an investigation, using functional magnetic resonance 

imaging (fMRI) to examine the neural underpinning of face identity- and location-

processing, were described in Chapters 4 and 5. Specifically, Chapter 4 detailed 

several key results from typically-developing children and from persons with WS, 

regarding ventral and dorsal visual stream activation underlying the profiles of 

behavioral performance presented for these two groups in Chapter 3. For typically-

developing children, patterns of activation mirrored their behavioral profile of 

comparable performance on the two tasks, which overall, had not yet reached the level 

of healthy adults. Although children engaged many of the same regions as adults, they 

showed noteworthy differences in the ventral and dorsal streams. For example, 

activation in the face-sensitive fusiform gyrus of the temporal lobe was similar for 
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children and adults during active face discrimination (i.e. identity-matching), but not 

during passive face viewing (i.e. location-matching), as activation in this area during 

passive viewing was less consistent in children. This was particularly apparent in the 

left hemisphere (LH), where child participants relied most heavily on a more posterior, 

ventral occipital region, instead of on the anterior to middle temporal portions of the 

fusiform gyrus. This finding implies greater task dependence in the recruitment of 

ventral stream regions during face processing in children. Further, it is consistent with 

prior reports of relatively greater engagement of posterior ventral regions during face 

and object processing in younger children (Gathers, Bhatt et al. 2004; Aylward, Park 

et al. 2005), which may be due to more rapid maturation of function in these regions 

(Golarai, Ghahremani et al. 2007). As with ventral stream function, dorsal stream 

activity in typical children was not fully adult-like. Most notably, whereas peak 

regions of activation during location-matching fell in the superior parietal region of 

both hemispheres in adults, children showed reliable activation only in the RH. In the 

LH, activation in superior parietal cortex was less consistent and was positively 

correlated with performance accuracy. Very similar observations have been made in 

prior neuroimaging studies of spatial working memory in children (Klingberg, 

Forssberg et al. 2002; Olesen, Nagy et al. 2003; Nagel, Barlett et al. 2005). However, 

in combination with a recent, similar finding from a spatial task without a working 

memory component (i.e. mental rotation, Kucian, von Aster et al. 2006), this finding 

suggests that these differences may reflect protracted maturation of the LH parietal 

mediation of spatial processing, independently of working memory. 
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 Knowledge of the patterns of ventral and dorsal stream activation in typical 

adults and children enabled an identification of abnormal function in individuals with 

WS. As discussed in Chapter 4, both streams showed some evidence of abnormal 

responsivity, with the degree of abnormality paralleling the degree of deficit in 

behavioral performance observed in Chapter 3. In line with the behavioral profile of 

significantly better face identity-matching than location-matching performance seen in 

WS, ventral stream regions exhibited less dramatically atypical function than dorsal 

stream regions. Importantly, however, given hypotheses that face processing is 

achieved normally (Tager-Flusberg, Plesa-Skwerer et al. 2003) and is mediated in a 

usual way by the ventral stream (Meyer-Lindenberg, Kohn et al. 2004), ventral stream 

activation in our WS participants was not entirely normal. Specifically, the response of 

the face-sensitive fusiform was not properly modulated by the demands of the task 

(i.e. response magnitude did not differ for active face discrimination versus passive 

face viewing) and was less lateralized than expected.  

Regarding the dorsal stream, as might be expected from their impaired 

performance on the location-matching task, highly conspicuous abnormalities were 

observed in the response of these regions. In agreement with evidence for significant 

structural (Reiss, Eckert et al. 2004; Eckert, Hu et al. 2005; Kippenhan, Olsen et al. 

2005; Thompson, Lee et al. 2005; Van Essen, Dierker et al. 2006) and functional 

(Meyer-Lindenberg, Kohn et al. 2004) abnormalities of this system, a striking failure 

to engage parietal cortex was observed during location processing. Surprisingly, 

however, during face identity-matching WS showed abnormally increased activity in a 

portion of this region that was not engaged by the task in typical adults or children. As 
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will be discussed in the next section, this may represent the first fMRI evidence for a 

neural correlate of the exaggerated attentional response to faces in WS. 

 Chapter 5 discussed a final important finding that emerged from analyses of 

the brain response during face identity-matching in WS. Despite significant 

engagement of ventral occipito-temporal and parietal cortex during this task, WS 

participants evinced a marked deficit in activation of the amygdala. This contrasted 

with the robust amygdala response in controls, which did not differ in the two age 

groups (children, adults). This finding extends a prior report of decreased amygdala 

activation in WS during perception of threatening faces (Meyer-Lindenberg, Hariri et 

al. 2005) to processing of a basic visual stimulus with high social salience, but without 

an overtly affective component. As discussed in the next section, attenuated response 

of the amygdala during face perception may relate the to the remarkably sociable, 

uninhibited WS personality.  

Implications for Williams Syndrome 

The previously described brain activation findings from WS represent two 

intriguing dimensions of the disorder. The first, relates to the behavioral phenotype of 

WS, while the second relates to the cognitive manifestations of the disorder. Based on 

the findings presented in Chapters 4 and 5, the possibility that these two elements may 

be related to dysfunction of a common neural system(s), is put forth.   

Since WS was first identified (Williams, Barratt-Boyes et al. 1961; Beuren, 

Apitz et al. 1962), the “hypersociability” of individuals affected by the disorder has 

continually been cited as an unusual, defining characteristic. This involves a tendency 

to approach, without hesitation, unfamiliar individuals for the purpose of engaging in 
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face-to-face social interaction (Doyle, Bellugi et al. 2004), and, early in life, a 

tendency to orient to the faces of individuals even when the more adaptive response is 

to direct attention to a different environmental stimulus (e.g. an object of common 

interest, Laing, Butterworth et al. 2002; Mervis, Morris et al. 2003). Given the 

amygdala’s responsivity to face stimuli, especially those that are emotionally arousing 

(Breiter, Etcoff et al. 1996; Morris, Frith et al. 1996), convey ambiguous socially-

relevant information (Whalen 1998; Thomas, Drevets et al. 2001), or are simply 

unfamiliar to the viewer (Gobbini, Leibenluft et al. 2004), the neural finding of most 

relevance to the social behavior seen in WS is the absence of an amygdalar response to 

faces. Although the current data do not enable a more definitive conclusion regarding 

whether this failure is merely a correlate of the behavioral characteristics of WS, or 

whether it is plays a more causative role, this finding likely represents an abnormality 

of primary interest for future research on this disorder.     

Variability within a small group of functional imaging findings involving the 

amygdala in WS suggests this structure plays a complex role in the phenotype of the 

disorder. Based on fMRI evidence of decreased amygdala activation to fearful face 

stimuli but increased activity to threatening visual scenes, Meyer-Lindenberg et al., 

(2005; 2006) have submitted that amygdala dysfunction in WS contributes to the 

behavioral profile seen in the disorder, namely, increased approach of unfamiliar 

individuals but an elevated level of general anxiety and more frequent phobic response 

to non-social stimuli. However, another fMRI study examining the WS brain response 

to music (contrasted with noise) (Levitin, Menon et al. 2003), a stimulus, like faces, 

that seems to be especially appealing to WS individuals (Levitin, Cole et al. 2004), 
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showed amygdala activation that was significantly greater than in controls. Thus, the 

lack of amygdala response to faces reported in the current investigation may not easily 

be explained as a reaction a stimulus that elicits a more favorable emotional response 

in this population.  

 Recent work in the macaque (Gothard, Battaglia et al. 2007) suggests that 

amygdala may contain a sub-population of neurons that are selectively responsive to 

facial identity, independent of facial emotion. This implies that the amygdala may play 

a more general role in face processing, as had previously been suggested by numerous 

fMRI reports in typical adults of amygdala activation to faces that are affectively 

neutral (Kesler/West, Andersen et al. 2001; Fitzgerald, Angstadt et al. 2006; Wright 

and Liu 2006). This role for the amygdala most probably involves the perception of 

information from faces that may be used by the viewer in formulating an appropriate 

social response (Adolphs and Spezio 2006). A failure to correctly perceive this 

information could explain the WS tendency to be less wary of strangers, and more 

indiscriminate in their approach. Given the prominence of visuoperceptual deficits in 

this disorder, it is logical to consider a relationship between these deficits and the 

perception of, and behavioral response to, social information in WS. Elgar & 

Campbell (2001) were some of the first authors to speculate about possibility (see also 

Johnson 2001). They focused on impairments in magnocellular function, which have 

traditionally been associated with the spatial deficits (dorsal stream) in WS. They 

suggested that since the ventral visual stream receives magnocellular input, in addition 

to parvocellular input, anomalous magnocellular function might impact face 

recognition abilities, likely through an adverse effect on configural processing. More 
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recently, Eckert et al. (2006) suggested that visual system deficits stemming from 

defects in the dorsal stream, posterior thalamus (particularly the pulvinar), and 

cerebeller vermis, may have cascading developmental effects, one of which might be 

an impairment in the ability to process the information contained within a face. 

Specifically, these authors posited that dysfunction of the pulvinar could impact the 

amygdala (via a direct anatomical connection), and consequently, the ability to detect 

facial emotion information. Indeed, these two structures, the pulvinar and the 

amygdala, are part of a fast subcortical pathway (also including the superior 

colliculus) that is likely to be responsible for the automatic detection of threat, as in 

facial displays of negative facial affect (Morris, Ohman et al. 1999; de Gelder, Frissen 

et al. 2003). Interestingly, this same pathway may mediate the response to faces seen 

in newborns, who are heavily reliant on subcortical pathways due to the immaturity of 

cortical visual areas at birth (Johnson 2005). This subcortical pathway responds 

selectively to low-spatial frequency information (Vuilleumier, Armony et al. 2003), 

probably transmitted through magnocellular channels (Vuilleumier and Pourtois 

2007), which carries crude configural information about faces. Thus, given the 

confluence of impairments in functioning of the dorsal stream/magnocellular system, 

the amygdala, and the pulvinar, it is perhaps no accident that previous studies have 

found evidence that individuals with WS have difficulty with configural face 

processing (Deruelle, Mancini et al. 1999; Karmiloff-Smith, Thomas et al. 2004) (but 

not configural processing of objects - Deruelle, Rondan et al. 2006) and facial emotion 

processing (Gagliardi, Frigerio et al. 2003). In addition to direct connections between 

the pulvinar and the amygdala, the pulvinar also sends substantial projections to the 
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dorsal visual stream (Kaas and Lyon 2007). These projections might represent yet 

another component of the neuroanatomical basis for the hypothesized association 

between deficits in visuoperceptual and social-emotional functioning in WS (Eckert, 

Galaburda et al. 2006). 

Looking next at the nexus of face processing and social behavior in WS from 

the perspective of sparing, a second question becomes, what might sustain the relative 

strength in face processing seen in certain tasks? The most frequently cited answer to 

this questions is that WS appear to exhibit a local, or part-based, processing bias 

(Bihrle, Bellugi et al. 1989) that might be sufficient for successful performance of 

certain face perception tasks (e.g. the Benton Face Task Benton, Hamsher et al. 1983) 

(Deruelle, Mancini et al. 1999). However, as with many aspects of the research with 

this population, the existence of a local processing bias in WS has been vigorously 

debated (Mervis, Morris et al. 1999; Farran and Jarrold 2003; Farran and Jarrold 

2005). The current investigation indicates that a viable (but not necessarily mutually 

exclusive) alternative lies in another of the intriguing neural findings in WS, namely, 

the abnormal recruitment a region of right superior parietal cortex during face 

discrimination. This finding suggests a highly unusual role for the dorsal stream in 

visual processing in WS; while gross impairment of this stream may result in 

generalized spatial dysfunction and impinge upon the ability to process configural 

and/or socially relevant information from within a face, function in certain 

circumscribed regions may be decoupled from the larger pathway. Specifically, the 

superior parietal region identified in the current study may function in a 

compensatory-like fashion to direct the attention of WS participants to the face 
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stimuli. A prior report of “sticky fixation” (trouble disengaging attention) to face-like 

objects in young children (6 years and under) with WS (Atkinson, Braddick et al. 

2003; see also Brown, Johnson et al. 2003), coupled with a tendency in WS toddlers to 

look with unusually extreme intensity at the faces of others (Mervis, Morris et al. 

2003), suggests that this attention may be deployed in an almost obligatory manner. 

Typically-developing infants also have difficulty disengaging attention from visual 

objects early on, but this resolves within the first few months of life (Atkinson 2000). 

Brain imaging studies with younger children affected by WS will required to help 

determine if the abnormal persistence of the “sticky fixation” phenomenon in WS is 

related to an abnormal response to faces in the parietal region. A functional imaging 

study of face processing in infancy (using PET) (Tzourio-Mazoyer, De Schonen et al. 

2002) raises the possibility that the parietal response to faces in WS also represents an 

abnormal persistence of a phenomenon that is observed very early on, but 

subsequently disappears during development. This study found that a small group of 

2-month-old infants showed significant activation in a region of right parietal cortex 

that is not usually observed in adults viewing faces with neutral expression and 

invariant direction of gaze (varying gaze does, however, elicit intraparietal region 

activation in adults Haxby, Hoffman et al. 2000; George, Driver et al. 2001). Future 

research will be necessary to determine whether they either or both of these factors, 

abnormalities in attentional function and in the response of the parietal region during 

face processing, play a key role in the perception of, and behavioral response to, faces 

in WS. 



 

 

146 

Although research on WS is still in a nascent stage, and little, if any, direct 

evidence exists to confirm these hypotheses, they nonetheless provide a good starting 

point for future research. In the context of the current set of studies, these hypotheses 

also highlight a few considerations for future work with this population. First, in 

accordance with suggestion that genetic anomalies can have widespread effects on the 

developing organism, it may be most informative to ‘cast a wide net’ and carefully 

probe functions that may on the surface appear to be unaffected (e.g. face processing), 

in addition to those that show clear evidence of compromise (Karmiloff-Smith, 

Thomas et al. 2004). It is the thorough examination of precisely these seemingly 

unaffected functions that may unveil additional cognitive or neural factors with the 

potential to fill gaps in the broader conceptualization of the disorder. Essential to this 

broader conceptualization of WS is a consideration of developmental context 

(Karmiloff-Smith, Scerif et al. 2002; Karmiloff-Smith 2007; Paterson and Schultz 

2007). Although some have attempted to forge direct links from genes to adult 

behavior and cognition, this genotype-phenotype relationship is likely to be 

prohibitively complex (Gray, Karmiloff-Smith et al. 2006). A more tractable approach 

might entail ‘working backward’ from the adult WS phenotype, a process that can 

proceed in at least two complementary ways: first, by investigating the developmental 

precursors of the adult phenotype in a relatively straightforward manner through the 

study of younger participants with WS, and second, by considering how certain 

aspects of the adult WS phenotype might be represented during the course of normal 

development (e.g., in the typically-developing, but immature, organism). 

Implications for Typical Development of Two Cortical Streams 
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  On the whole, the findings from normal 8- to 9-year-old children that were 

presented in this investigation suggest that these higher-order visual functions are 

associated with a very gradual process of developmental change, as both behavior and 

brain function were not quite adult-like in this group for either face or location 

processing. This is consistent with behavioral studies that have looked independently 

at these skills, and concluded that both continue to mature at least through the school-

age years (Chung and Thomson 1995; Zald and Iacono 1998; Taylor, Batty et al. 

2004; Luciana, Conklin et al. 2005). However, the factors that influence this process 

of change are just starting to be described more fully, as developmental research has 

only recently begun to benefit from increasingly sophisticated technology, such as 

neuroimaging, that has enabled an examination of changes in brain structure and 

function that may underlie improvements in behavioral performance (Casey, 

Tottenham et al. 2005). 

 Results from the current investigation suggest that several factors affect how 

developmental change manifests in the ventral and dorsal streams. Perhaps not 

surprisingly, task-related differences represent one of these factors. This was observed 

in the ventral stream response to faces in typical children, which differed according to 

whether the task demanded active discrimination or passive viewing of the face 

stimuli. In Chapter 4 it was proposed that this difference might account for some of 

the discrepancies in the findings from the few developmental neuroimaging studies of 

face processing that have been conducted to date (Gathers, Bhatt et al. 2004; Aylward, 

Park et al. 2005; Golarai, Ghahremani et al. 2007). Although these differences in task 

demands may differentially impact how difficult the task is to perform, more 
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importantly, they may promote the use of distinct cognitive strategies in children and 

adults (e.g. attending more to the features rather than the configuration of a face) that 

can contribute to noticeable differences in brain activation.  

Task differences (and strategy differences) may also result in variability in the 

particular set of brain regions engaged, with different regions having their own, 

independently variable maturational rates and/or trajectories. For example, a recent 

study looking at the response specificity of different functionally-defined ventral 

stream regions (the ‘fusiform face area’ or ‘FFA’ in the anterior/middle temporal 

fusiform gyrus (Kanwisher, McDermott et al. 1997); the ‘parahippocampal place area’ 

or ‘PPA’ in the temporal parahippocampal gyrus (Epstein and Kanwisher 1998); and 

the object-sensitive ‘lateral occipital complex’ or ‘LOC’ in the inferior/middle 

occipital gyrus (Malach, Reppas et al. 1995)) in typical children suggests that not all 

regions within the same visual stream develop at the same rate. The sequence of 

development in these regions suggested by the results of this study (the LOC showed 

adult-like functional specificity before the FFA or the PPA) seems to correspond, at 

least roughly, with certain general principles of structural brain development (i.e. 

primary sensory areas first, with higher-order associative areas lagging behind - 

Huttenlocher and Dabholkar 1997; Gogtay, Giedd et al. 2004). This type of function-

structure correspondence also emerged in the current investigation, for example, in 

evidence for prolonged maturation of the response of intraparietal cortex within the 

left hemisphere (LH) (Chapter 4), a cortical region that, bilaterally, appears to be one 

of the last to fully myelinate (Yakovlev and Lecours 1967; Klingberg, Forssberg et al. 

2002). The laterality of the intraparietal finding (LH only) suggests that an additional 
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factor may be the degree to which a given region is critical to performance of the task. 

In the current studies, this was seen in the patterns of brain activation in both visual 

streams. Among the most essential regions for face identity- and location-matching in 

adults were the right middle fusiform gyrus and the right intraparietal/superior parietal 

region, respectively. Interestingly, the response of these regions in children appeared 

more adult-like; rather, it was the responses of homologous (but possibly less critical, 

e.g. see Sack, Sperling et al. 2002) regions in the left hemisphere that were less 

consistent. 

In summary, the number and complexity of the factors that can affect our 

observations of developmental change indicates that until more data are available, it 

may be most helpful to focus attention within each visual stream, rather than 

attempting to characterize each stream in its entirety. Because an understanding of 

normal developmental processes is of critical importance to questions involving 

atypical development, vulnerability, plasticity, reorganization and compensation, an 

analogous approach, focusing more on the similarities and differences among task-

specific processes within each stream, may be most fruitful. Finally, the complicated 

nature of the interrelationships among the factors discussed above suggests that a great 

deal can be gained from applying multiple measures (e.g. neuropsychological tasks 

combined with brain imaging of both structure and function), simultaneously, to the 

study of cognitive and brain development.   
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