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ABSTRACT OF THE DISSERTATION

Development and plasticity of dorsal and ventral visual functions: Insights from behavioral

and FMRI investigations of bilateral spastic cerebral palsy

by

Sarah Kathleen Noonan
Doctor of Philosophy in Clinical Psychology

University of California, San Diego, 2010
San Diego State University, 2010

Joan Stiles, Chair

Bilateral spastic cerebral palsy (BSCP) is the most common form of cerebral palsy,

and has risen in prevalence in recent years as advances in neonatal care improve survival rates

for at-risk infants. In addition to the motor disability that defines the disorder, affected

individuals often demonstrate pervasive visual cognitive deficits. Although the typical pattern

of brain injury predicts greater compromise of dorsal than ventral stream visual functions,

behavioral evidence is currently limited and no studies have evaluated this prediction using

functional neuroimaging methods.

To further characterize the nature and severity of visual cognitive deficits in BSCP,

we probed dorsal and ventral stream functioning in typically developing 8-10 year-old

children (n=15), adults (n=15), and children and adolescents with BSCP (n=6), using working
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memory tasks for locations and faces. In Study 1, behavioral and FMRI data were compared

across child and adult control groups to chart the normal course of developmental change in

dorsal and ventral stream functioning. Study 2 explored the relative compromise of dorsal and

ventral stream functions in BSCP participants via a series of individual case studies.

Results of Study 1 revealed continued refinement of dorsal and ventral stream

functioning from mid-childhood through adulthood. Across both tasks, ongoing development

was apparent at the behavioral level through improvements in speed and accuracy of

performance, and at the neural level through increasing reliance on higher-order prefrontal and

parietal brain regions. Overall, the data from Study 2 underscored a striking degree of

resilience in the face of early brain injury. BSCP participants as a whole performed within

normal limits on both tasks and demonstrated only slight departures from expected profiles of

regional brain activation. Specifically, across individual cases, findings converged to suggest

subtle inefficiencies with face processing and modest reduction in BOLD response in

dorsolateral prefrontal regions. Results will be discussed with reference to theories of visual

cognitive and prefrontal dysfunction in BSCP, the likely inadequacy of predictions based on

adult structure-function correspondences in the study of early brain injury, protective

socioeconomic factors potentially relevant to our sample, and implications for neuroplasticity.
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Introductory remarks

Chapter 1 of this dissertation begins with an overview of the mature organization of

higher-level visual cortex. It traces the parallel course of the two cortical visual pathways and

summarizes evidence for their relative functional specialization. Next, developmental studies

of dorsal and ventral stream functioning are reviewed, including proposals that the two

pathways may differ in both their normal time course of development and their susceptibility

to the effects of abnormal development. Chapter 2 presents background pertinent to the study

of visual cognitive abilities in BSCP. It summarizes the existing literature, draws attention to

methodological issues that may contribute to apparent inconsistencies across studies, and

highlights important remaining questions and unexplored avenues of inquiry. Chapter 3

describes the particular tasks under study, reviews relevant research on each, introduces

general principles that guide the current approaches, and presents specific hypotheses.

Chapters 4 and 5 are dedicated to Studies 1 and 2, respectively. Each briefly restates the study

rationale, presents detailed methods and results, and concludes with a thorough discussion

interpreting findings in the context of prior research. Finally, Chapter 6 presents closing

remarks, including limitations of the current studies and directions for future research.
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CHAPTER 1: Organization, function, and development of the dorsal and ventral visual

streams

Organization of higher-level visual cortex

Much of what is known about the functional architecture of the human cortical visual

system derives from anatomical and electrophysiological studies of macaques. A substantial

body of research has demonstrated that the large expanse of primate cortex devoted to visual

processing comprises several distinct areas, more than 40 by some estimates, organized into

interconnected processing hierarchies (Felleman & Van Essen, 1991; Van Essen, 2004). This

research, complemented by neuroimaging findings in humans, has begun to reveal the intricate

way in which incoming visual information is represented both within and beyond striate

cortex.

Dual processing pathways

The first cortical synapses for neurons carrying visual information are along the surface

of the calcarine fissure, in the medial aspect of primary visual cortex (V1). Within V1,

retinotopic organization is maintained, such that adjacent locations in the visual field are

represented in neighboring cortical locations. Individual neurons in V1 have small receptive

fields and respond to relatively simple visual stimuli (e.g., a bar of light with a particular

orientation). From V1, the ventral occipitotemporal stream projects through areas V2 and V4

to the inferior surface of the temporal lobe. This stream is responsible for processing stimulus

attributes important for object identification, and is thus commonly referred to as the “what”

pathway. Progressing from posterior to anterior along the ventral occipitotemporal (VOT)

surface, loss in retinotopic specificity is accompanied by larger receptive fields and increasing
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selectivity for complex stimuli. For example, neurons in inferior temporal cortex have been

shown to be selective for characteristics such as color, shape, and texture, with a small

proportion of these neurons showing selectivity for more elaborate stimuli such as faces,

hands, and complex objects (e.g., Desimone, 1991; Gross, Bender, & Rocha-Miranda, 1969;

Logothetis, Pauls, & Poggio, 1995; Rolls & Tovee, 1995). Thus, rather than processing simple

visual elements, objects are increasingly coded as objects in later regions of the ventral stream.

The dorsal occipitoparietal pathway projects from V1, through areas V2 and V3A, to

the posterior parietal lobe. It underlies processing of spatial relationships and motion, and is

implicated in object localization, visually guided reaching, and navigation. Reflecting this

functional specialization, the dorsal stream has been termed the “where” or “how” pathway.

As with the ventral stream, electrophysiological studies have revealed large receptive fields

and complex selectivities in later stages of the dorsal stream. For example, individual neurons

may respond preferentially to directional, centrifugal, or rotational motion (e.g., Duffy &

Wurtz, 1991; Zeki, 1974).

Ventral and dorsal stream functions: “what,” “where,” and “how”

In Ungerleider and Mishkin’s (1982) initial proposal of two diverging cortical visual

systems, the ventral and dorsal streams were characterized by their presumed perceptual

functions. According to this model, largely motivated by lesion and single-cell recording

experiments with macaques, the ventral stream mediates perception of what an object is,

whereas the dorsal stream mediates perception of where an object is. Ungerleider and

Mishkin’s formulation was not the first to acknowledge a functional or anatomical distinction

between object perception and spatial perception; differential impairment of visual recognition

and visual spatial functions following brain damage was widely reported, and hypotheses of

distinct underlying neural mechanisms had previously been advanced (Goodale & Milner,
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1992; Ungerleider & Mishkin, 1982). The significance of their model was that it linked the

established functional dissociation between object and spatial processing to an underlying

cortical dichotomy. That is, they first advanced the notion of “two cortical visual systems”

(the title of their seminal work).

An alternative to Ungerleidger and Mishkin’s conceptualization of ventral and dorsal

functions was later suggested by Goodale and Milner (1992). Goodale and Milner’s model

emphasizes the purpose served by the information processed in each stream, rather than the

type of information processed. They contend that both streams process object and spatial

information, but that the ventral stream utilizes this information for the purpose of perception,

and the dorsal stream for the purpose of action. This perception vs. action (or “what vs. how”)

framework arose from a number of converging lines of evidence. Perhaps most crucial was

their work with patient D.F., who suffered from a total failure to recognize visual objects (i.e.,

visual object agnosia), but was able to perform actions dependent on accurate visual object

processing (Goodale, Milner, Jakobson, & Carey, 1991). Results from later behavioral

experiments with normal participants provided further evidence of a dissociation, in the

absence of brain damage, between the perception of visual stimuli and the control of actions

towards them (Goodale & Westwood, 2004; Milner & Goodale, 1995).

Between stream interconnections and interactions

Support for a functional dissociation between the dorsal and ventral visual pathways,

whether characterized according to the information that they process (spatial vs. object), or the

ultimate purpose that they serve (action vs. perception), comes from several sources (e.g.,

electrophysiological and experimental lesion studies with monkeys, human

neuropsychological, psychophysical, and neuroimaging investigations; see Creem & Proffitt,

2001; Goodale & Westwood, 2004; Ungerleider & Haxby, 1994, for reviews). Nonetheless,
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this dual-stream division of the visual system is not absolute. Dense between-stream cortical

interconnections are apparent at multiple levels, indicating that despite their contrasting

designations as “dorsal” and “ventral,” the two pathways are not fully segregated anatomically

(Felleman & Van Essen, 1991; Merigan & Maunsell, 1993). Furthermore, subcortical inputs to

the two streams are not unique (Merigan & Maunsell, 1993). Despite initial speculation that

separate retinal channels (one preferentially sensitive to colored, textured, high contrast, and

high spatial frequency stimuli, and one preferentially sensitive to fast moving, low contrast

stimuli) remained segregated via exclusive projection to the ventral and dorsal cortical

pathways, respectively (Livingstone & Hubel, 1988), it is now clear that these inputs to visual

cortex are considerably intermingled (Merigan & Maunsell, 1993).

The functional independence of the cortical visual pathways is also limited—perhaps

not surprisingly, given that complex daily visual demands undoubtedly require coordination of

information across the two streams. Functional neuroimaging studies demonstrate that dorsal

and ventral visual regions are often co-activated during cognitive task performance. While a

given task may elicit greater response within one of the two streams, most tasks are not

categorically “dorsal” or “ventral,” as the pathways rarely operate in isolation (e.g., Braddick,

O’Brien, Wattam-Bell, Atkinson, & Turner, 2000; Konen & Kastner, 2008; Puce & Perrett,

2003). Moreover, significant functional connectivity between the two streams suggests that

integration of visual information may be achieved through direct inter-pathway crosstalk

(Buchel, Coull, & Friston, 1999; Koshino, Carpenter, Keller, & Just, 2005; Zhuang, Peltier,

He, Laconte, & Hu, 2008).

In summary, higher-level visual cortex comprises two functionally specialized parallel

processing pathways. The ventral stream is characterized by its contribution to object

perception and identification, and the dorsal stream by its role in spatial localization and
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visuomotor control. Importantly, although the two systems are distinct in many aspects, they

are densely interconnected anatomically and highly coordinated in their operation.

Dorsal and ventral stream development

How do the dorsal and ventral streams develop into functionally specialized yet

coordinated subsystems? Are mature patterns of dorsal/ventral segregation present very early

in development, or are they the product of experience-dependent processes of progressive

specialization? Do the two streams follow similar developmental trajectories? Are they

equally vulnerable to disruption in atypical developmental conditions? The following section

introduces important remaining questions, such as these, about the emergence of adult-like

cortical specialization of visual functions.

Early emergence and gradual refinement of functional specialization

Few studies have directly examined the neural substrates of developing visual

cognitive functions. Of those that have, most have assessed the functioning of one or the other,

but rarely both, visual pathways. Although such studies complicate between-stream

comparisons, they suggest a common pattern for the two streams of early functionality but

protracted maturation.

Ventral stream mediation of object processing has been observed as early as 6 months

of age. In a series of ERP studies, Johnson and colleagues have documented face-sensitive

responses over temporal leads in 6-month-old infants (Johnson, Mareschal, & Csibra, 2001).

Yet, they report subtle differences in face-related ERP signatures between infants and adults,

suggesting that these early emerging processing mechanisms lack adult-like specialization. A

handful of recent FMRI comparisons of VOT organization in children and adults provide

further evidence of continued refinement of ventral stream functioning across development.
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Taken together, these studies hint at three general themes of emerging functional

specialization within the ventral stream: an absence of adult-like response specificity in certain

regions in early childhood (Aylward et al., 2005; Gathers, Bhatt, Corbly, Farley, & Joseph,

2004; Scherf, Behrmann, Humphreys, & Luna, 2007), apparent but less extensive and specific

responses in adult-like regions by mid-childhood (e.g., Aylward et al., 2005; Gathers et al.,

2004; Golarai et al., 2007; Scherf et al., 2007), and an overall consolidation of response

patterns during development from more widespread engagement of many regions to more

focused engagement of adult-like regions (e.g., Passarotti et al., 2003).

ERP studies of the developing dorsal stream also point toward early emerging yet

incomplete functionality. Similar to their ventral stream findings, Johnson and colleagues

report that dorsal response during saccade planning is present, though not fully mature, in 12-

month-old infants (Johnson et al., 2001). Prolonged maturation of the dorsal stream, extending

through adolescence, is supported by FMRI studies of visuospatial working memory. These

studies show that although children and adults recruit largely similar brain regions,

engagement of posterior parietal regions critical for successful task performance increases

with age (Klingberg, Forssberg, & Westerberg, 2002; Kwon, Reiss, & Menon, 2002; Nelson

et al., 2000; Schweinsburg, Nagel, & Tapert, 2005; Thomas et al., 1999; Thomason et al.,

2008). Studies linking this observed age-related increase in the magnitude of parietal response

with maturational changes in underlying white matter tracts provide further evidence of dorsal

stream fine-tuning with development (Nagy, Westerberg, & Klingberg, 2004; Olesen, Nagy,

Westerberg, & Klingberg, 2003).

Differing developmental trajectories for the dorsal and ventral pathways?

Although investigations directly comparing the two cortical visual pathways have

been limited, there is some, though not unequivocal, evidence that they may differ in their
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time course of development. The most compelling evidence in this regard comes from

electrophysiological research. The studies by Johnson and colleagues discussed above suggest

earlier emerging adult-like ERP signatures in ventral than dorsal stream regions. While ventral

stream functionality can be detected in 6-month-olds during face viewing, dorsal stream

involvement in saccade planning is not yet apparent (Johnson et al., 2001). Furthermore,

Mitchell and Neville (2004) demonstrate greater developmental change in ERP components

elicited by motion stimuli (designed to stimulate the dorsal stream), than in those elicited by

color stimuli (designed to stimulate the ventral stream), from 6 years of age through

adulthood.

Indications of early and persisting delays in dorsal relative to ventral stream

functioning are consistent with Atkinson’s proposed model of visual development (Atkinson,

2000). Citing the later emergence of dorsally mediated visual behaviors and response

selectivities, she hypothesizes that cortical control of vision arises somewhat later for the

dorsal stream. Furthermore, she contends that the dorsal stream undergoes a more protracted

period of development before reaching maturity, as suggested by certain psychophysical and

behavioral findings in childhood. Although numerous studies lend support to Atkinson’s

model, other studies suggest later development of the ventral pathway (e.g., Distler,

Bachevalier, Kennedy, & Mishkin, 1996; Kovacs, 2000), and still others fail to find clear

developmental differences (e.g., Parrish, Giaschi, Boden, & Dougherty, 2005). Such

inconsistencies may reflect that inferences about the developing cortical visual pathways are

most often made on the basis of behavioral findings. Behavioral findings are inherently tied to

the particular dorsal and ventral stream measures employed, which vary greatly across studies

and are often not well matched to rule out potential confounds.
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Atypical development of the dorsal and ventral visual pathways

The possibility of differing maturational windows for the two visual pathways has

important implications for their relative plasticity or modifiability during development.

Neville and colleagues argue that systems that undergo more protracted periods of

development exhibit a greater degree of plasticity (Neville & Bavelier, 2002; Stevens &

Neville, 2006). They predict that greater plasticity will be associated with both greater

enhancement following enriched early visual input, and greater impairment following

diminished early visual experience or early developmental abnormality. Citing evidence of

both enhanceability and vulnerability of dorsal but not ventral stream functions, they make a

case for more prolonged development of the dorsal visual stream.

The prediction of dorsal stream dysfunction in abnormal development, formally the

“dorsal stream vulnerability hypothesis” (Braddick, Atkinson, & Wattam-Bell, 2003), receives

support from research with a variety of clinical populations. Selective impairment of dorsal

stream functions has been demonstrated in individuals with Williams syndrome (Atkinson et

al, 1997; Aktinson et al., 2003; Dilks, Hoffman, & Landau, 2008), autism (Spencer et al.,

2000), hemiplegic cerebral palsy (Gunn et al, 2002), and developmental dyslexia (Cornelissen,

Richardson, Mason, Fowler, & Stein, 1995). Yet, inconsistent findings suggest that overall

greater vulnerability of the dorsal stream may not adequately explain the patterns of impaired

and preserved visual abilities in other populations (e.g., Maurer, Lewis, & Mondloch, 2005;

O’Brien, Spencer, Atkinson, Braddick, & Wattam-Bell, 2002). Moreover, just as it has been

reasoned for the dorsal stream that greater plasticity and vulnerability would accompany a

more protracted course of development, similar arguments have been made for the ventral

stream (Quinn, 1998).
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In summary, data that offers insight into questions of dorsal and ventral stream

development is quite limited, as few studies have directly investigated neurodevelopmental

change. Current evidence suggests that both streams exhibit early yet immature functional

specialization, with refinement continuing throughout childhood. Despite disagreements in the

literature, there are also indications that the two pathways may differ in both their normal time

course of development and their susceptibility to the effects of abnormal development.
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CHAPTER 2: Bilateral spastic cerebral palsy

Cerebral palsy is the most prevalent form of chronic motor disability in children,

occurring in approximately 1 in 500 live births (Blondis, 2004; Melhem, 2000). It

encompasses a wide range of motor syndromes that result from non-progressive insult to the

immature brain and is classified into various subtypes on the basis of predominant motor

features. Bilateral spastic cerebral palsy (BSCP) is the most common subtype, accounting for

nearly 75% of cases in infants born preterm and 50% of cases in infants born full term

(Hagberg & Hagberg, 1996; Himpens et al., 2008). It is characterized by bilateral spasticity,

with greater involvement of the legs than arms. The diagnosis of BSCP is made on the basis of

neurological examination, is fairly non-specific with regard to etiology, and includes

individuals with varying degrees of impairment in motor and other domains.

Neuropathology

A variety of neuropathological processes can result in cerebral palsy, including

congenital malformations (e.g., lissencephaly), and stroke, trauma, infection, or toxicity in the

pre- or perinatal period (Miller, 2005). The primary pathological mechanism in BSCP,

particularly in infants born preterm, is considered to be hypoxic-ischemic in nature and

reflects the selective vulnerability of periventricular (PV) white matter during certain

developmental windows (Hoon et al., 2003; Swaiman & Russman, 1999; Back et al., 2001).

Two features of PV white matter in the early-to-mid third trimester likely contribute to this

selective vulnerability: 1) during this time frame, cells of the oligodendrocyte lineage are

particularly sensitive to oxidative and excitotoxic injuries resulting from hypoxia, and 2) the

structure of arterial circulation in the immature brain may result in watershed zones of
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diminished blood supply in deep PV white matter (Huang & Castillo, 2008; Paneth et al.,

1994; Menkes & Sarnat, 2000).

The topography and extent of PV damage in individuals with BSCP is closely related

to their degree of motor disability. Compromise of white matter adjacent to the lateral

ventricles presumably interrupts the downward course of corticospinal tract leg fibers, and to a

lesser degree may impinge on descending arm and hand fibers that traverse the internal

capsule more laterally (Menkes & Sarnat, 2000). Several MRI studies have demonstrated a

relationship between severity of motor impairment and quantitative metrics of PV

abnormalities, including periventricular leukomacia (PVL), decreased PV white matter

volume or surface area, and ventricular dilation (Cioni et al., 1997; Yokochi et al., 1991;

Melham et al., 2000). Recent research using diffusion tensor imaging (DTI) has suggested that

damage to thalamocortical and corticothalamic pathways in the periventricular zone,

particularly the posterior thalamic radiations, may further contribute to motor disability in

BSCP (Hoon et al., 2009; Hoon et al., 2002; Nagae et al., 2007).

The foregoing discussion is not meant to imply that neuroanatomical abnormalities in

BSCP are limited to the periventricular region. Although PV findings are considered the

hallmark of BSCP, thinning of the corpus callosum is also frequently reported, especially in

the posterior midbody and splenium (e.g., Kulak et al., 2007; Hayakawa et al., 1996; Cioni et

al., 1997; Iai et al., 1994; Fedrizzi et al., 1996), as are cortical atrophy and scattered

abnormalities in other brain regions, such as the basal ganglia and thalamus (e.g., Soot et al.,

2008; Korzeniewski et al., 2008; Kulak et al., 2007). Furthermore, there is considerable

variability across individuals with BSCP, a portion of which can be accounted for by

gestational age at birth. Specifically, a higher proportion of preterm infants show characteristic

compromise of PV white matter, while term-born infants, many of whom also show PV white
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matter compromise, generally show a greater diversity of lesion locations (Koeda et al., 1990;

Soot et al., 2008).

The functional consequences of BSCP are highly dependent upon the extent and

topography of brain injury, as demonstrated by the clear correspondence between motor

functioning and PV white matter damage in the vicinity of the internal capsule. Another

common site of PV white matter compromise is adjacent to the trigones of the lateral

ventricles, at the level of the optic radiations (Menkes & Sarnat, 2000; Koeda et al., 1990;

Yokochi et al., 1991). The degree of damage and/or reduction of white matter and in these

more posterior regions, which often extends into portions of the parietal and occipital lobes,

has been shown to correlate with a variety of visual cognitive deficits (Koeda et al., 1992;

Goto et al., 1994; Fedrizzi et al., 1996; Ito et al., 1996; Pavlova et al., 2003; Fazzi et al., 2004).

Cognitive functioning

As with neuropathological findings, there is marked variability in cognitive

functioning in children with BSCP. While many score in the average range on measures of

general intellectual ability, approximately 30% are classified as mentally retarded (Swaiman

& Russman, 1999). Several authors have noted a discrepancy between verbal and nonverbal

intelligence in this population, with frequent impairment on nonverbal measures in the face of

intact performance on verbal measures (Sigurdardottir, 2008; Ito et al., 1996; Fedrizzi et al.,

1996; Goto et al., 1994; Pirila et al., 2004; Fazzi et al., 2009). Although poor performance on

tests of nonverbal intelligence could reflect breakdown of any number of more basic skills,

including motor and simple visual abilities commonly affected by BSCP, such findings first

raised the suggestion that individuals with BSCP may demonstrate impairment in aspects of

visual cognitive functioning. Research using more targeted measures has since confirmed this

suggestion, with estimates of the prevalence of visual cognitive dysfunction in BSCP ranging
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from 39% to 100% (Steirs et al., 2001). Despite wide recognition of these impairments, a clear

picture of their selectivity or profile has yet to emerge, perhaps due to methodological

shortcomings of prior studies. For example, oftentimes the measures employed are not well

characterized, confound performance with motor demands, or combine scores across diverse

subtests. Moreover, several studies have failed to include control groups to anchor

expectations. The limited existing data that speak to the relative compromise of specific visual

cognitive functions will be briefly reviewed below, as well as in the subsequent section.

Pueyo and colleagues (2003) compared 13 adults with BSCP to 6 adults with

dyskinetic cerebral palsy and 11 adults with mixed cerebral palsy across an extensive battery

of neuropsychological tests. With regard to visual cognitive functions, they demonstrated

poorer performance in BSCP than dyskinetic CP on Benton’s Judgment of Line Orientation

test, while no differences between BSCP and other forms of CP were found on Benton’s Face

Recognition test. Interpretation of these findings in complicated by the differing proportions of

term and preterm-born adults across the groups (i.e., 38% preterm in the BSCP group vs.16%

in the dyskinetic group and 18% in the mixed group). Furthermore, because no mention was

made of how CP participants performed relative to normative expectations, it is unclear

whether the noted difference in Judgment of Line Orientation reflects below average

performance in the BSCP group and/or above average performance in the dyskinetic group,

though results from a later study by this group support the former interpretation. Pueyo et al.

(2009) described the frequency of clinically significant impairment (defined as performance

below the 10th percentile) in 14 adults with BSCP across a variety of measures. They reported

that all participants demonstrated impairment on Benton’s Judgment of Line Orientation test,

while 79% were impaired on Benton’s Face Recognition test. Their sample again included

both preterm and term-born adults, though the relative proportions were not reported.
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A study by Pirila et al. (2004) characterized performance on the NEPSY of 15

children with BSCP and PVL on neonatal ultrasound, 14 born preterm and 1 born full term.

They concluded that relative to published normative data, deficits in BSCP were most

prominent on subtests requiring design construction and route tracing (with all 15 participants

earning scores below the 16th percentile), followed by judgment of line orientation and design

copy (13 and 12 participants <16th percentile, respectively). Perhaps the most comprehensive

examination of visual cognitive functioning in BSCP to date is a recent study by Fazzi and

colleagues (2009). They examined 22 preterm-born children with BSCP and MRI evidence of

PVL, using tests of perceptual closure, object recognition under atypical viewing conditions,

letter recognition, design copy, memory for faces, memory for locations, and judgment of real

vs. imaginal objects. Impairments were most common on real vs. imaginal object judgment,

and object recognition under atypical viewing conditions, followed by design copy and

memory for locations.

Dorsal vs. ventral stream functioning

As reviewed in Chapter 1, effective performance of visual cognitive tasks requires the

coordinated operation of multiple brain regions, both within and across the hierarchically-

organized dorsal and ventral processing streams. It is therefore not surprising that individuals

with BSCP, in whom damage to PV white matter disrupts the fiber tracts interconnecting

distributed brain regions, show deficits on measures of visual cognitive functioning. Deficits

on dorsal stream tasks are expected to be most pronounced, given that parietal and occipital

white matter in peritrigonal regions is commonly affected. Although results from select

behavioral studies lend support to this prediction, the literature as a whole remains equivocal.

Results from two studies examining performance on tasks with a visuomotor

component, relative to tasks that are more purely perceptual, have been interpreted as evidence
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of greater dorsal stream compromise (Fazzi et al., 2004; Pagliano et al., 2007). In the first of

these studies, Fazzi and colleagues (2004) evaluated 20 prematurely born children with BSCP

and PVL findings on MRI. They report that 85% of their sample performed below the 9th

percentile across visuomotor tasks, and that 35% performed below this impairment cutoff

across visuoperceptual tasks. A second study by this group examined 24 children with BSCP

and findings of PVL on MRI, 15 born preterm and 9 born full term, and found below average

visuomotor and visuoperceptual abilities in the preterm children, with disproportionate

impairment of visuomotor abilities (Pagliano et al., 2007). In contrast, term-born children

demonstrated normal and comparable performance across the two sets of measures. These

findings not only hint at possible differences between the two visual streams, but also

highlight a potential relationship between gestational age at birth and degree of impairment on

visual cognitive tasks.

While the above findings are consistent with a model of greater dorsal than ventral

stream compromise in BSCP, a comprehensive and critical review of the extant literature

yields less compelling evidence. For one, it is important to account for the contribution of the

motor deficits that define BSCP when considering the relative compromise of visuomotor

skills. Impairment on measures that require speeded performance and fine-motor coordination

is expected, and therefore may not be an appropriate indication of the functioning of dorsal

stream regions. Furthermore, the results reviewed in the previous section by no means provide

a clear picture of greater dorsal stream compromise. They suggest below average performance

on tasks believed to differentially tap both the dorsal stream (e.g., line orientation, design copy

and construction, route tracing, memory for locations) and the ventral stream (e.g., face and

object recognition), but do not convincingly point toward differential impairment of either

stream.
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PV white matter anomalies, prematurity, and BSCP

As discussed above, alterations of PV white matter are the hallmark feature of BSCP

on structural imaging. Although they are more common in preterm infants, they are also

observed in term-born infants later diagnosed with BSCP, and are believed to reflect a similar

timing of insult in both cases (i.e. early-to-mid third trimester). PV white matter abnormalities

are certainly not specific to BSCP, however; they are also a characteristic finding in

prematurely born infants who do not manifest subsequent cognitive or motor sequelae

(Woodward et al., 2006). In fact, greater than 50% of infants born with a very low birth weight

show evidence of PVL and associated anomalies on imaging (Volpe et al., 2009).

The highly overlapping dimensions of PV white matter anomaly, prematurity, and

BSCP have given rise to varying approaches in the literature to defining participant

inclusion/exclusion criteria. For instance, some researchers consider the diagnosis of BSCP to

be of primary importance and will therefore include, and potentially collapse data across,

preterm and term born participants. Other researchers consider BSCP to be at the severe end

of a spectrum of outcomes from PV white matter injury, and will therefore include any

participants with evidence of PV compromise. Still others will limit study to only a subset of

individuals across these three dimensions (e.g., prematurely born individuals with BSCP and

evidence of PV compromise). This variability across samples may in part explain the current

lack of clarity and consensus with regard to the nature of visual cognitive deficits in BSCP. In

particular, samples comprised primarily or exclusively of preterm born infants may be more

likely to find results consistent with greater dysfunction of the dorsal than ventral stream. This

prediction is supported by the pattern of results described by Pagliano and colleagues (2007),

wherein preterm but not term born participants demonstrated disproportionate impairment of

dorsally-mediated functions. Furthermore, research on prematurely born children without
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cerebral palsy suggests that prematurity itself, in the absence of BSCP, may confer risk for

dorsal stream dysfunction (e.g., Jakobson et al., 2006; Atkinson & Braddick, 2007).

The effect of lower-level visual dysfunction

Individuals with BSCP frequently experience poor visual acuity, ophthalmologic

abnormalities such as strabismus, nystagmus, and refractive errors, and oculomotor

irregularities (Menkes & Sarnat, 2000; Guzzetta et al., 2001; Fedrizzi et al., 1998; Stiers et al.,

2002). These abnormalities could certainly contribute to the visual cognitive difficulties

reviewed previously. In fact, in some of the earliest descriptions of visual cognitive

functioning in BSCP, performance deficits were considered largely attributable to lower-level

visual dysfunction (e.g., Abercrombie et al., 1964). More recently, however, a handful of

studies have demonstrated that the degree of visual cognitive deficit cannot be adequately

accounted for by lower-level variables. For example, some authors have shown that the

severity of visual cognitive deficits is not correlated with the severity of lower-level

impairments (Stiers et al., 2002; Koeda et al., 1997), while others have demonstrated that

subgroups of patients with and without lower-level impairments do not differ with respect to

visual cognitive functioning (Jacobson et al., 1996). A study comparing children with BSCP to

those with lower-level visual dysfunction found that only the children with BSCP displayed

evidence of higher-order visual cognitive difficulties (Nishi et al., 1991, as summarized in

Koeda et al., 1992). Taken together, these results suggest that the visual cognitive deficits in

BSCP exist above and beyond more basic visual disturbances.

Functional neuroimaging

Since the early 1990s, there has been a clear interest in identifying the neural

substrates of motor and cognitive dysfunction in BSCP, as evidenced by the large number of
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studies correlating motor and cognitive variables to indices of neuroanatomical abnormality

from MRI. In light of this interest, it is surprising that there have been so few attempts to more

directly assess structure-to-function mapping using functional neuroimaging techniques.

While structural imaging findings may help explain observed motor and cognitive deficits, and

establishing such relationships has clear prognostic value, functional techniques can uncover

the potentially unique ways in which behavior may be mediated following early injury. They

do not require a priori expectations about structure-function correspondences, which may not

be particularly accurate in the wake of early brain injury, and afford exploration of regions of

both impaired and intact functioning in BSCP, knowledge that may shed light on potential

avenues for rehabilitation.

To our knowledge, functional neuroimaging research in BSCP has thus far been

limited to one PET study, one SPECT study, and two FMRI studies. Kerigan et al. (1991) used

PET to document focal areas of hypometabolism in BSCP in the absence of structural

abnormality, suggesting that effects on glucose metabolism extend beyond regions of

anatomic involvement. Though regions of hypometabolism varied widely across subjects,

parieto-occipital regions were most consistently implicated. The primary finding from Lee and

colleagues’ (1997) SPECT study was that of pervasive thalamic hypoperfusion, apparent in all

but one subject. The next most common site of hypoperfusion was the temporal lobe, followed

by the cerebellum and basal ganglia.  The only published FMRI studies to date have evaluated

hand somatosensory cortex reorganization following selective dorsal rhizotomy (Ojemann et

al., 2004), and BOLD changes associated with acupuncture (Wu et al., 2008). Ojemann et al.

(2004) reported a generally normal pattern of somatosensory cortex activation across the three

children in their study, both before and after selective dorsal rhizotomy. The study by Wu et

al. (2008) did not directly compare control and BSCP patterns of activation accompanying
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acupuncture stimulation, though reported numerous regional differences on the basis of

within-group comparisons. 

In summary, although visual cognitive difficulties in BSCP are well-documented, and

exist above and beyond lower-level visual disturbances, a clear profile of affected and

potentially spared abilities has yet to emerge. The characteristic distribution of white matter

injury predicts that dorsal stream functions may be disproportionately affected, though

behavioral data in support of this prediction is limited. No studies to date have conducted

systematic comparisons of dorsal and ventral stream mediated functions, nor have functional

neuroimaging methods been used to explore the neural underpinnings of visual cognitive

functions in BSCP.
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CHAPTER 3: Introduction to the current studies

The current studies address critical gaps in existing knowledge of dorsal and ventral

stream development. They seek to better characterize normal developmental change in the

functioning and organization of the two pathways, as well as the potential for plastic

reorganization of visual cognitive functions in BSCP. This section reviews background

relevant to the particular tasks under study, introduces critical aspects of study design, and

presents specific hypotheses.

Tasks for assessing the dorsal and ventral streams

The current studies utilize face matching and location working memory paradigms to

examine ventral and dorsal stream functioning, respectively. We chose to operationalize

ventral and dorsal stream functions according to Ungerleider and Miskin’s (1982) “what vs.

where” framework so as to minimize visuomotor requirements and ensure comparability of

the two tasks across several important dimensions. Specifically, to control for undesirable

confounds, the two experimental tasks were developed to be of similar difficulty in adults, and

include identical stimuli, trial timing, motor and oculomotor requirements, and response-

decision mapping. They differ only with regard to the particular features to which participants

are instructed to attend; that is, either the identity of the presented faces or their locations on

the screen. Such comparability facilitates direct comparisons across the tasks, rendering them

well suited to examine possible dissociations between dorsal and ventral stream processing in

typical and atypical development. Similar tasks have been previously used to assess ventral

and dorsal stream functioning in adults (e.g., Courtney, Ungerleider, Keil, & Haxby, 1996;

Haxby et al., 1993).
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Face processing

Early indication of the critical role of ventral stream regions in face processing came

from descriptions of patients with prosopagnosia. Prosopagnosia, a form of visual agnosia

characterized by an inability to recognize faces despite normal recognition of other objects, is

often associated with lesions involving the fusiform and lingual gyri or their interconnections

(Damasio, Damasio, & Van Hoesen, 1982; Landis, Regard, Bliestle, & Kleihues, 1988).

Electrophysiological studies have since revealed face-selective clusters of neurons in monkey

inferotemporal cortex (see Desimone, 1991), and human neuroimaging studies have

demonstrated that face processing elicits unique occipitotemporal ERP (N170) and MEG

(M170) signatures, and produces greater response in certain VOT regions than processing of

other objects (see Kanwisher & Yovel, 2006). Such converging findings clearly establish that

ventral stream regions contribute to face processing, and that certain regions respond

preferentially to faces over other complex visual stimuli.

Developmental studies suggest that while some degree of ventral stream specialization

for faces is present quite early in life [e.g., characteristic N170 morphology, (de Haan,

Humphreys, & Johnson, 2002); right hemisphere bias, (de Haan & Nelson, 1997)], adult-like

specialization is not fully achieved until late childhood or early adolescence (Gathers et al.,

2004; Golarai et al., 2007; Passarotti et al., 2003; Scherf et al., 2007; Taylor, Batty, & Itier,

2004). Three distinct explanations for this process of developing specialization have been

offered. The maturational model posits that cortical regions dedicated to face processing come

on-line in an experience-independent manner; that is, that an innate, pre-specified face-

processing module becomes functional during the course of development (e.g., Farah,

Rabinowitz, Quinn, & Liu, 2000). The expertise perspective proposes that functional

specialization emerges during development as experience with faces is accumulated,
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hypothesizing experience-dependent recruitment and refinement of initially domain-general

mechanisms (Gauthier, 2006; Gauthier & Nelson, 2001). The third account contends that

specialization arises from experience-expectant influences on a rudimentary pre-specified

mechanism (de Haan et al., 2002; Johnson, 2006; Johnson & Morton, 1991). This ‘interactive

specialization’ model predicts that developmental changes in face-processing ability will be

associated with neurofunctional changes across several brain regions, including alterations in

interregional connectivity (Johnson, 2006; Johnson et al., 2001).

Location processing

According to Ungerleider and Mishkin’s (1982) characterization of the two cortical

visual pathways, dorsal stream regions underlie the ability to localize an object in space. Initial

support for this proposal came largely from monkey lesion studies demonstrating visuospatial

disorientation and disruption of landmark discrimination following posterior parietal ablation.

Neuroimaging research has largely confirmed this position, suggesting that bilateral posterior

parietal areas, spanning superior and inferior parietal cortex and precuneus, play an important

role in location processing (Courtney et al., 1996; Haxby et al., 1993; Smith et al., 1995;

Ungerleider & Haxby, 1994). The majority of these imaging studies have utilized spatial

working memory paradigms, and thus report significant activation of dorsal prefrontal regions

as well.

Children and adolescents have also been shown to engage bilateral posterior parietal

and dorsal prefrontal regions during spatial working memory performance, though response in

these regions is not fully adult-like (Klingberg et al., 2002; Kwon et al., 2002; Nelson et al.,

2000; Schweinsburg et al., 2005; Thomas et al., 1999; Thomason et al., 2008). Specifically,

age-related increases in the magnitude of response in frontal and parietal regions, as well as a

developmental shift in the symmetry of parietal response have been reported. Although both
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children and adults show significant bilateral posterior parietal activation, adults display a

rightward asymmetry of activation whereas children display more symmetrical response in left

and right hemisphere regions (Passarotti et al., 2003). Thus, while there does not appear to be

a large-scale change in the regions recruited for location processing during development, there

may be appreciable modification of both the distribution and intensity of response from

childhood to adulthood.

Case studies: An ideographic approach to examining the effects early injury in BSCP

Although the lesions associated with BSCP are considered static, development is by

definition a dynamic process. In the case of early brain injury, damage is sustained at time

when much of neurodevelopment has yet to occur. Key facets of brain development continue

for many years postnatally, and are heavily influenced by input from and interaction with the

environment (Stiles, 2008). Little in neurodevelopment is predetermined. Thus, rather than

simply derailing the normal course of development at a single point in time, early neurological

insult affects the ongoing process of development itself. Accordingly, an individual’s response

to early brain injury is highly distinctive, dependant not only on the nature of the injury, but

also on the individual’s unique developmental trajectory from that point forward (Karmiloff-

Smith, 1998).

Given the individualized nature of response to early brain injury, variability in

patterns of neurofunctional reorganization is of fundamental interest. General predictions

about profiles of performance and relative dorsal vs. ventral stream dysfunction can be made,

but there is no single expected pattern of cognitive compromise or neurofunctional

reorganization in children with BSCP. The current studies endeavor to describe the many

possible alternative patterns of brain organization, and thus explore hypotheses on an

individual subject (i.e., case study) basis.
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Prior to evaluating data from individual BSCP subjects (Chapter 5), we will first

examine normal developmental change in performance and neurofunctional patterns

associated with our face and location working memory tasks (Chapter 4). In light of the wide

age range of our BSCP participants (7-19 years), our approach was to anchor expectations at

the lower end through inclusion of control children within a narrow age range (8-10 years),

across which we would not expect dramatic developmental change, and at the upper end

through inclusion of control adults (18-29 years), presumably representing the maturational

endpoint on our tasks.

Hypotheses

On the basis of research reviewed in preceding sections, we predicted that Study 1

would reveal ongoing development of both the dorsal and visual streams from 8-10 years of

age through adulthood, apparent at both the behavioral and neurofunctional levels. Given the

weight of prior evidence in support of a relative lag in dorsal stream maturation, we expected

particular difficulty with location working memory and associated immaturity of dorsal stream

BOLD response. Task-specific hypotheses included the following:

1. During the Location task, children and adults are predicted to recruit largely similar

regions for task performance, with children showing weaker response in bilateral

dorsolateral prefrontal (superior and middle frontal gyri) and posterior parietal cortex

(superior and inferior parietal cortex and precuneus).

2. During the Face task, children are hypothesized to engage a greater variety of VOT

regions, and show less extensive and lower magnitude activation within face specific

regions (identified by the Localizer task).   
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Study 2 is admittedly more exploratory, as it represents the first FMRI study of

cognitive functioning in BSCP. Broad questions of interest concerned the degree of residual

functioning in regions of injury and the capacity for functional reorganization. Specific

hypotheses included:

1. Some degree of dysfunction relative to typically developing children is expected for

both the dorsal and ventral visual pathways, given documented deficits in a wide

range of visual cognitive skills in BSCP. Appreciable differences at both the

behavioral and neurofunctional level are anticipated.

2. Based on the predominantly occipitoparietal distribution of white matter lesions in

BSCP, as well as recent evidence of compromised integrity of the superior

longitudinal fasciculus in this population, children with BSCP are predicted to

perform more poorly and display more aberrant neurofunctional patterns on the

Location task.

3. BSCP children who were born preterm are expected to show greater visual cognitive

impairment and more atypical patterns of FMRI activation than BSCP children who

were born full term.
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CHAPTER 4: Increasing involvement of frontal and parietal brain regions characterizes

development of both dorsal and ventral stream functions.

INTRODUCTION

This chapter presents the behavioral and FMRI activation data from our child and

adult control groups. It aims to thoroughly describe the typical developmental course of

performance improvements on the Face and Location tasks, and the neurofunctional changes

that accompany such improvements. This detailed characterization will provide the backdrop

against which to evaluate the relative compromise of dorsal and ventral stream functions in

children and adolescents with BSCP.

As reviewed in Chapter 1, considerable research has shown that visual object and

spatial processing depend on relatively distinct neural systems, with ventral occipitotemporal

(VOT) regions mediating processing of object identity and dorsal occipitoparietal regions

mediating processing of spatial location. By directly contrasting activation during object

identity and location processing, FMRI and PET studies in adults using paradigms quite

similar to our own have supported this view of the relative functional specialization of these

two visual pathways (e.g., Courtney et al., 1996; Haxby et al., 1993; Sala et al., 2003; Shen et

al., 1999). Relative to location processing, identity processing is more reliant on regions of the

ventral stream, including posterior and middle fusiform gyri, lingual gyri, and inferior

occipital gyri; relative to identity processing, location processing more heavily engages region

of the dorsal stream such as superior occipital gyri, superior and inferior parietal cortex, and

intraparietal sulcus. This coarse anatomical segregation is believed to extend through regions

of prefrontal cortex, with superior frontal regions dedicated to working memory maintenance

of spatial information, and more lateral portions of DLPFC including middle and inferior



28

frontal gyri dedicated to maintenance of object identity (for review, see Levy & Goldman-

Rakic, 2000).

Despite the wealth of research supporting this dual-stream model of visual processing

in adults, knowledge of how such specialization develops is quite limited. Few developmental

studies have concurrently assessed ventral and dorsal stream functions, and even fewer have

used neuroimaging methods to assess claims regarding supposed neural substrates. Findings

from the behavioral literature suggest that the dorsal stream may lag behind the ventral stream

in reaching maturity, which could have important implications for the relative plasticity of

these pathways and their capacity to reorganize following early brain injury (Neville &

Bavelier, 2002; Stevens & Neville, 2006). Available imaging evidence, largely from studies of

either stream in isolation, suggests that although both streams exhibit early markers of

functional specialization, refinement to adult-like levels continues throughout childhood (see

Chapter 1 for comprehensive review). The current study aims to shed further light on the

typical developmental course of ventral and dorsal stream functions through examining the

neural underpinnings of working memory for faces and locations in school-age children and

adults.

METHODS

Participants

Twenty-seven typically developing 8-10 year-old children and 16 young adults

participated in the current study. All participants were right handed, with no reported history

of major medical illness, head trauma, substance abuse, neurological, or psychiatric disorder.

Data from twelve children and one adult were excluded from analysis due to either excessive

head motion during scanning or incomplete sessions (e.g., some children were unable to
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tolerate the full FMRI protocol), yielding a final sample of fifteen children (mean age of 9.6; 9

female, 6 male) and fifteen adults (mean age=23.5; 10 female, 5 male).

Procedure and Design

All participants and, when appropriate, their parents or legal guardians provided

informed written consent for the study. Child participants provided written assent. Testing

sessions were approximately two and a half hours in duration, and included 1) performance of

the Face and Location tasks outside of the scanner to introduce task requirements and collect

baseline data on speed and accuracy of performance, 2) orientation to the scanning process,

and 3) performance of Face and Location tasks, followed by ventral stream localizer and

resting-state runs (described below), during FMRI data collection.

Behavioral task design

This section describes the Face and Location tasks that participants performed on

laptop computers prior to scanning. Stimuli were grayscale photographs of male faces with

neutral expressions obtained from the University of Essex face database

http://www.essex.ac.uk/mv/allfaces/index.html). The faces were presented against a uniform

gray background in one of twelve possible positions (4x3 grid). Each trial consisted of three

photographs, two targets and one probe, presented in succession. During the Face task,

participants were asked to compare target and probe face stimuli and determine whether the

probe face matched either of the previously presented target faces with regard to identity.

During the Location task, participants indicated whether the spatial location of the probe face

matched that of either target face. Each task was associated with a distinct warning cue,

displayed to alert participants of the upcoming trials. Prior to face trials, a green smiley face

was presented; prior to location trials, a red pound sign was presented. Both tasks contained 48
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trials (eight blocks of six trials each), 24 matching (12 matching the first target and the 12

matching the second) and 24 non-matching. Trials were 6.25 seconds in duration, structured as

follows: 500ms fixation, 1000ms inter-stimulus interval (ISI), 500ms face1, 250ms ISI, 500ms

face2, 500ms ISI, 2500ms face3, 500ms inter-trial interval (ITI). Participants indicated their

response via a button press on a two-button mouse, and were provided feedback (a computer-

generated beep) for incorrect answers. The order of the two tasks was counterbalanced across

participants.

A pilot behavioral study was conducted to equate the difficulty of the Face and

Location tasks described above (Paul et al., in preparation). Initially, the tasks were designed

to be of comparable difficulty for adults. Subsequent testing of typically developing children

revealed that while performance on both tasks improved with age, performance on the two

tasks did not differ at any age tested (6-12 years).

FMRI task design

Following behavioral testing and acclimation to the scanning environment,

participants completed similar Face and Location tasks during FMRI data collection. The

FMRI version of both tasks contained two additional trial types: fixation baseline (during

which no response was required) and scrambled baseline (during which three scrambled

images were presented in succession and participants were instructed to press both response

buttons upon presentation of the third image). Fixation stimuli consisted of a plus sign

presented in the center of the screen. Scrambled stimuli were abstract images constructed by

dividing face images into 8x8 pixel grids and randomly reordering the 64 resulting pixels. A

handprint warning cue was presented prior to scrambled trials. Participants completed two

runs of each task, which began with 30 seconds of fixation, followed by three cycles of task (6

trials), scrambled (4 trials), and fixation (16 seconds) blocks. Each trial was 8 seconds in



31

duration, structured as follows: 500ms fixation, 1000ms ISI, 500ms face1, 250ms ISI, 500ms

face2, 1650ms ISI, 3000ms face3, 600ms inter-trial interval. Figure 1 illustrates the warning

cues presented prior to Face, Location, and Scrambled blocks, along with the sequence of

events for each trial type.

Following completion of Face and Location tasks, subject completed two runs of a

conventional localizer task designed to identify face-selective regions of VOT cortex. The

Localizer task contained alternating blocks of face, watch, assorted object, and scrambled

stimuli (two blocks of each stimulus type per run), interleaved with 20-second periods of

fixation. Each block presented 20 trials, one per second, with stimuli presented for 300ms

followed by a 700ms fixation interval. Subjects were instructed to respond whenever they saw

an image with a white border, which occurred twice per run. Finally, a three-minute baseline

resting-state scan was acquired, during which subjects were instructed to fixate on a centrally

presented plus sign.

Image acquisition

Images were acquired on a 3.0-tesla General Electric Signa EXCITE system using an

8-channel head coil. Subjects wore earplugs and headphones to attenuate scanner noise, and

were secured with foam padding and Velcro straps to limit head motion and ensure body

stabilization. Stimuli were rear-projected onto a screen located at the foot of the scanner bed,

and were viewed through a mirror attached to the head coil. Participants indicated their

responses via a two-button response device.

During the four Face and Location runs, 162 whole-brain T2*-weighted axial images

were acquired using a single-shot gradient-recalled echo-planar imaging sequence with blood

oxygenation level-dependent (BOLD) contrast (31 contiguous slices, 4mm slab, TR=2000ms,

TE=36ms, flip angle=90˚, FOV=240mm, matrix=64x64, in-plane resolution = 3.75mm2).
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During localizer runs, 164 whole-brain images were acquired, with otherwise identical

parameters. The resting-state run contained 90 acquisitions. Two parallel imaging high-

resolution Fast SPGR scans were acquired for anatomical localization and overlay of

statistical maps (sagittal acquisition, acquisition matrix=256x256, flip angle=12˚, 166 slices,

FOV=256mm, slice thickness=1.2mm). Two 2D FLASH sequences were acquired to estimate

magnetic field maps and correct for potential geometric distortions.

Behavioral analyses

For all participants, sensitivity to stimulus differences and speed of response were

computed for each task. Sensitivity, computed using d’, measures participants’ ability to

discriminate between stimuli according to task-relevant attributes (i.e., facial identity or spatial

location), and is not affected by bias toward a particular response (such as a tendency to

indicate that stimuli match). In calculating d’, extreme values of hit and false alarm

proportions were replaced using the “1/2N rule” (MacMillan & Kaplan, 1985). Speed of

response was determined by the median reaction time (RT) of correct responses, excluding

trials for which reaction time fell beyond 3 standard deviations from the subject’s mean.

To compare the child and adult groups on each performance metric, two-way analyses

of variance (ANOVA) were conducted with group as a between-subjects factor and task as a

within-subjects factor. Follow-up tests of simple effects were performed via independent or

paired-samples t-tests, as appropriate, within the context of the overall ANOVA (i.e., using

SPSS’s “Compare” syntax).

FMRI analyses

All imaging analyses were performed with Analysis of Functional NeuroImages

(AFNI) software.
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Quality Assurance

For each subject, the initial stage of data processing involved a quality assurance

routine to visually evaluate the alignment of functional and anatomical volumes, potential

image artifacts, and within-run movement. For each functional run, time points with

appreciable head motion were noted and this information was used to guide selection of the

base image for motion correction. Data were re-inspected following motion correction, and

time points that remained problematic were later censored from individual statistical analyses

(which essentially removes motion-affected volumes from the dataset during model

estimation, while preserving temporal continuity). Subjects for whom large portions of data

were affected by motion, as determined by visual inspection of video loops before and after

correction along with graphs characterizing movement across time, were excluded from

subsequent analyses.

Preprocessing and individual statistical analyses

Data preprocessing steps included motion correction using a six-parameter, rigid

body, least-squares alignment procedure (AFNI’s 3dVolreg), spatial smoothing to an 8mm full

width at half maximum Gaussian kernel (3dBlurToFWHM), automated normalization of

anatomical and functional volumes to Talairach space and re-sampling of functional data to

3mm isotropic voxels (@auto_tlrc), and scaling of functional dataset values to percent signal

change.

Data from individual participants was analyzed with multiple linear regression, using

general least squares estimation to account for temporal autocorrelations in the FMRI

timeseries (3dREMLfit). The multiple regression model contained the six realignment

parameters generated during motion correction, three parameters representing the global mean
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and linear and quadratic signal drift across time, and two stimulus parameters [representing

task (either Face or Location) and Scrambled blocks, convolved with a gamma variate model

of the hemodynamic response function]. The first three acquisitions of each run were

discarded to allow time to achieve steady-state magnetization. As described above, individual

time points considered problematic due to residual motion artifact were nullified during model

estimation.

Group activation analyses

Regression coefficients from individual statistical analyses, representing percent

signal change for a given condition relative to baseline, were combined via AFNI’s

3dANOVA programs to evaluate within-group and between-group effects of interest (Face-

Scrambled, Location-Scrambled, and Face-Location). The Scrambled condition serves a

sensorimotor control task, and thus subtracting Scrambled activation from task activation

should isolate higher-order task demands such as object or spatial discrimination and working

memory, while removing effects of visual stimulation and motor responding. Directly

contrasting the Face and Location conditions should reveal regions preferentially engaged

during processing and maintenance of identity (Face>Location) and spatial information

(Face<Location). All statistical maps were corrected for multiple comparisons using voxel-

cluster Monte-Carlo-type alpha simulations (Forman et al., 1995), resulting in a corrected

significance level of �=0.05.

To compare child and adult group activation patterns, we first created union masks of

within-group activation for each contrast of interest at a liberal statistical threshold [pvoxel�.01,

vmul≥225mm3 (four voxels in original dimensions)]. Between-group analyses were then

restricted to areas contained within these masks to focus investigation on regions engaged by

either or both groups during task performance. The use of such a mask should also limit the
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influence of control>task effects on between-group results, thereby clarifying interpretation of

between-group differences.

FFA analyses

Functional localizer runs were included in our FMRI protocol to facilitate

identification of face-specific cortical regions at the individual subject level. The use of

localizers is common practice in studies of ventral stream organization, and allows regions to

be defined in an independent dataset prior to examining their response profiles in the dataset

of interest (Saxe et al, 2006; Berman et al., 2010; but see also Friston et al, 2006). We were

particularly interested in whether the fusiform face area (FFA), a face-selective region in the

middle fusiform gyrus, would show differential response during performance of the Face and

Location tasks. Right and left FFAs were defined for each subject as the fusiform gyrus

regions showing maximum response for the contrast of Localizer Face vs. Localizer Nonface

stimuli (i.e., Objects+Watches+Scrambled). These regions were identified for each subject by

searching within atlas-defined masks of Brodmann’s area 37 of the fusiform gyrus, edited as

appropriate to reflect each subject’s unique anatomy. Within these masks, clusters of at least

two voxels surviving a intensity threshold of p�.005 were included in subsequent analyses.

RESULTS

Behavioral performance

Behavioral data collected from the pre-scanning testing session and during image

acquisition are presented in Table 1. Response accuracy (d’) and latency (RT) were evaluated

with separate 2 x 2 ANOVAs of group (child, adult) x task (Face, Location).

Pre-scanning training
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Analysis of pre-scanning data showed a significant main effect of group on d’ [F (1,

28) = 19.3, p<.001], with adults outperforming children across tasks. The main effect of task

was also significant [F (1, 28) = 5.3, p < .05], with more accurate performance on the Face

task than on the Location task across participants. Response time analyses revealed a

significant main effect of group [F (1, 28) = 57.1, p<.001], with adults responding more

quickly than children across tasks. To further characterize performance patterns, simple effects

were evaluated at a Bonferroni corrected alpha value of .025. Results revealed that adults

performed faster and more accurately than children on both tasks (all ps<.005), and that

performance did not differ by task for either group.

During FMRI acquisition

Due to an error during acquisition, response data from the imaging session were not

available for two children. The following results represent comparison of the remaining 13

child participants and 15 adult participants. Results of analyses of d’ and RT data from the

imaging session mirrored findings from the pre-scanning testing session; adults performed

more accurately than children across tasks [F (1, 26) = 33.5, p<.001], accuracy was greater on

the Face task than on the Location task across participants [F (1, 26) = 16.0, p<.001], and

response latencies were shorter for adults than for children [F (1, 26) = 62.9, p<.001].

Bonferroni-corrected simple effects tests revealed that adults performed more accurately and

were faster than children on both tasks (all ps<.005), and that children but not adults

performed more accurately on the Face task than on the Location task (p<.001).

FMRI activation

Whole brain voxel-wise analyses
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For each group, areas demonstrating significantly greater activation during

performance of the Face and Location tasks, relative to the control condition (the Scrambled

task), are shown in Figure 2 (yellow-red color scale), and will described at length below.

Regions of deactivation (i.e., greater response in control than Face or Location conditions, in

blue in Figure 2) will not be further discussed. Table 2 lists regions of significant activation

and their centers of mass in Talairach coordinates for all comparisons described below.

Adults

In adults, the two tasks elicited response in a largely overlapping set of regions,

including extensive portions of ventral occipitotemporal cortex (encompassing bilateral

fusiform, inferior occipital, and middle occipital gyri), posterior parietal cortex (encompassing

bilateral superior and inferior parietal lobules), and dorsolateral prefrontal cortex

(encompassing bilateral middle and inferior frontal gyri), as well as medial cerebellum and the

anterior aspect of medial supplementary motor area [i.e., supplementary eye fields (SEF)]. The

Face task, but not the Location task, engaged bilateral calcarine gyrus. Activations unique to

the Location task were seen in bilateral posterior superior and middle frontal gyri (i.e., frontal

eye fields), bilateral anterior inferior parietal lobule, and right thalamus.

Direct comparison of the two tasks in adults revealed significantly greater response

during the Location task in bilateral superior frontal gyri (frontal eye fields), inferior and

superior parietal lobules and precuneus, and right inferior frontal gyrus. No regions

demonstrated greater response during performance of the Face task.

Children

Applying the same thresholds as were used in the adult group analysis, children

appeared to engage a more limited set of brain regions for performance of both tasks

(pvoxel�.005, cluster volume≥999mm3; middle panel of Figure 2). However, examination of the

child group data at a more liberal statistical threshold (pvoxel�.025, cluster volume≥999mm3;
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lower panel of Figure 2), revealed patterns of regional activation quite similar to those seen in

adults. Results of both analyses will be presented below, and factors contributing to global

between-group differences in BOLD response will be explored through a series of follow-up

analyses.

At thresholds identical to those used for adults, activation common to the two tasks

was limited to the right fusiform gyrus. Task-specific activation was seen in left fusiform and

bilateral inferior occipital gyri for the Face task, and in right superior parietal lobule and

precuneus for the Location task. At lower thresholds, children demonstrated more extensive

VOT activation for the Face task (encompassing bilateral fusiform, inferior occipital, and

lingual gyri), as well as bilateral DLPFC (inferior and middle frontal gyri), bilateral posterior

parietal cortex (intraparietal sulcus/superior parietal cortex), and medial SMA/SEF. For the

Location task, lower threshold analyses revealed response in bilateral VOT cortex (fusiform,

inferior occipital, lingual, and inferior temporal gyri), right middle through superior occipital

gyri, right inferior frontal gyrus, and bilateral posterior parietal cortex [precuneus, superior

parietal cortex, intraparietal sulcus (right hemisphere only)].

At thresholds identical to those used for adults, direct comparison of task conditions

did not yield any regions showing differential response across the two tasks. At more liberal

thresholds, Location>Face response was detected in right superior and inferior parietal cortex,

right superior and inferior frontal gyri, and right middle through superior occipital gyrus.

Face>Location response was seen in bilateral lingual and calcarine gyri, right inferior occipital

gyrus, and left inferior frontal gyrus.

Adults vs. Children

As described in the Methods section, between-group analyses of task (Face, Location)

vs. control (Scrambled) contrasts were restricted to areas showing task>control response in

within-group comparisons at a liberal statistical threshold. Constraining the analyses in this
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way allowed us to narrow our focus to regions with demonstrated importance for task

performance in either or both groups, while limiting the influence of potential group

differences in deactivation. For the direct contrast of the two task conditions, analyses were

constrained to regions demonstrating significant differences between the two tasks for either

or both groups.

For each contrast of interest, all significant between-group differences were in the

Adult>Child direction; that is, no regions were identified that showed greater response for the

child group. During performance of the Face task relative to the control condition, adults

showed greater response than children in bilateral intraparietal sulcus, right inferior frontal

gyrus, right middle frontal gyrus, and left inferior through middle occipital gyrus (see Figure

3, upper panel). For the Location task relative to the control condition, adults showed greater

recruitment of bilateral anterior inferior parietal cortex, right middle through superior frontal

gyrus, right inferior frontal gyrus, and right anterior middle frontal gyrus (see Figure 3, lower

panel). Direct comparison of the two tasks revealed greater Location>Face response for adults

in left anterior inferior frontal gyrus, right middle through superior frontal gyrus, and left

intraparietal sulcus.

FFA ROI analyses

The pattern of results presented above, with notable between-group differences in

regions of the posterior parietal lobes, suggests that portions of the dorsal stream have not

reached adult-like functionality by 8-10 years of age. By comparison, the relative absence of

between-group differences in ventral regions appears to support claims of earlier ventral

stream maturation. To explore whether ventral stream functioning was fully adult-like in our

sample of children, we more closely examined the response properties of the FFA, a section of

the middle fusiform gyrus widely implicated in face processing.
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Right FFAs were identified in 14/15 adults and 13/15 children, and left FFAs were

identified in 13/15 adults and 11/15 children. Percent signal change across voxels in the right

and left FFAs was evaluated with separate 2 x 2 x 2 ANOVAs of group (child, adult) x task

(Face, Location) x condition (active task, control). In the right FFA analysis, only the main

effect of condition was significant [active>control, F (1,25) = 165.6, p<.001]. In the left FFA

analysis, both the condition main effect (active>control) and the condition x task interaction

were significant [F(1, 22) = 74.6, p<.001 and F(1,22) = 9.0 p=.007, respectively]. Bonferroni-

corrected paired-samples t-tests revealed that this significant interaction was driven by a trend

toward greater response in the Location control than Face control condition (p=.05), with no

difference in response between Face and Location task conditions. Thus, for both right and left

FFAs, children and adults neither differed in overall responsiveness, nor showed differing

profiles of activation across task conditions. The somewhat surprising finding of similar FFA

response across Face and Location matching conditions suggests that regardless of whether it

is central to task performance, face processing occurs in a more-or-less obligatory manner.

  In addition to examining FFA sresponse magnitude and profile across conditions, we

evaluated developmental change in FFA size. Neither the RFFA nor the LFFA differed in size

between children and adults.

Follow-up analyses

A series of post-hoc analyses were performed to explain the general finding of greater

BOLD response in adults than children for the task vs. control contrasts. Initially, we

examined whether this effect reflected differences in BOLD response magnitude and/or

differences in within-group variability of BOLD response. After establishing that the children

and adults differed in response magnitude but not variability, we explored factors that might

contribute to lower response magnitude in children. As this set of analyses was considered
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exploratory in nature, each was evaluated at an alpha level of .05. Interpretation of these

analyses should bear in mind the large number of comparisons performed.

Regional magnitude and variability of BOLD signal

The 14 regions showing significant between-group differences for our three contrasts

of interest (Figure 3) could result from group differences in regional response magnitude (i.e.,

mean percent signal change for the contrast) and/or regional response variability (i.e., within-

group variance of percent signal change).  For example, it may be that while all adults engage

these regions to a certain degree during task performance, a subset of children does not

(perhaps instead utilizing nearby regions). In this scenario we would expect group differences

in both mean response and variability. Alternatively, the majority of children might show

limited engagement of these regions, while the majority of adults show stronger engagement,

in which case mean response would differ while variability might not. To trace the origin of

observed between-group differences, percent signal change mean and variance for each of the

14 regions was compared across groups using independent-samples t-tests and Levene’s Test

for Equality of Variances. For all but one region, these analyses revealed significant mean

differences (all ps <.001) and similar variances (all ps>.1) for children and adults. The right

inferior frontal region that showed adult>child response for the Place-control contrast was the

only region for which group variances differed [F (1, 28) = 10.5, p=.003], with adults showing

greater response variability; mean response also differed in this region (p<.001).

Having established that between-group results were driven primarily by differences in

mean response, we explored three factors that might contribute to such differences: global

magnitude of BOLD signal globally, head motion during FMRI acquisition, and task

performance.

Global magnitude of BOLD signal
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To determine if children showed lower response magnitude overall (i.e., even beyond

the 14 regions implicated in between-group analyses), we examined whether the two groups

showed differences in signal intensity of “active” voxels across task conditions (at pvoxel<.01

for each subject). Results of a 2 [group (child, adult)] x 2 [task (Face, Location)] x 2

[condition (active task, control)] ANOVA revealed that adults showed greater signal intensity

across task conditions [main effect of group; F (1, 28) = 8.4, p=.007], and greater modulation

of intensity by the task/control cycle [condition x group interaction; F (1, 28) = 13.7, p=.001].

The degree to which adults showed greater modulation of response by the task/control cycle

varied by run [run x task x group interaction; F (1, 28) = 4.5, p=.042], such that group

differences in task-related modulation were greater during the Location than Face runs.

Bonferroni-corrected simple effects tests revealed that relative to children, adults showed

greater signal intensity for the Location condition (t28=3.5, p=.001), a trend toward greater

signal intensity for the Face condition (t28=2.0, p=.050), and no differences for either control

condition.

Motion

Substantial head motion, through introducing noise in the acquired data, might

obscure signal variance attributable to task effects and thus attenuate estimates of BOLD

response. For this reason, estimates of head movement were derived for each subject from the

translation parameters generated by AFNI’s 3dvolreg realignment process. Values for

translations in the x, y, and z directions were combined to compute two summary motion

metrics: displacement relative to the specified base image (D=

� 

xi
2 + yi

2 + zi
2� /i ) and

scan-to-scan displacement (�D=

� 

(xi � xi� 1)
2 + (yi � yi� 1)

2 + (zi � zi� 1)
2� /i ). D captures the

average distance (over time) of the subject’s head from a fixed position in 3D space, whereas

�D captures the average distance that a subject’s head moves from one time point to the next
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(i.e., TR to TR “jitter,” or rate of motion). Summary metrics were computed for each subject,

averaging movement across all runs.

 Independent-samples t-tests revealed that while the two groups did not differ in

average distance moved (D), children showed greater translational motion from one time point

to the next [�D; t (28)=3.04, p=.006]. This pattern of results suggests that children moved

more frequently than adults but did not move greater distances.

Performance effects

To explore the contribution of performance to observed activation differences,

performance-matched subgroups of child and adult participants were created on the basis of

within-scanner d’. This approach was modeled after methods employed by Schlaggar et al.

(2002), who used performance matching to classify developmental differences as either age

related or performance related. In theory, age related differences should persist in

performance-matched subgroups, whereas performance related differences should decrease.

To determine whether performance matching attenuated between-group differences in our

sample of children and adults, response in regions showing significant Adult>Child activation

was compared across matched and unmatched subgroups. For the Face task, matched

subgroups consisted of seven children and seven adults (d’=2-2.82), and unmatched subgroups

consisted of five children (d’<2) and eight adults (d’>2.82). One child performed beyond the

matching cut-off (d’>2.82), and was therefore removed from analysis. For the Location task,

six children and six adults were matched, and seven children and nine adults were unmatched.

Separate 2 [group (child, adult)] x 2 [performance (matched, unmatched)] ANOVAs were

performed for each region. As expected, each these analyses revealed a main effect of group

(all ps≤.002). Only one region, the left superior parietal region from the Face-control

comparison, showed a significant interaction [F (1, 26) = 7.8, p=.009]. In this region,

unmatched subgroups differed in response magnitude (p<.001), whereas matched subgroups
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did not. Surprisingly, the left inferior parietal region from the Location-control comparison

showed a main effect of performance matching [F (1, 27) = 5.2, p=.032], such that the

unmatched groups (i.e., the high performing adults and poor performing children) showed

lower response than their intermediate performing counterparts.

DISCUSSION

The current study employed well-matched working memory tasks for faces and

locations to examine ventral and dorsal stream functional specialization in school-age children

and adults. To our knowledge, this is the first developmental study to investigate whole-brain

patterns of activation during performance of tasks designed to selectively tap these two visual

streams. It therefore has considerable potential to further inform neurodevelopmental theories,

which have thus far relied on evidence from behavioral studies of supposed ventral and dorsal

stream functions, or neuroimaging investigations of either stream in isolation. Our results

highlight several main findings, which will each be discussed in further detail below: 1)

although 8-10-year-old children can accurately perform both tasks, scoring well above chance,

they do not demonstrate mature levels of task proficiency; 2) children exhibit adult-like

patterns of regional activation during both tasks, but show less robust task vs. control contrast

overall; 3) both groups show greater recruitment of frontal and parietal brain regions during

performance of the Location task relative to the Face task, though this effect appears to be

more right lateralized in children; 4) rather than revealing developmental differences unique to

either task, direct comparisons of children and adults suggest a more task-general phenomenon

of increasing recruitment of prefrontal and posterior parietal brain regions with age; and 5)

certain aspects of ventral stream specialization for face processing appear to be mature by 8-

10 years of age.
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Behavioral performance

During the pre-scanning training session and during FMRI acquisition, adults

performed faster and more accurately than children on both the Face and Location tasks. Thus,

regardless of whether subjects were attending to facial identity or spatial locations, adults were

more skilled at making match/non-match decisions based on material held on-line in working

memory. This performance advantage did not vary by task, indicating that by 8-10 years of

age, potentially asynchronous timelines of ventral and dorsal stream development may no

longer be evident at the behavioral level. One reasonable interpretation of the comparable

developmental improvements across tasks is that the visual processing abilities unique to each

task show similar gain from mid-childhood through adulthood. However, a second and more

parsimonious account should also be considered; namely, that ongoing development of task-

common skills might underlie these observed improvements. The imaging findings discussed

below provide support for this latter interpretation, and given that developmental differences

across both were largely limited to frontal and parietal brain regions, highlight the likely

contribution of working memory and attention processes.

Within-group findings

In reviewing the within-group FMRI results, adult group findings will be presented

first and discussed at length in relation to prior studies and existing knowledge of functional

neural architecture. In doing so, we aim to provide a framework for understanding observed

developmental differences, which emerged primarily upon direct group comparison

(subsequent section).

In adults, the Face and Location tasks elicited response in widely distributed set of

brain regions. Performance of both tasks recruited a large expanse of VOT cortex, posterior
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parietal cortex, and portions of dorsolateral prefrontal cortex, bilaterally. Substantial overlap

in the regions activated by these two tasks is not particularly surprising, given their many

shared features. We explicitly matched the two tasks with respect to stimulus displays (to

equate low-level visual characteristics and oculomotor demands), trial timing, motor response

requirements, and response-decision mapping, and both tasks required maintenance of

instructional set, selective attention to task-relevant stimulus information (either facial identity

or location), and maintenance of that information in working memory until a perceptual

decision was made. The frontal and parietal activations we observed have been reported across

a wide range of experimental paradigms involving goal-directed cognitive processes,

including working memory and visual attention (Wager & Smith, 2003; Kastner &

Ungerleider, 2000; Pessoa et al., 2003). In fact, they are so often engaged during performance

of cognitive tasks that they are considered important components of what has been referred to

as the “task-positive network” (Fox et al., 2005), “frontoparietal control network” (Dosenbach

et al., 2007), or “executive control network” (Seeley et al., 2007). These terms are used

interchangeably by different authors to describe the seemingly task-general nature of the

network comprising bilateral posterior parietal and DLPFC regions, a network believed to

underlie directed attention to external stimuli (i.e., exogenous attention), and the adaptive

control processes necessary for successful performance of a diversity of cognitive tasks. The

extensive activation we observed in VOT cortex for both tasks can clearly be accounted for by

the visual nature of our stimuli, as well as the particular object category employed (i.e., faces).

Across both tasks, adults demonstrated robust activation in classic face processing areas in

bilateral fusiform and inferior occipital gyri [the fusiform face area (FFA) and occipital face

area (OFA), respectively], suggesting that facial identity information may be processed

automatically even when it is not necessary for successful task performance (i.e., in the

Location task).
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In addition to task vs. control comparisons, we directly contrasted activation in the

two task conditions to identify brain regions selectively engaged when individuals attended to

and maintained either facial identity information (Face>Location) or spatial locations

(Location>Face). Based on prior research in adults using similar tasks, we expected to find

significantly greater VOT activation during the Face task, and significantly greater posterior

parietal activation during the Location task (Courtney et al., 1996; Haxby et al., 1993; Sala et

al., 2003). Our results confirmed only the latter prediction. Adults did not show greater VOT

activation during Face processing, and in fact no regions demonstrated Face>Location

response. As alluded to previously, it may be that adults’ expertise with faces renders the

processing of facial identity information unavoidable. Although previous studies have reported

diminution of response in face processing regions when facial identity information is not

consciously attended (e.g., Wojciulik et al., 1998; Chiu et al., 2010), our Location task may

not have been taxing enough to prevent identity processing; that is, adults may have completed

the task with such facility that facial identity processing did not interfere with successful

performance. Adults did demonstrate the expected pattern of Location>Face response in

posterior parietal regions (specifically bilateral inferior parietal cortex, intraparietal sulcus,

and superior parietal lobule/precuneus), which could reflect either the greater need for spatial

analysis during the Location task, or the potentially greater demands placed on working

memory, selective attention, and/or executive control processes. While posterior parietal

cortex can certainly be thought of in terms of its role in spatial perception, it is also widely

acknowledged to contribute to higher-order attentional, working memory, and executive

functions. The possibility that our tasks may have differed with regard to demands on these

functions will be further discussed below.

In addition to predictions concerning VOT and posterior parietal cortex, differential

engagement of prefrontal regions during the two tasks was also hypothesized, with greater
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reliance on dorsolateral prefrontal regions (including inferior and middle frontal gyri) during

the Face task, and greater reliance on superior frontal regions during the Location task (as

suggested by Courtney et al., 1996; Haxby et al., 2000; Sala et al., 2003; but see also Owen et

al., 2000; Postle & D’Esposito, 1999; and Wager & Smith, 2003). Again, only the latter

prediction was supported. We not only observed Location>Face response in bilateral superior

frontal gyri, but contrary to expectations, also observed Location>Face response in right

inferior frontal gyrus. That the Location task engaged this region to a greater degree than the

Face task is perhaps more consistent with process-specific than material-specific accounts of

frontal activation during working memory. Material-specific accounts assume a dorsal/ventral

segregation within frontal cortex based on the type of material held in memory, while process-

specific accounts attribute differential frontal activation to inherent differences in processing

demands (for review, see Owen, 2000 and Wager & Smith, 2003). In our tasks, the greater

difficulty of the Location condition could indicate that the nature of processing differed in

important ways across tasks. For example, it may be that the Location task placed greater

demands on selective attention and executive control processes, perhaps because spatial

location is processed less automatically than facial identity. Thus, rather than representing the

maintenance of spatial locations, greater recruitment of both inferior and superior frontal

regions could reflect this more effortful control of attention. That activation of the right

inferior frontal gyrus is frequently reported in paradigms involving cognitive control and

response inhibition lends additional support to this interpretation (for review, see Aron et al.,

2004).

 Examination of the child group activation maps, along with a series of follow-up

analyses, revealed a global reduction in BOLD response magnitude in children relative to

adults. However, across both tasks, children showed a spatial pattern of regional engagement

that was quite similar to adults (apparent in the lower threshold activation maps in Figure 2).
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That is, 8-10 year-old children show the expected engagement of VOT, prefrontal, and

posterior parietal brain regions during both tasks. These findings of differing degrees but

similar patterns of activation suggest that developmental improvements in Face and Location

working memory from school age through adulthood are accompanied by increasing reliance

on task-relevant regions, rather than a large-scale shift in the regions recruited for

performance.

Direct comparison of the two task conditions in children provided further evidence of

less robust BOLD contrast overall. At thresholds identical to those used in adults, children

showed no regions of differential activation across the two tasks; at more liberal statistical

thresholds, Location>Face response was evident in frontal and parietal regions similar to those

seen in adults. Of note, however, the Location>Face response in these regions was limited to

the right hemisphere (i.e., right superior and inferior parietal cortex, and right superior and

inferior frontal gyrus). Although not directly tested via computation of laterality indices, it

appears from inspection of the within-group maps (Figure 2) that activation during the

Location task is more right lateralized in children than adults. One plausible interpretation of

this pattern is that for children, response in dorsal frontal and parietal regions during the

Location task primarily reflects the spatial analysis aspects of the task, for which we would

expect right hemisphere dominance; for adults, on the other hand, greater engagement of

frontal and parietal regions during the Location task may instead be driven primarily by

demands on working memory, selective attention, and executive control, which typically show

a more bilateral distribution. This interpretation fits well with evidence discussed below that

implies ongoing development of higher-order cognitive abilities in our sample of children.
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Between-group findings

Having summarized the results from our within-group analyses, we now turn to the

direct comparison of children and adults for each contrast of interest (i.e., Face vs. control,

Location vs. control, and Face vs. Location). Across all three contrasts, a striking pattern

emerged of increasing engagement of prefrontal and posterior parietal brain regions with

development (see Figure 3). In fact, only two of the fourteen clusters of adult>child activation

were not localized in frontal or parietal cortex, and no regions of child>adult activation were

identified. Such consistency of regional between-group differences across contrasts suggest

that the improvements we observed in task performance from childhood to adulthood may

primarily reflect the ongoing development of higher-order frontal and parietal brain regions.

Put differently, rather than underscoring ventral stream neurofunctional changes for the Face

task and dorsal stream neurofunctional changes for the Location task, the between-group

findings appear to capture a more task-general phenomenon of increasing recruitment of

prefrontal and posterior parietal brain regions with age, likely related to continued

development of working memory, selective attention, and executive control abilities.

In light of the extant literature suggesting continued refinement of ventral stream

specialization for face processing through late childhood, we were struck by the general

absence of between-group differences in regions of VOT cortex. From our three contrasts of

interest, only a single VOT region showed differential response across children and

adults—the left inferior through middle occipital gyrus from the Face vs. control contrast. This

region did not encompass the nearby left OFA, and its differential engagement by children and

adults appeared to be driven by above baseline response to faces and below baseline response

to scrambled images in adults, with negligible differences between these conditions in

children. To further probe potential developmental differences in VOT specialization, we

conducted a more fine-grained analysis of the response properties of the FFA, making use of
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the data from our Localizer task runs. Despite previous reports of less robust and less

extensive face-specific FFA activation during mid-childhood (Aylward et al., 2005; Gathers et

al., 2004; Golarai et al. 2007; Sherf et al., 2007), we failed to find such differences in our

sample of children and adults. Reliable identification of the FFA was achieved in a greater

number of adults than children (with 14 adults and 13 children showing a right FFA, and 13

adults and 11 children showing a left FFA), but response profiles across Face, Location, and

control conditions did not differ between groups, nor did FFA size. These results complement

our finding of similar VOT activation across our three main contrasts of interest, and indicate

that important signatures of VOT specialization for face processing are developed by 8-10

years of age.

Developmental change in BOLD response modulation

A final point deserving of mention concerns the possibility of altered modulation of

the BOLD response with age. In a series of follow-up analyses performed to further explore

group differences in response magnitude, we verified our impression from the within-group

analyses that adults show a greater increase in BOLD response from control to task (Face and

Location) conditions. This difference between children and adults was most prominent during

the Location task, which proved to be the more difficult of the two tasks. Importantly, the two

groups showed similar response magnitude during the control conditions, suggesting that they

do not differ with respect to factors that determine raw signal magnitude, such as perfusion

rates and neuronal metabolism. On whole, this pattern suggests that adults may be better able

to marshal additional neural resources in response to mounting task demands, showing greater

increase in BOLD response with increasing difficulty. It may be that the dynamic range of

BOLD response is relatively restricted in children, such that they are able to increase



52

activation from baseline to adult-like levels during the control condition, but are unable to

further amplify response during more demanding task states.

Summary

In conclusion, although we undertook this study to explore developmental refinements

in neurofunctional organization of the dorsal and ventral visual streams, our most prominent

FMRI finding was that across tasks, adults showed greater response than children in higher-

order frontal and parietal brain regions. Adults and children showed similar spatial patterns of

activation in VOT, posterior parietal, and prefrontal cortex, suggesting that the rudiments for

separate dorsal and ventral stream systems are evident by 8-10 years of age. Consistent with

this suggestion, children performed well above chance on the two tasks, although they were

less proficient than adults (performing more slowly and less accurately). While it is difficult to

speculate on the relative maturity of the dorsal pathway in our sample of children given that

regions of parietal cortex involved in spatial analysis are spatially coincident with those

implicated in higher-order functions, components of ventral pathway specialization for face

processing appear to have reached adult-like levels by mid-childhood. Not only did we see

very few differences between children and adults in regions of VOT cortex across our primary

contrasts of interest, but more fine-grained analysis of the response properties of the FFA

revealed that children and adults do not show differences in either FFA response profile or

size.

The Face and Location working memory tasks that we utilized to assess ventral and

dorsal stream functioning, respectively, were matched on various lower-order perceptual and

sensorimotor dimensions, and were designed to elicit differential response in dorsal and

ventral stream regions as a function of selective attention to and working memory

maintenance of particular stimulus attributes (i.e., either facial identity or spatial location).
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Similar tasks have been previously used to demonstrate the relative functional segregation of

visual spatial and visual object processing in adults (e.g., Courtney et al., 1996). However,

comparing children and adults on such tasks, which inherently place demands on working

memory, selective attention, and executive control abilities, primarily highlights

developmental differences in these functions and the frontal and parietal brain regions that

underlie them.
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CHAPTER 5: Behavioral and FMRI signatures of visual cognitive processing in bilateral

spastic cerebral palsy: questioning assumptions of widespread dysfunction.

INTRODUCTION

This chapter explores the relative functioning of the dorsal and ventral visual streams

in children and adolescents with bilateral spastic cerebral palsy (BSCP). It presents

performance and regional activation data from a series of case studies, considered in the

context of typical developmental change on our Face and Location working memory tasks

(described in detail in Chapter 4).

Despite significant advances in neonatal care, the incidence of BSCP has not declined

in recent years, in part due to increasing survival rates for prematurely born infants (Hagberg

& Hagberg, 1996). Greater appreciation of the long-term consequences of BSCP is of obvious

importance, as further understanding the difficulties faced by affected individuals will be

critical in developing appropriate interventions. In addition to the motor disability that defines

the disorder, many children with BSCP have cognitive deficits, of which visual cognitive

deficits are most prominent. Although these impairments have long been recognized, a clear

picture of affected and potentially spared visual cognitive abilities has yet to emerge.

The characteristic distribution of white matter injury in BSCP, which typically

includes periventricular regions of the parietal and occipital lobes, predicts greater

compromise of dorsal than ventral stream functions in this population. While behavioral data

in support of this prediction do exist (e.g., Fazzi et al., 2004; Pagliano et al., 2007), the

literature as a whole is less compelling. As reviewed in Chapter 2, inconsistencies across

studies could arise from any number of methodological factors, including qualities of the

participants under study (e.g., preterm vs. term birth, inclusion requirement of documented
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PVL), nature of the instruments employed, and consideration of the contributions of lower-

level visual and motor dysfunction to task performance.

Although previous findings have been interpreted with reference to the dual-stream

framework, no studies have approached the question of dorsal vs. ventral stream functioning

using well-matched experimental tasks designed explicitly for this purpose. Furthermore, no

studies have explored the neural underpinnings of visual cognitive task performance in BSCP

to evaluate the degree to which these functions might reorganize following early brain injury.

The opportunity to address these gaps in the existing literature formed the initial motivation

for this study. A separate focus of inquiry, concerning working memory and executive control

abilities, emerged from the pattern of performance and activation differences we observed

between typically developing children and adults. These findings, discussed at length in

Chapter 4, underscored the contribution of higher-order frontal and parietal regions to

performance of both tasks, and suggested that increasing recruitment of these regions

accompanies normal development. It thus became important to consider the literature on

working memory and executive control in BSCP, which will be briefly summarized below.

Two studies by White and colleagues have evaluated aspects of executive control in

children with BSCP, providing evidence of difficulties with response inhibition and executive

contributions to learning and memory. Across three response inhibition paradigms, each

requiring a unique form of motor response (oral, manual, and ocular), children with BSCP

performed more poorly than controls, and their degree of impairment was greater than

expected on the basis of general psychomotor slowing (Christ et al., 2003). In a subsequent

study of verbal learning and memory in BSCP children and adolescents, this group

demonstrated decreased spontaneous use of organizational strategies during list learning

across the age range studied, along with greater rates of intrusion and source memory errors

among younger BSCP participants (White et al., 2005). These findings contrasted with
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performance on indices considered to be less reliant on executive control processes. In

interpreting results from each of these studies, the authors propose that difficulties with

aspects of executive control might arise from disruption of white matter pathways

interconnecting prefrontal cortex with other brain regions, although they did not have imaging

data available to confirm this suggestion.

Results from studies of working memory have been mixed, with one reporting similar

performance across BSCP and control participants (White et al., 1994), and another reporting

verbal working memory impairment in 93% of BSCP participants and visual working memory

impairment in 42% (Pueyo et al., 2009). These discrepancies can perhaps be reconciled

however, by consideration of the specific tasks employed. The measure used by White and

colleagues was essentially a verbal span task, requiring repetition of words in the order in

which they were presented. It thus required maintenance of verbal material and information

about temporal order, but minimal manipulation. Both the verbal and visual tasks used by

Pueyo et al. required substantial manipulation (i.e., reordering of material held in working

memory), and thus placed greater demand on executive processes. This distinction between

manipulation and pure maintenance of information is borne out in differential patterns of

prefrontal cortical activation, with manipulation recruiting dorsolateral regions, in addition to

the ventrolateral regions involved in maintenance (see Owen, 2000 for review). The pattern of

working memory findings across these two studies is therefore consistent with White and

colleagues' assertion that prefrontally-mediated processes are compromised in BSCP, in that

performance declines with mounting executive demands and likely increasing reliance on

prefrontal cortex.

The current study evaluates performance and regional brain response associated with

our face and location working memory tasks in children and adolescents with BSCP. These

tasks are well-suited to examine both the relative functionality of the dorsal and ventral visual
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streams, and the magnitude of prefrontal contributions to working memory and executive

control. To our knowledge, it is the first study to evaluate the neural substrates of cognitive

task performance in BSCP. It will therefore offer an initial indication of the capacity for

functional reorganization following this form of early brain injury.

METHODS

Participants

In addition to the typically developing child and adult participants included in Study

1, the current study included ten children and adolescents with bilateral spastic cerebral palsy

(BSCP). As previously described, all typically developing children and adults were right

handed, with normal or corrected-to-normal vision and no reported history of major medical

illness, head trauma, neurological, or psychiatric disorder. All BSCP participants had average

or above average WISC-IV Verbal Comprehension Indices, normal or corrected-to-normal

vision, and no more than mild upper limb involvement. Degree of upper limb involvement and

BSCP diagnosis were confirmed via neurological examination. Data from four participants

were excluded from analysis due to excessive head motion or incomplete scanning sessions,

yielding a final BSCP sample of six children and adolescents, three born pre-term and three

born full term. Final sample characteristics are displayed in Table 3. Each of the six BSCP

participants is further described below with regard to relevant developmental history,

locomotor ability, and neuroanatomical findings on MRI. Summaries of neuroanatomical

findings were provided by a neuroradiologist, blind to group status, who reviewed the T1-

weighted anatomical scans from all participants.
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Full-term BSCP participants

Participant 1 is a 13-year-old right-handed female. She was born at 38 weeks

gestational age, weighing 3522 grams, and was diagnosed with BSCP at age 3. She began to

walk independently at 14 months. She currently walks unassisted. No obvious gait, posture or

other motor abnormalities were noted during the testing session. Participant 1’s high-

resolution anatomical scan from the current imaging protocol was read as within normal

limits; several slightly dilated Virchow-Robin (VR) spaces observed in parietal white matter

were considered normal variants.

Participant 2 is a 7-year-old right-handed female. She was born at 39 weeks

gestational age, weighing 2800 grams, and was diagnosed with mild BSCP at age 3. She

began to walk to independently at 11 months, currently walks unaided, and demonstrated no

obvious gait, posture, or other motor abnormalities during the testing session. She underwent

eye surgery for correction of strabismus at age 11 months. Her anatomical scan from the

current imaging protocol was unremarkable.

Participant 3 is a 14-year-old right-handed male. He was born at 40 weeks gestational

age, weighing 3402 grams, and was diagnosed with BSCP at age 2. He began to walk with the

assistance of a walker at 10 months, and by 2 years of age was walking with crutches. He

currently walks unassisted. A CT scan performed when he was 10 months old was read as

normal, as was his current anatomical scan. No obvious gait, posture or other motor

abnormalities were noted during the testing session.

Preterm BSCP participants

Participant 4 is an 11-year-old right-handed female. She was born at 29.5 weeks

gestational age, weighing 1605 grams, and was diagnosed with BSCP at 12 months. She

began to walk with the aid of a walker at age 4. She has a history of right eye drift and has
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undergone vision therapy for minor oculomotor difficulties. An ultrasound performed when

she was 10 months old revealed enlarged ventricles, an enlarged interhemispheric fissure, and

fluid spaces over both hemispheres; an MRI at six years revealed peritrigonal white matter

loss and associated enlargement of the posterior horns of the lateral ventricles, as well as

diffusely prominent sulci and callosal thinning. Participant 4 currently ambulates with the

assistance of bilateral leg braces and a wheeled walker. Her T1-weighted anatomical scan

from the current imaging protocol revealed moderate sulcal and ventricular enlargement

(particularly the bodies and atria, right > left), callosal atrophy, and reduced and hypointense

periventricular white matter. Additionally, a T2-weighted anatomical scan performed two

months later indicated parietal and posterior frontal distribution of periventricular signal

abnormalities, callosal thinning most prominent in the posterior body, as well as parietal and

posterior frontal cortical thinning and grey matter heterotopia adjacent to the frontal horns

bilaterally.

Participant 5 is a 13-year-old right-handed male. He was born at 30 weeks gestational

age, weighing 1535 grams. He began walking with assistance at age 3. He has twice

undergone eye surgery for treatment of strabismus (at ages 18 months and 7 years). An

ultrasound performed one day after birth was notable for a small focus of increased

echogenicity near the right caudothalamic junction as well as diffusely increased

periventricular echogenicity. Follow-up neonatal ultrasounds suggested that he had suffered a

right germinal matrix hemorrhage. Participant 5 currently uses a wheelchair to ambulate. His

T1-weighted anatomical scan from the current imaging protocol revealed mild sulcal and

ventricular enlargement (bodies and atria) and hypointense periventricular white matter. A T2-

weighted anatomical scan performed two months later indicated right > left ventricular

dilation, posterior frontal, parietal, and superior temporal distribution of periventricular signal
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abnormalities, posterior frontal and parietal cortical thinning, and thinning of the posterior

body of the corpus callosum.

Participant 6 is a 19-year-old right-handed female. She was born at 30 weeks

gestational age, weighing 1980 grams, and was diagnosed with BSCP shortly after her first

birthday. She began to walk with assistance at approximately 3.5 years. An ultrasound

performed one day after birth was notable for areas of increased echogenicity in white matter

adjacent to the frontal horns of the lateral ventricles, and prominent widening of the

subarachnoid space and interhemispheric fissure, particularly over parietal and occipital

regions. Enlarged and irregularly shaped ventricles, with dilation most apparent posteriorly,

were noted on subsequent neonatal ultrasounds. Participant 6 currently ambulates with the aid

of a wheeled walker. Her current anatomical scans revealed moderate sulcal and ventricular

enlargement, as well a right inferior cerebellopontine angle arachnoid cyst.

Procedure and Design

Testing procedures and task design were identical to those described in Study 1.

Participants completed the Face and Location tasks prior to and during FMRI data acquisition.

For BSCP participants with considerable rigidity and postural control difficulties, particular

care was given to positioning on the MRI bed to ensure comfort and stability (e.g., additional

padding or restraints).

Behavioral analyses

For each task, d’ values from individual BSCP subjects were compared to the child

and adults control groups using Crawford & Howell’s (1998, 2005) modified independent

samples t-test. The logic of this test is similar to that of using z scores to estimate the

abnormality of a particular score, but rather than considering the normative sample mean and
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standard deviation to be population parameters, it treats them as sample statistics. Such an

approach is considered preferable with small normative samples as it guards against

underestimation of the standard deviation (and thus overestimation of the rarity of a patient’s

score). Crawford & Howell’s revised standardized difference test (1998, 2005) was used to

examine the possibility of differential impairment on the two tasks. All analyses focused on

d’, as we considered accuracy to be a more appropriate metric of performance than response

time given the motor deficits associated with BSCP.

FMRI analyses

Quality assurance, preprocessing, and individual statistical analyses were conducted

as described in Study 1. In addition, visual comparison of anatomical volumes prior to (i.e., in

native space) and following normalization (i.e., in Talairach space) was performed to assess

transformation accuracy. Given the small number and heterogeneity of BSCP participants,

group analysis was not considered a meaningful approach to characterizing neurofunctional

patterns. Rather, as described in detail below, a multiple case study approach was adopted. In

light of the findings from Study 1 and the intermediate age of most BSCP participants, it was

important to evaluate their FMRI data in relation to both groups, as differences relative to only

one group might reflect normal developmental processes. Statistical comparisons between

individual BSCP participants and each control group were made using modified independent

samples t-tests. In presenting results from these comparisons, we will highlight findings that

differed significantly from one group (i.e., p�.05), and were at least one standard deviation

from the other group’s mean, as no regions differed significantly from both groups for any

participant.

 Our initial analysis, referred to in the Results section as “pattern discrepancy”

analysis, was aimed at characterizing the overall discrepancy of BSCP whole-brain patterns of
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activation. For each task, the overlap between each participant’s statistical map (pvoxel�.01)

and the adult group map (at pvoxel�.005 and vmul=999mm3; as shown in Chapter 4, Figure 2)

was computed for each task>control contrast. An identical comparison was performed for

each child control participant, to assess whether BSCP participants showed greater departure

from mature patterns of activation than typically developing children. Two

similarity/dissimilarity indices were calculated for each BSCP and child participant: the

percentage of suprathreshold voxels in the adult group map that did not surpass thresholds in

the individual map (false negatives), and the percentage of suprathreshold voxels from the

individual map that also surpassed thresholds in the adult group map (true positives).

Next, to target areas known to be involved in performance of the two tasks, we

examined BOLD response magnitudes across four overarching regions of interest [dorsolateral

prefrontal cortex (four specific regions: right and left anterior and posterior inferior/middle

frontal gyri), superior frontal cortex (two specific regions: right and left superior frontal gyri),

posterior parietal cortex (four specific regions: right and left precuneus and intraparietal

sulcus/superior parietal lobule), and ventral occipitotemporal cortex (four specific regions:

right and left fusiform and inferior occiptal gyri)]. Specific regions were defined on the basis

of adult and child (low threshold) group maps by placing 7-mm radius spheres around peak

voxels of common activation across the two groups (see Table 4 for coordinates). Average

percent signal change for each region, for each of the three contrasts of interest (Face-control,

Location-control, Face-Location), was then extracted for all participants. Subsequently, values

for each BSCP participant were compared to each control group. These analyses will be

referred to below as “regional intensity discrepancy” analyses.

Analyses of FFA size and response profiles, and quantification of head motion, were

performed in accordance with the methods detailed in Study 1.
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RESULTS

Motor and intellectual functioning

Locomotor ability of BSCP participants ranged from normal functioning (no apparent

difficulties) to moderate disability (requiring considerable external support), and varied as a

function of gestational age. No obvious gait, posture or other motor abnormalities were

observed for any of the full term participants, whereas each of the preterm participants utilized

either a wheeled walker or wheelchair to ambulate.

General intellectual functioning (WISC-IV FSIQ) ranged from borderline impaired to

very superior, with considerable scatter across the four index scores apparent for many

subjects (see Table 3). All preterm participants demonstrated the characteristic pattern of

greater verbal than perceptual reasoning skills (VCI>PRI, p<.05), while this discrepancy was

not significant for any of the full term participants.

Behavioral performance

Figure 4 displays d’ values as a function of age for all BSCP and control participants.

For the Face and Location tasks completed prior to scanning, the BSCP participants (blue data

points) generally performed below or toward the lower end of the adult range (red data

points), and well within the child range (green data points). Two BSCP participants (one full

term and one preterm) performed significantly more poorly than adults on both tasks, and

another preterm participant performed more poorly than adults on only the Face task

(modified t-test ps<.05). No BSCP participants differed from children in terms of pre-scanning

d’.

Within-scanner performance showed a somewhat different pattern. In general, there

was less overlap between BSCP and adult group performance on the Face task, with nearly all

BSCP participants performing below the adult range. There was also less overlap between
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BSCP and child group performance on the Location task, with BSCP participants showing

overall better performance. Results of modified t-tests mirrored these observations.

Specifically, two full term and two preterm BSCP participants performed more poorly than

adults on the Face task (ps<.05), and two full term participants demonstrated better

performance than children on the Location task (ps<.05). No BSCP participants differed from

adults on the Location task or from children on the Face task.

Contrary to our predictions, none of the BSCP participants demonstrated greater

impairment on the Location task than on the Face task. In fact, the only participants who

demonstrated a greater than expected discrepancy between the two tasks displayed the

opposite pattern—that is, better than expected Location relative to Face performance.

Neuroanatomical findings

No signs of abnormality were detected on the high-resolution anatomical scan of any

full term participant. In contrast, a lesion pattern typical for BSCP was noted for each preterm

participant, including ventricular dilation, periventricular white matter volume loss and/or

signal abnormalities, and cortical atrophy. Figure 5 illustrates the pattern of ventricular

enlargement, particularly apparent posteriorly, that was observed in preterm but not full term

participants. Importantly, anatomical anomalies did not appear to interfere with transformation

to standardized space via AFNI’s automated algorithm, as performance of this step did not

appreciably distort BSCP participant data.

FMRI activation
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Pattern discrepancy

Figure 6 plots the true positive and false negative percentages for each subject, with

BSCP data in blue and child control data in green. Data points toward the upper left of the

graphs (i.e., low false negatives and high true positives) indicate closer alignment with or

similarity to the adult group maps. Individuals with lower true positive values show a greater

number of unique activations (i.e., voxels not seen in the adult group map); individuals with

higher false negative values activate fewer of the voxels seen in the adult group map. For each

of these indices, BSCP participants fall well within the range of the child control participants,

suggesting that their individual patterns of activation are no more atypical, relative to adults,

than those of the children. This observation was confirmed by results of modified t-tests,

which revealed that no BSCP participant differed significantly from the control children on

either index (all ps>.05).

Regional intensity discrepancy

Having determined that BSCP participants did not differ from normative expectations

with regard to the overall spatial distribution of activation, we probed for potential differences

in BOLD response magnitude within four broad regions of interest [dorsolateral prefrontal

cortex (DLFPC), superior frontal gyri, posterior parietal cortex, and ventral occipitotemporal

cortex (VOT)]. Across the three contrasts of interest (Face-control, Location-control, and

Face-Location), we evaluated the degree to which each BSCP participant’s regional response

magnitude differed from that of adult and child control groups. These analyses revealed no

regions for any participant in which response differed significantly from both groups.

Applying the less stringent criteria (i.e., significant discrepancy from one group and beyond

one standard deviation from the other group’s mean), we found lower Face-control response in

DLPFC for one term and two preterm participants, lower Location-control response in DLPFC
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for two preterm participants, greater Face-Location response in DLPFC for one term

participant, greater Face-Location response in superior frontal gyri for one term participant,

and greater Face-Location response in posterior parietal cortex for one preterm participant.

The relevant data are displayed in Figures 7-9 and results are summarized in Table 5.

It is important to point out that we were not only interested in the degree to which

BSCP participants engaged typical task-responsive regions, but also in whether they recruited

any areas that were not anticipated based on control analyses. Thus, in addition to examining

BOLD response within regions defined from control group maps, we attempted to identify

unique BSCP regions of activation across term and preterm participants separately. However,

1-sample t-tests evaluated at a liberal threshold of pvoxel<.05 and vmul=500mm3 failed to

reveal regions beyond those already examined. Conjunction analyses of individual subject

maps thresholded at pvoxel<.01, and requiring overlap of at least two subjects, also failed to

identify BSCP-specific regions.

FFA ROI analyses

On the basis of Localizer data, right FFAs were identified for all BSCP participants;

left FFAs were identified for all term participants, but only one preterm participant. For both

the right and the left FFA, no BSCP participant’s response differed significantly from both

groups during the Face, Location, or control conditions. Using our less stringent threshold,

RFFA differences during the Location condition emerged for one term and one preterm

participant, and LFFA differences during the Location condition were noted in one term

participant. In all three cases, BSCP participants demonstrated lower response than each

control group. No differences in FFA size were detected for any BSCP participants.
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Motion

As mentioned in Chapter 4, head motion during image acquisition can severely

degrade the quality of FMRI data. This sensitivity to head movements was of particular

concern in the BSCP sample, whose postural control difficulties and overall rigidity posed a

unique challenge to comfortable positioning and required the use of additional restraints and

foam padding. Using the two summary motion metrics described in Chapter 4, we determined

that none of the BSCP participants moved significantly further or more frequently than both

control groups. At the more liberal criterion, one preterm participant was found to have moved

further on average than the two groups, and another preterm participant was found to have

moved more frequently on average.

DISCUSSION

In a series of case studies of children and adolescents with BSCP, we explored

performance and neurofunctional patterns associated with our face and location working

memory tasks. Considered collectively, results of these case analyses reveal that BSCP

participants as a whole perform within normal limits on both tasks and demonstrate only

subtle departures from expected profiles of regional brain activation. These results will be

discussed with reference to theories of visual cognitive and prefrontal dysfunction in BSCP,

potentially important differences between preterm and term-born infants, and implications for

neuroplasticity following early brain injury.

Dorsal vs. ventral stream compromise
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Review of predictions and general results

Although none of the term-born children in our sample showed appreciable

anatomical alterations on MRI, all of the preterm children demonstrated the characteristic

BSCP pattern of ventricular dilation, most apparent posteriorly, and associated reduction

and/or compromise of periventricular white matter. This lesion pattern, through primarily

affecting white matter of the parietal and occipital lobes, is expected to result in particular

difficulty on tasks reliant upon the dorsal visual stream. Consistent with this prediction, a

handful of behavioral studies have suggested that while higher-order visual functions are often

globally affected in BSCP, performance on traditional dorsal stream tasks is often more

impaired than performance on traditional ventral stream tasks (e.g., Fazzi et al., 2004;

Pagliano et al., 2007). However, as discussed in Chapter 2, many of these studies have

employed dorsal stream tasks that place demands on motor functions known to be disrupted in

BSCP (e.g., visuomotor coordination, rapid manual responding). We therefore took great care

to match our Face and Location tasks with respect to motor demands (both manual and

oculomotor), as well as lower-level visual characteristics of the stimuli and overall display.

In contrast to previous studies, and despite suggestion of parietal and occipital white

matter disruption in our preterm participants, the current results do not provide evidence of

greater impairment of dorsal than ventral stream functions. In fact, they do not provide

evidence of significant impairment on either task, as no BSCP participants performed more

poorly than our typically developing 8-10 year olds. It may be that through matching our tasks

on important dimensions, and requiring participants to have normal or corrected to normal

visual acuity and only mild upper limb involvement, we have effectively controlled for

confounding factors that potentially contributed to previous findings. It is also conceivable

that our sample differed in critical ways from those of previous studies, a possibility that will

be further explored in later sections.
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Suggestion of subtle inefficiency with face processing

While BSCP participants did not demonstrate dramatic performance deficits, several

subtle findings converge to suggest that they experienced greater difficulty on the Face than

Location task. For one, a greater number of participants performed significantly more poorly

than adults on the Face task than on the Location task, a finding that was particularly

pronounced during FMRI scanning. The relatively greater drop off from pre-scanning levels

for the Face task could indicate that the abilities it measures are less stable, consistent, and

interference-resistant in BSCP than those tapped by the Location task. Further, while no

subjects demonstrated a greater than expected performance discrepancy in the Face>Location

direction, two participants showed worse than expected performance on the Face task relative

to the Location task. And finally, whereas the majority of typically developing child and adult

participants exhibited greater performance on the Face than Location task (in terms of raw d’

values), very few BSCP participants exhibited this pattern (instead showing either similar

performance across tasks or greater Location than Face task performance).

The FMRI data from BSCP participants in many ways parallels their behavioral data.

Again, they do not demonstrate significant departure from expected patterns, as measured by

the overall topography of response for each task (pattern discrepancy analysis, Figure 6).

Moreover, examination of response magnitude in regions known to be involved in task

performance revealed no regions in which response differed significantly from both the child

and adult comparison groups. Further mirroring behavioral results, a combination of subtler

findings points toward slightly altered functioning of ventral stream regions. Specifically, we

were unable to identify a left FFA in two of the three preterm children, a detection failure rate

that was much higher than in either comparison group (vs. 13% and 27% for adults and

children, respectively). Moreover, examination of response magnitude revealed that while
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FFA response fell within expected levels during performance of the Face task, it was lower

than expected during the Location task in the right FFA for two participants and in the left

FFA for another.

Taken together, subtle difficulties with Face task performance and atypical FFA

response raise the possibility that BSCP participants experience mild inefficiencies with face

processing. Although they are able to engage the FFA to a normal extent during the Face task,

they nevertheless perform slightly more poorly than expected. During the Location task they

do not appear to process facial identity information as automatically as child and adult control

participants, on account of their somewhat lower FFA response. In fact, it may be that their

failure to automatically process facial identity information serves to reduce potentially

distracting information during the Location task, ultimately aiding performance. This

explanation aligns well with their relative performance advantage on this task when compared

to child control participants, who potentially experience greater interference from facial

identity information.

Although deficits in face processing in BSCP have not received particular attention in

the literature, they are compatible with reports of difficulty with perceptual closure and spatial

grouping (e.g., Fazzi et al., 2004), and with suggestions of greater impairment of right

hemisphere dominant functions (Pavlova et al., 2009). We originally conceptualized our

Location task as involving spatial processing and working memory, and our Face task as

involving object processing and working memory; however, it is widely acknowledged that

facial identity decisions are heavily reliant upon spatial analysis, as they require the binding of

individual facial features and their relative spacing into a coherent face percept (referred to as

configural processing; see Maurer, Le Grand, and Mondloch, 2003 for review). This form of

spatial analysis is mediated largely by right hemisphere regions, and given that posterior

thalamocortical fibers are less numerous in the right hemisphere in healthy individuals, it has
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been speculated that bilateral PV white matter damage may disproportionately affect right

hemisphere dominant functions (Pavlova et al., 2009).

Reconciling seemingly disparate anatomical and functional data

Despite the anatomical alterations seen in our preterm participants, suggestive of

compromised parietal and dorsal occipital white matter, we did not observe significant

disruption of dorsal steam functionality at either a behavioral or neurophysiological level. This

lack of correspondence between anatomical damage and functional consequences is often

reported in studies of early brain injury, and highlights the potential inadequacy of predictions

based on adult structure-function correspondences (see Moses and Stiles, 2002 for review).

Brain injury in BSCP occurs at time when considerable development remains before adult-like

cortical differentiation and functional specialization is achieved. Thus, it may be faulty to

assume that damage to a region known to underlie a particular skill in adults will necessarily

affect that skill in the developing organism. Further, even for regions whose functions are

specified quite early in life, injury can alter the course of subsequent development in a way

that affords a substantial degree of adaptive reorganization. In the case of early white matter

damage, for example, the normal regressive process of synaptic pruning might proceed in a

way that preferentially maintains undamaged connections. Regardless of the precise

mechanisms of neuroplasticity, predictions from structural damage to functional consequences

are by no means straightforward in early brain injury, and the rules governing adult lesion-to-

deficit mapping do not necessarily apply.

Relation to prior studies

Our results, which indicate relatively intact performance on measures of higher-order

visual cognitive ability in BSCP, are at odds with the many prior studies reporting significant
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impairment of such abilities. One explanation for this discrepancy centers on potentially

important sampling differences. Existing studies have typically identified participants on the

basis of clinical chart review, often through selecting patients with appreciable PV white

matter involvement on neonatal imaging. These individuals are likely to fall at the more severe

end of the spectrum of functional outcomes. In contrast, our participants were largely self-

referred through responding to recruitment materials distributed at local pediatric clinics.

Further, the final sample consisted of children who were able to tolerate over an hour in the

MRI scanner while remaining relatively still. (Although importantly, participants who were

ultimately excluded do to excessive motion did not show poorer performance than those who

were included.) Another relevant consideration is socioeconomic status (SES), which has been

shown to be highly predictive of cognitive outcomes in both prematurely born and term-born

infants (e.g., Kesler et al., 2004; Aylward, 1992; Sameroff et al., 1987). The families who

participated in our study were likely not representative from an SES standpoint, in that they

tended to be toward the upper end of parental educational and occupational attainment, factors

that may mitigate adverse outcomes following early injury.

Prefrontal dysfunction

As reviewed in the introduction, it has been hypothesized that prefrontally-mediated

processes are compromised in BSCP, potentially due to disruption of PV white matter fibers

interconnecting prefrontal cortex with other brain regions. Although the lack of significant

impairments on either of our tasks suggests that prefrontal contributions to working memory

and executive control are not disrupted to a degree that affects performance, we did observe

reduced prefrontal BOLD response in several BSCP participants. In fact, lower magnitude

response in DLPFC regions across task conditions was perhaps our most notable FMRI result.
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While our current data cannot speak to the origin of altered DLPFC BOLD response,

it is certainly possible that it reflects white matter disruption and associated decreases in the

efficiency of interregional information transfer. It is interesting to note, however, that the

finding of decreased DLPFC BOLD response was not limited to individuals in whom gross

white matter damage was apparent on MRI (i.e., the preterm participants), but was also

observed for one full-term participant. It may be that even full-term participants would

evidence decreased white matter integrity or volume with more sensitive methodologies, such

as diffusion tensor imaging (DTI) or quantitative MRI. It is also possible that cortical thinning

in frontal regions (noted in two of the three preterm participants), contributes to lower DLPFC

response.

Preterm vs. full-term BSCP

 Given the small number of individuals in each sample, conclusions regarding

differences between preterm and full-term participants may not generalize to the greater BSCP

population. Nevertheless, considering our findings in the context of this distinction reveals a

clear pattern of differences. Specifically, gross motor functioning and locomotor ability were

essentially normal in all full-term participants but noticeably affected in all preterm

participants; all preterm but no full-term participants demonstrated significantly poorer

perceptual reasoning than verbal intellectual abilities (which may well reflect lower-order

motor and perceptual dysfunction); and all preterm but no full-term participants evidenced

neuroanatomical alterations on MRI. This pattern of results supports the notion that BSCP

associated with preterm birth may be quite distinct etiologically from BSCP associated with

full-term birth (Koeda et al., 1990). That is, rather than considering BSCP of preterm and full-

term origin to be graded degrees of a similar disorder, it may be more appropriate to think of

them as representing categorically distinct entities.
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Interestingly, despite the above suggestions of clear differences between preterm and

full-term participants, our primary variables of interest (task performance and BOLD response

during face and location working memory) did not vary dramatically by group.  Thus, higher-

order visual cognitive abilities and their neural representations appear to be relatively less

affected than motor functioning in preterm BSCP. This pattern may indicate that the nature of

early brain damage was such that it spared regions underlying the functions tapped by our

tasks, though this interpretation seems unlikely given the widely reported visual cognitive

deficits associated with BSCP, as well as with preterm birth more generally.

Another explanation for the relative sparing of visual cognitive functions in our

sample of preterm participants relates to the protective demographic factors referenced

previously. Specifically, these children and adolescents had been receiving high-quality

medical treatment from a very early age, and most had participated in a host of early

intervention programs. None were receiving special educational resources at the time of

testing, and in fact one was enrolled in gifted coursework and another was a first-year

undergraduate student at UCSD. Whether a reflection of their relatively enriched upbringings

or of potential cognitive reserve, our preterm participants provide a powerful illustration of

resilience in the face of early brain injury.

Summary

Across a series of case studies of six children and adolescents with BSCP, we found

largely intact functioning on both our dorsal and ventral stream tasks. Running counter to

previous reports of marked visual cognitive impairment in BSCP, our participants

demonstrated only slight departures from expected levels of performance and regional BOLD

response. In considering the subtle differences that did emerge, we have attempted to remain

mindful of the number of comparisons performed and have interpreted overarching patterns
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rather than single results in isolation. This approach highlighted three main findings: 1) a

relative inefficiency in processing facial stimuli as evidenced by poorer Face task performance

and an atypical profile of FFA response, 2) reduced response in DLPFC regions suggesting

subtle constraints on prefrontal contributions to task performance, and 3) differences between

preterm and term-born participants that emphasize likely etiological distinctions and

underscore the potential of the developing brain to respond adaptively in the face of injury.
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CHAPTER 6: Closing remarks

Review of primary aims and findings

The overarching goal of this dissertation was to better characterize the nature of visual

cognitive deficits that are prominent in BSCP. We approached this goal using a framework

that has been widely researched in adults and has proven useful in classifying visual cognitive

disorders at both a functional and neuroanatomical level. Specifically, we endeavored to probe

the relative functioning of the ventral occipitotemporal and dorsal occipitoparietal visual

pathways using face and location working memory tasks. These tasks were modeled after

paradigms that have been previously studied in adults and shown to evoke differential

response in regions of VOT (Face>Location) and posterior parietal cortex (Location>Face).

Using these tasks, we aimed to evaluate the relative compromise of dorsal and ventral stream

functions, at both the behavioral and neural level, in children and adolescents with BSCP.

Our final BSCP sample consisted of six children and adolescents (7-19 years of age),

three born prematurely and three born at term. Given this small and heterogeneous sample,

and the expected diversity of functional outcomes and potential patterns of neural

reorganization following early brain damage, we employed a multiple case study approach to

analyzing our behavioral and FMRI activation data. Prior to evaluating the data from BSCP

participants, it was first necessary to appreciate the typical profile of developmental change in

face and location working memory.

Study 1

In Study 1 (Chapter 4), we documented differences in behavioral performance and

BOLD response between 8-10 year-old children (n=15) and adults (n=15). Children were

slower and less accurate than adults on both the Face and Location tasks, indicating that the
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skills underlying performance of both tasks undergo continued refinement from mid-

childhood through adulthood. There was no evidence at the behavioral level that dorsal stream

functioning was relatively less advanced in our children, despite suggestions from prior

studies that the dorsal stream might lag behind the ventral stream in reaching maturity. At the

neurofunctional level, we observed largely similar patterns of regional recruitment across

tasks and groups. Both tasks elicited response in distributed regions of bilateral VOT cortex,

bilateral posterior parietal cortex, and bilateral dorsolateral prefrontal cortex. In adults, the

magnitude of BOLD response across both tasks was greater than in children. That is, although

children generally engaged the same regions as adults, they demonstrated less intense

activation. Interestingly, higher magnitude response in adults appeared to be a rather global

phenomenon, not limited solely to the regions demonstrating significant response at the group

level, and was traced to differences between children in adults in the degree to which response

was up-regulated from control to task conditions. No group differences in response magnitude

were seen for the control condition, but children showed less of an increase from control to

task levels. We interpreted this configuration of results as an indication that children are less

efficient than adults in marshalling additional neural resources as task demands increase.

Comparison of the two tasks conditions should reveal regions differentially engaged

during face and location working memory, presumably with posterior parietal regions

demonstrating Location>Face response and VOT regions demonstrating Face>Location

response. In both adults and children, we found the predicted pattern of Location>Face

response in posterior parietal regions, although this effect was limited to the right hemisphere

in children whereas it was seen bilaterally in adults. However, neither group demonstrated

greater activation during the Face than Location task in expected VOT regions. This result was

discussed with reference to the automaticity of face processing; that is, the relative ease with

which facial identity information is perceived irrespective of its importance for task
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performance. Although previous studies with similar paradigms have reported Face>Location

response in VOT cortex, it is possible that subtle differences in timing parameters and stimuli

may have rendered our Location less difficult, such that it was no longer taxing enough to

prevent identity processing.

Directly comparing child and adult group data revealed a handful of regions in which

adult group response was significantly greater than child group response, nearly all of which

were located in prefrontal or posterior parietal cortex. We have suggested that the striking

similarity of between-group differences for the two tasks is most likely a reflection of

increasing proficiency with task-common processes of working memory and executive control

from mid-childhood to adulthood. Thus, lower-order perceptual contributions to task

performance appear to be well-developed by 8-10 years of age, while more complex abilities

reliant on higher-order frontal and parietal brain regions are continuing to develop.

Study 2

Turning next to Study 2, which examined the relative compromise of dorsal and

ventral stream functions and neural architecture in BSCP, it was important to consider BSCP

data in relation to both groups, given the intermediate age of most participants. We thus

sought to determine whether children and adolescents with BSCP performed more poorly than

both comparison groups, and to identify regions in which BSCP participant response was

more extreme than both comparison groups. Using this conservative definition of impairment,

no BSCP participants showed either poorer than expected performance or abnormal regional

BOLD response. This striking absence of findings was discussed with reference to potential

differences between our sample and those of previous studies, such as recruitment methods

and protective socioeconomic factors.
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Setting less stringent criteria for impairment, a pattern of slightly poorer Face task

performance along with mildly atypical FFA response was apparent across several BSCP

participants, suggesting subtle inefficiencies with face processing. Although face processing

deficits have not been particular a focus of attention in the BSCP literature, they align well

with reports of perceptual closure and spatial grouping difficulties (e.g., Fazzi et al., 2004).

More explicitly, facial identity judgments are thought to rely on a form of spatial analysis,

termed configural processing, that binds individual facial features and information about their

relative spacing into a coherent face percept (see Maurer, Le Grand, and Mondloch, 2003 for

review). In this sense, the visual processing of faces is distinct from that of other categories of

objects—a distinction that may in large part explain putative face-specific effects (e.g.,

profiles of FFA response). This discussion raises the question of whether our observed results

might have differed had we used stimuli from an object category other than faces. We will

return to this question in the study limitations section below.

A second finding to emerge from our examination of BSCP data at a less stringent

threshold was that of altered prefrontal contributions to task performance. Specifically, across

both tasks, we observed lower response in DLPFC regions for several participants. This

finding was taken as support, albeit modest, for the hypothesis that prefrontally-mediated

processes are affected in BSCP (Christ et al., 2003; White et al., 2005). It has been speculated

that such difficulties arise from disruption of PV white matter tracts that interconnect

prefrontal cortex and other brain regions, which may well be the case in our sample. A second

explanation, based on the pattern of neuroanatomical findings in our participants, is that

cortical thinning over frontal regions underlies the noted decrease in BOLD response.

 On the whole, despite subtle suggestions of face processing difficulties and altered

DLPFC response, the results from Study 2 indicate surprisingly intact visual cognitive abilities

and regional BOLD response in BSCP. This is especially striking in light of the
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neuroanatomical alterations and severity of motor dysfunction noted in our preterm

participants. It is perhaps less notable, however, when considered alongside other markers of

positive developmental outcome in these children, such as academic performance and overall

psychosocial adjustment. In fact, given their relatively high level of functioning in general,

they may have developed strategies to successfully compensate for visual cognitive

difficulties. Although the current study did not identify any regions engaged by BSCP

participants that were not also observed in children and adults, it is possible that individual

BSCP participants demonstrated idiosyncratic activation patterns reflective of an alternate

approach to the tasks and/or compensatory reorganization.

Study limitations and future directions

Although intriguing, we must emphasize that the current findings are but an initial

indication of dorsal and ventral stream functioning in BSCP. Our overall finding of relatively

intact functioning at both the behavioral and neural levels, as well as more subtle suggestions

of mild face processing difficulties and altered DLPFC response, await replication in larger

studies. Similarly, our proposal from Study 1 that differences between children and adults

arise from the ongoing development of working memory and executive control abilities, while

a plausible explanation for the observed pattern of results, requires confirmation from future

studies that directly manipulate these processes. Nevertheless, given the paucity of functional

neuroimaging research in BSCP, and the limited number of systematic investigations of dorsal

and ventral stream functioning in both typically and atypically developing populations, the

insights gained from these studies provide a solid starting point for future research.
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Task-related considerations

As alluded to earlier, faces are considered a “special” class of visual stimuli in that the

processing of faces appears to differ from that of other complex visual objects. At least two

properties unique to face processing may have influenced the current results. One concerns the

relative automaticity which facial identity information is processed. Because face processing

is a highly refined ability in adults, identity judgments are made with very little effort and may

occur regardless of whether facial information is directly attended to. The similarity of VOT

response across our two tasks suggests that although face processing was not required during

the Location task, and may in fact have interfered with performance, it nevertheless occurred.

The second property deserving of mention is that the form of analysis required for facial

identity judgments is inherently spatial in nature. Thus, not only did face processing likely

occur during our dorsal stream task, but a form of spatial analysis likely occurred during our

ventral stream task. In this sense, the choice of faces as our category of object stimuli may

have obscured potential distinctions between the two visual streams. This discussion

highlights another clear limitation of the current studies; namely, that although we were

interested in dorsal and ventral stream functioning more broadly, our results and

interpretations may in fact be specific to the particular tasks under study.

While we have interpreted certain findings as reflective of the working memory

demands of our two tasks, our trial design did not allow separation of initial perceptual

processing from working memory maintenance from recognition decision and response.

It is therefore impossible to pinpoint, for example, the stage at which BOLD response in

children and adults might diverge. Future studies using event-related designs will be needed to

dismantle the sub-components of the current tasks.
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Study design considerations

The studies in this dissertation targeted questions of typical and atypical

developmental change, though were limited to snapshots of specific developmental windows.

A longitudinal design would clearly provide a much richer characterization of the dynamic

process of normal dorsal and ventral stream development, as well as the nature of visual

cognitive deficits in BSCP. In particular, a longitudinal follow-up of BSCP participants could

help elucidate whether the subtle differences we detected represent temporary maturational

delays, improvements from previously impaired levels, or mild persisting deficits. Without

this knowledge, comments on “outcome” for these individuals are necessarily tentative.

Additional study design limitations include the heterogeneity of our BSCP sample and the

lack of true age-matched control data, which each may have interfered with our ability to

detect meaningful patterns across participants.

Comprehensive BSCP case studies

Both the subtlety of BSCP findings and the variability across participants contributed

to the challenge of drawing conclusions about these children as a whole. More thorough

characterization of individual participants, combining behavioral, neurofunctional, and

quantitative structural data (e.g., VBM, regional volumetric measurements, DTI) may prove

promising. Such an approach would likely enhance appreciation of the potentially novel

pathways used by individual participants to achieve performance, thus allowing richer

interpretations. Data of this sort will be necessary to further speak to whether neural

reorganization underlies the relatively intact performances we observed.
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APPENDIX: TABLES AND FIGURES

Table 1.

Adult and child group performance data
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Table 2.

Regions of significant BOLD response from within- and between-group comparisons of
children and adults. Talairach coordinates correspond to the center of mass for each
cluster. For clusters spanning multiple functional areas, all regions are listed.
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Table 4.

Talairach coordinates for the ROI
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Figure 2.

Statistical parametric maps from child and adult within-group comparisons. Across the
three columns, yellow-orange color scale represents Face>Control, Location>Control,
and Face>Location response, respectively. Blue color scale in columns one and two
represents deactivation (i.e., Control>Task), whereas blue color scale in column three
represents Face<Location response.
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Figure 4.

Behavioral performance across groups, plotted as a function of age
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Figure 5.

Axial slices at the mid-ventricular level from each BSCP participant’s T1-weighted
anatomical scan demonstrating ventricular dilation and associated white matter
thinning, most prominent posteriorly, in the preterm (4-6), but not term-born
participants (1-3).
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Figure 6.

Results of the pattern discrepancy analysis
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Figure 7.

Regional BOLD response across groups for the Face-control contrast, plotted as a
function of age
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Figure 8.

Regional BOLD response across groups for the Location-control contrast, plotted as a
function of age
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Figure 9.

Regional BOLD response across groups for the Face-Location contrast, plotted as a
function of age
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