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Inhibition of return (IOR) refers to an increase in time to react to a target in a previously attended
location. Children with spina bifida meningomyelocele (SBM) and hydrocephalus have congenital
dysmorphology of the midbrain, a brain region associated with the control of covert orienting in general
and with IOR in particular. The authors studied exogenously cued covert orienting in 8- to 19-year-old
children and adolescents (84 with SBM and 37 age-matched, typically developing controls). The
exogenous cue was a luminance change in a peripheral box that was 50% valid for the upcoming target
location. Compared with controls, children with SBM showed attenuated IOR in the vertical plane, a
deficit that was associated with midbrain dysmorphology in the form of tectal beaking but not with
posterior brain volume loss. The data add to the emerging evidence for SBM deficits in attentional

orienting to salient information.
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Inhibition of return (IOR) refers to an increase in time to react
to a target in a previously attended location (Posner & Cohen,
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1984; Posner, Rafal, Choate, & Vaughan, 1985). As an adaptive
function, IOR increases the chance that exploration will occur with
new objects and in new locations and, thereby, provides a strategy
for effective foraging in a complex visual environment (Klein,
1988, 2000). There are at least three types of IOR (Tipper, Jordan,
& Weaver, 1999; Umilta, 2001): object-based 10R, which follows
moving objects; object-centered I0R, which follows parts of ro-
tating objects; and space-based 10R, which is related to spatial
locations. In this article, we are concerned with space-based IOR.

Attention may be summoned by salient information, and cues
such as a luminance change at the future location of a target are
termed exogenous because they represent externally cued orient-
ing. Attention may also be deployed toward cognitively interesting
information, and cues such as a central arrow pointing to the
location of an upcoming target are termed endogenous because
they represent internal, cognitively cued orienting. Exogenous and
endogenous orienting are separable in normally developed adults
(Posner, Cohen, & Rafal, 1982) such that attention is summoned
automatically by exogenous cues but can also be summoned en-
dogenously by cognitive cues.

In the canonical IOR paradigm, targets are cued exogenously by
an event that appears at the future location of the target (e.g., a
sensory change, such as a peripheral flash or a bright box in the
target location). Cues can be facilitatory or inhibitory, depending
on the time parameters between cue and target (i.e., the stimulus
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onset asynchrony [SOA]). A motor response to a visual target
presented at an exogenously cued location is facilitated when the
target occurs shortly after the cue; reciprocally, the reaction time
(RT) to an invalidly cued target increases at that SOA. As the SOA
becomes longer, the response to validly cued targets is no longer
facilitated and, instead, becomes slower or inhibited. RT is longer
if a long-SOA cue validly indicates an upcoming target location
than if cue and target location do not coincide. This inhibitory
effect is termed /OR.

Oculomotor preparation is an important part of the mechanism
of IOR (Rafal, Calabresi, Brennan, & Sciolto, 1989), as evidenced
by the fact that the inhibitory effect is demonstrated both by a cue
presented in the periphery while the eyes are fixated centrally and
by endogenous activation of a saccade (Posner et al., 1985). IOR
is not apparent with endogenously activated covert attention shifts
in response to central cues that indicate where the forthcoming
target will appear, which data add to evidence of the separability
of exogenous and endogenous orienting in normally developed
adults (Posner et al., 1982) and show that IOR is a feature of
attention that is summoned automatically by salient cues rather
than being summoned endogenously by cognitive cues.

The time course for the appearance of IOR depends on how
efficiently attention can be removed from the cued location (Klein,
2000). The canonical IOR paradigm uses a single-cue procedure,
although a double-cue procedure, in which attention is removed
from a cued location after the initial peripheral cue (e.g., by
brightening the central fixation point), has also been used. IOR
appears earlier (at a shorter SOA) when attention is exogenously
removed from the peripheral cued location by a second cue
(Briand, Larrison, & Sereno, 2000; Pratt & Fischer, 2002).

IOR is evident early in development. Newborn infants show
IOR following overt locational shifts (Simion, Valenza, Umilta, &
Dalla Barba, 1995; Valenza, Simion, & Umilta, 1994). In a spatial
cuing procedure without overt attentional shifts of fixation, infants
older than 4 months of age show IOR (Clohessy, Posner, Rothbart,
& Vecera, 1991; Richards, 2001). Six- to 18-month-old infants
show an adult pattern of IOR when a double-cue procedure is used
(Clohessy et al., 1991). Although the mechanism for inhibiting the
return of attention to a recently attended location exists at birth,
infants do not show covert shifts of attention in all spatial cuing
procedures that result in both initial facilitation and later IOR
(Richards, 2003).

In school-age children, the time course of IOR varies with age
and experimental procedure. Younger children (5-10 years old)
show IOR with a double-cue procedure (MacPherson, Klein, &
Moore, 2003) but not with a single-cue procedure (Brodeur &
Enns, 1997); that is, younger children have delayed IOR unless a
second cue at fixation removes their attention from the peripherally
cued location. Older children (11-17 years old) show the adult
pattern of facilitation at a short SOA and inhibition at a longer
SOA for both single- and double-cue conditions (MacPherson et
al., 2003).

The importance of oculomotor programming in IOR suggests
that it depends on midbrain structures such as the superior collicu-
lus (Rafal & Henik, 1994), and there are three pieces of evidence
that implicate the superior colliculus in IOR. (a) Adult individuals
viewing monocularly show greater IOR in the temporal than in the
nasal visual field, associating IOR with the retinotectal pathway
(Rafal, Henik, & Smith, 1991). (b) Individuals with brain injury

that preserves retinotectal pathways (e.g., brain-damaged patients
with hemianopia, in whom the geniculostriate pathway is disturbed
but the retinotectal pathway is relatively intact; Rafal et al., 1989,
1991) do show IOR. (c) Midbrain lesions produce a loss of IOR.
The condition of progressive supranuclear palsy is associated with
degeneration of the superior colliculus and tectal region and pro-
duces vertical gaze disorders, deficits in spatial orienting not
directly caused by disorders of eye movements (Rafal & Grimm,
1981), and a lack of IOR (Rafal, Posner, Friedman, Inhoff, &
Bernstein, 1988). In a patient with a lesion restricted to the right
superior colliculus, IOR was evident in the visual field projecting
to the intact left superior colliculus but not in the visual field
projecting to the damaged right superior colliculus (Sapir, Soroker,
Berger, & Henik, 1999).

Behaviorally, IOR has effects on a range of cognitive processes
(e.g., Vivas & Fuentes, 2001), implying some IOR mediation by
cortical structures. In patients with parietal lesions, some studies
have shown null IOR effects (Posner et al., 1985), whereas others
have shown an attenuated or limited IOR (Bartolomeo, Sieroff,
Decaix, & Chokron, 2001; Vivas, Humphreys, & Fuentes, 2003).
The finding that parietal lobe damage attenuates IOR has led to the
proposal that an intact superior colliculus may be necessary but not
sufficient for IOR, with biases in spatial attention needing to be
implemented by the posterior parietal cortex (Danzinger, Fendrich,
& Rafal, 1997; Vivas et al., 2003). Anterior cortical regions do not
seem to be involved in IOR. For example, in children with the
impulsive/inattentive form (Combined Type) of attention-deficit/
hyperactivity disorder (ADHD), who show primarily anterior at-
tention problems, IOR is generally similar to that observed in
controls (Li, Chang, & Lin, 2003).

The developmental plasticity of the brain system for IOR is not
known, because the studies of superior colliculus and parietal
lesions have used adults with acquired brain damage. The fact that
IOR in some form is evident in newborns, for whom visual
behavior is mediated largely by the superior colliculus, suggests
that the brain mechanisms for IOR are established early in life. A
useful perspective on the neural basis of IOR might emerge from
the study of IOR in a large, representative sample with a childhood
brain disorder that explicitly compromises the midbrain and pos-
terior cortex, neural substrates important for IOR in the mature
brain. Spina bifida meningomyelocele (SBM) is one such
condition.

SBM is a neural tube defect associated with malformations of
the spine and brain. It involves dysraphism of the spinal cord, with
a loss of sensory and motor function below the level of the spinal
lesion. It is the most common severely disabling birth defect in
North America, occurring in about 0.5 per 1,000 births. Spina
bifida represents a heterogeneous disorder and is usually classified
on the basis of the spinal dysraphism that is apparent at birth. SBM
is the most common and severe form of the condition. Most
children with SBM develop hydrocephalus, which involves en-
larged cerebral ventricles and produces a range of primary and
secondary effects on the brain (del Bigio, 1993; Dennis et al.,
1981, 2005; Fletcher et al., 1996, 2005; Fletcher, Dennis, &
Northrup, 2000; Hannay, 2000). SBM is associated with profound
disturbances of brain development that include malformation of
the midbrain, abnormal formation and maturation of the posterior
cortex and white matter, agenesis and hypoplasia of the corpus
callosum, and dysmorphology of the cerebellum involving abnor-
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malities in shape and reductions in volume (Dennis et al., 2005;
Dennis et al., 1981; Fletcher et al., 1996, 2000; Hannay, 2000).

The pattern of brain dysmorphology in children with SBM is
one of particular relevance for the neurobiology of covert orienting
in general, including IOR. This is because these children have
congenital abnormalities of the midbrain and selective reductions
in posterior cortical volume (Dennis et al., 1981; Fletcher et al.,
1996). At a neural level, children with SBM commonly exhibit
midbrain damage, mostly in the form of beaking of the tectum
(Fletcher et al., 2000, 2005). They also show paralysis of upward
gaze as part of their clinical symptomatology during shunt
malfunctions.

At a behavioral level, children with SBM have deficits in the
posterior, rather than the anterior, attention system. In an exoge-
nous visual orienting task, children with hydrocephalus, most of
whom had SBM, sustained attention to the task but were slow to
disengage from an exogenous cue (Brewer, Fletcher, Hiscock, &
Davidson, 2001). A recent study of covert orienting in children
with SBM compared three types of cues: exogenous (luminance
change in a peripheral box that was either valid or invalid for
upcoming target location), endogenous arrow (a central arrow that
was either valid or invalid for upcoming target location), and
endogenous word (a central word that was either valid or invalid
for upcoming target location). Compared with controls, children
with SBM showed slowed covert orienting to both exogenous and
endogenous cues and enhanced disengagement costs to exogenous
(although not to endogenous) cues with a short SOA, deficits that
were associated with midbrain dysmorphology and posterior brain
volume loss (Dennis et al., 2005).

The nature of exogenously cued attention is explored further in
the present article with specific reference to IOR. Although it is
known that children with SBM show greater exogenous disengage-
ment costs at a short SOA, it is not clear whether they show IOR
at a long SOA. In a number of visual attention paradigms, such
children exhibit more problems in the vertical than in the horizon-
tal plane, but it is not clear whether IOR varies by plane. Nor is it
known whether IOR varies with disorders of the midbrain in SBM,
as it does in adult conditions like progressive supranuclear palsy
associated with midbrain degeneration or unilateral superior col-
liculus lesions. The presence of midbrain and tectal abnormalities
in some but not all children with SBM provides an opportunity to
test hypotheses about the developmental role of the midbrain in
IOR.

Little evidence exists about posterior parietal lesions and IOR.
The variability of posterior cortical volumes in SBM also allows
exploration of the question of the correlation between posterior
cortical volumes and IOR. A study of the neurobiology of IOR in
children with SBM, then, would provide not only missing infor-
mation about covert orienting in this population but also informa-
tion about the plasticity of brain bases of IOR.

In the present study, we examined IOR with respect to exog-
enously cued targets in the horizontal and vertical planes, and we
related IOR to MRI-identified anomalies of the midbrain, a region
that has been implicated in IOR in the mature brain. The behav-
ioral hypotheses were that children with SBM would, as a group,
show the typical pattern of facilitation by a valid cue at a short
SOA but less IOR than controls with a valid cue at a longer SOA,
particularly in the vertical plane. The brain—behavior hypothesis
was that midbrain damage would be the factor that limited IOR—

specifically, that children with SBM and tectal beaking would
show no or very attenuated IOR relative both to controls and to
children with SBM and a more normal midbrain. The evidence for
a parietal cortex role in IOR is mixed, so although we explored this
question by correlating IOR with posterior cortical volumes, we
entertained no specific hypotheses about this relationship.

Method
Participants

The participants were 121 children and adolescents ranging in age
from 8 to 19 years, recruited from two sites: The Hospital for Sick Children
in Toronto, Ontario, Canada (n = 67) and the University of Texas Medical
School at Houston (n = 54). One group (n = 84) had been identified with
and treated for SBM at birth, including placement of a shunt shortly
thereafter for hydrocephalus. The other group represented typically devel-
oping, age-matched controls (n = 37) recruited through local advertise-
ments, posters, and related activities. Within the group with SBM, children
were seen when they were medically stable. Most children (» = 51) had
either no or 1 shunt revision, 22 had 2—4 revisions, and 11 had 5-14
revisions. There were 16 with spinal lesions above L1 and 68 with spinal
lesions below T12, the differentiation at the thoracic level reflecting genetic
(Volcik, Blanton, & Northrup, 2001), neuroembryological (Park, Stewart,
Khoury, & Mulinare, 1992), and neuropsychological research (Fletcher et
al., 2005) supporting a subdivision at this level. Although higher spinal
lesions are associated with poorer neurobehavioral outcomes (Fletcher et
al., 2005), they are also associated with a greater incidence of brain
anomalies. Of relevance to the study of IOR, children with upper spinal
lesions are more likely than those with lower spinal lesions to show tectal
beaking, with few children with upper lesions failing to show this relation
(Fletcher et al., 2005). In the present sample, all but one of the children
with upper lesions showed tectal beaking, whereas 43 (78%) of those with
lower level lesions showed tectal beaking. Because beaking is a more
theoretically relevant variable than lesion level for visual attention—and,
especially, given that we cannot dissociate tectal beaking and upper level
lesions—we chose to analyze the results according to tectal beaking only.

All participants had IQ scores within 2 standard deviations of the
population mean of 100 (70 and above) on either the Verbal Reasoning
and/or Abstract/Visual Reasoning subtests of the Stanford-Binet Test of
Intelligence (4th. ed.; Thorndike, Hagen, & Sattler, 1986). Individuals were
not included if they had a neurological disorder unrelated to SBM, a severe
psychiatric disorder, uncontrolled seizure disorder, uncorrected sensory
disorder, or an inability to control the upper limbs. In addition, controls
were not included if they had identified neurobehavioral disorders, includ-
ing learning and attention disorders evidenced through parent or school
reports.

Table 1 summarizes data on sociodemographic variables and 1Q. The
group did not differ significantly in age, #(119) = 0.93, p < .36; gender,
X’(1, N = 121) = 0.03, p < .87; or socioeconomic status, #(119) = 1.78,
p < .08. There were more children of Hispanic origin in the group with
SBM, analyzed as a comparison of Hispanic and non-Hispanic participants
given the low sample size in some cells, x*(1, N = 121) = 7.39, p < .007.
In North America, SBM is more common in Hispanic than in non-Hispanic
populations. All participants were English speaking, and the socioeco-
nomic status difference was not statistically significant.

Cued Orienting Procedure

The cued orienting task (based on Rafal et al., 1988) was administered
using an IBM-compatible personal computer, coded in Micro Experimental
Laboratory (Version 2.0), and scored in SAS (Version 9.0). A chin rest
with a forehead bar was used to ensure a distance of 47.5 cm between the
computer monitor and participant’s eye level. While maintaining central
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Table 1
Demographic Information for Control and Spina Bifida Meningomyelocele (SBM) Participants
Group
Variable Control (n = 37) SBM (n = 84)
Age (years; M £ SD) 14.55 = 2.56 15.37 = 2.86
Gender
Male 20 40
Female 17 44
Ethnicity
Caucasian 29 56
Hispanic 1 19
Asian 3 3
African American 2 3
Other 2 3
Socioeconomic status® (M = SD) 46.00 = 12.01 41.20 = 14.10
Stanford-Binet composite 1Q (M = SD) 107.84 = 9.76 889 = 11.97

# Determined by the Hollingshead (1975) four-factor scale.

fixation, participants were required to press a button when a target appeared
in one of four peripheral locations on the computer screen: to the right, to
the left, above, or below the central fixation point. On each trial, a cue was
presented at one of two SOAs (200 or 1,000 ms prior to the target). The
cue, a luminance change in one of the peripheral boxes, accurately indi-
cated the location of the target on approximately 50% of the trials. Children
completed 5 practice trials prior to each block, and then they completed
two blocks of at least 80 trials each. Any trial with an RT less than 150 ms
or greater than 2,000 ms was considered spoiled and was excluded from
analyses; such trials were presented again after Trial 80 in each block.

Brain Imaging Procedures

Image acquisition. Three sets of images were acquired: a sagittal
localizer, a T1-weighted coronal series for assessment of white and gray
matter, and a T2-weighted coronal series for assessment of cerebrospinal
fluid (CSF). To coregister and position-normalize the two sequences,
external fiducial markers were placed on the nasion and external meatus.
The sagittal localizer was a spin-echo T1-weighted series (FOV 24, TR
500, TE 14, 256 X 192 matrix, 3 mm with a 0.3-mm skip, two repetitions).
One whole-brain coronal series consisted of contiguous 1.5-mm slices
using a fast spin-echo proton density and heavily T2-weighted images
(FOV 20, TR 4000, TE1 15, TE2 112, 256 X 192 matrix, two repetitions).
The second whole-brain coronal series consisted of a 3-D-spoiled grass
gradient echo contiguous 1.5-mm coronal series (TR 21, TE4, flip angle
35°, 124 locations, 256 X 192 matrix, one repetition).

Quantitative analysis. Prior to tissue segmentation, each slice series
was stored in a single-volume file, and the pixel grayscale limits were
expanded by increasing the gain within the 0-255 (byte data) range. Each
sequence volume was then reformatted so that voxel dimensions were
isotropic. The T1- and T2-weighted reformatted volumes were aligned with
each other through the use of the fiducial markers. Rigid-body translation
and rotation routines programmed in IDL software were used for the
realignment procedure itself, which was manually and visually checked at
each step. Each volume was placed within a 256-cubic voxel bounding box
with the fiducial marker cross point placed at the center of the volume. The
two reformatted and aligned volumes were filtered using a nonlinear
anisotropic diffusion filter, which increased the overall signal-to-noise ratio
of each volume an average of 100% (Gerig, Kubler, Kikinis, & Jolesz,
1992). This automated nonlinear filter served to sharpen areas of high-
intensity gradient (boundaries) and to smooth regions of low-intensity
gradient within the tissue borders.

Automatic segmentation. The method used a fully automated fuzzy
cluster analysis (Pao, 1989) that obtained whole and regional brain tissue

and CSF volumes (Brandt, Bohan, Kramer, & Fletcher, 1994, Brandt et al.,
1996; Brandt, Fletcher, & Bohan, 1992). The T1-weighted scan volume,
which provides superior white—gray contrast compared with the T2-
weighted scan, was used to obtain white- and gray-matter tissue volumes.
The T2-weighted scan was fuzzy clustered separately from the TI-
weighted scan to extract CSF volumes, and this was used to adjust the
white- and gray-matter volume measures obtained from the T1-weighted
volume. Solution images were derived from the final computed fuzzy
cluster membership values for each voxel, which could then be viewed
graphically onscreen and compared with the actual scan images. For the
quantitative analyses, separate tissue volumes (white matter, gray matter,
CSF) were obtained for the posterior cortical region on the basis of a
division of the corpus callosum into a precallosal region (genu forward), a
pericallosal (including the corpus callosum) and a retrocallosal region (the
regions of interest; Filipek et al., 1992). In this categorization, the retro-
callosal region extended caudally from the most posterior aspect of the
corpus callosum. For the present study, the regions of interest are as
follows: total retrocallosal region gray matter, total retrocallosal region
white matter, and total retrocallosal region CSF. The percentages of ret-
rocallosal volumes were calculated as the absolute total retrocallosal vol-
ume for each tissue type divided by the absolute whole retrocallosal
volumes.

Qualitative Analyses

Structural MRI scans were analyzed in 94 participants (69 SBM, 25
control) with respect to qualitative analyses of the midbrain and tectum.
Two pediatric radiologists coded tectal beaking as either present or absent.
Figure 1 shows a normal tectum and two examples of tectal beaking from
the SBM group.

Data Analyses

Cued orienting. In an earlier study of exogenous and endogenous
cuing (Dennis, Edelstein, Copeland, et al., 2005), we had calculated the
difference in RT between valid and invalid cues at each SOA. At the short
SOA, we found a relative cost associated with cue validity, which we
termed the disengagement cost. To study IOR, we calculated a parallel
relative-cost measure at the long SOA. Using relative differences in RTs
for valid and invalid cues has the additional advantage of equating indi-
vidual differences in the absolute magnitude of RT among participants.

Median RTs for each child were calculated by plane (horizontal, verti-
cal) and SOA (200 or 1,000 ms) for both validly cued targets and invalidly
cued targets. To evaluate the facilitation or inhibition of RT associated with
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Figure 1. Tectal beaking in midsagittal structural MRI slices for a control
participant with normal tectum (left), a spina bifida meningomyelocele
(SBM) participant with normal tectum (middle), and an SBM participant
with beaked tectum (right). Arrows point to the midbrain—tectal area.

cue validity, we calculated the difference in median RT on valid and
invalid trials for each participant by plane and SOA. Average differences
in latency were compared between groups, at each plane, using a Group X
SOA repeated measures analysis of variance (ANOVA), covarying for age.

Brain structure and visual orienting. To evaluate the relationship
between tectal dysmorphology and covert orienting, we analyzed RT
latency differences using a Group (control, SBM—no tectal beaking,
SBM—tectal beaking) X SOA repeated measures ANOVA, covarying for
age. In addition, we made partial correlations between differences in RT
latency and posterior cortical volume, controlling for age.

Results
Cued Orienting

Differences in RT latency are shown in Figure 2. At the short
SOA, RTs were facilitated when targets were preceded by valid
cues and prolonged when targets were preceded by invalid cues, a
finding that we have described as the cost of disengaging attention
on invalid trials (Dennis et al., 2005). In contrast, at the long SOA,
this cost of disengagement was not observed: main effect of SOA
in the horizontal plane, F(1, 118) = 14.425, p < .001, and in the
vertical plane, F(1, 118) = 13.693, p < .001. All participants
showed a shorter RT to the invalidly cued target than to the validly
cued target at the long SOA.

The effects of cue validity on latency to targets in the horizontal
plane were similar for both children with SBM and controls.
However, this effect was mediated by age for both groups—effect
of age, F(1, 118) = 7.256, p < .008 —with older children showing
shorter latencies. In contrast, the latency difference in responses to
targets presented in the vertical plane, at both the short and the
long SOA, were significantly different between groups: main ef-
fect of group in the vertical plane, F(1, 118) = 19.615, p < .001.
Children with SBM were less responsive than controls to the
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Latency differences in median reaction times (RTs) between validly and invalidly cued targets for

spina bifida meningomyelocele (SBM) and control group participants. The negative latency differences at the
short (200-ms) stimulus onset asynchrony (SOA) are the disengagement costs associated with misdirecting
attention on invalidly cued trials. At the 1,000-ms SOA, shorter RTs to invalidly cued targets result in positive
latency differences, which are evidence of inhibition of return. Error bars represent standard errors of the mean.
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effects of cue validity on targets in the vertical plane (see Figure
2), and this effect was not mediated by age.

It is of note that the effect of SOA manifested in RT to invalidly
cued targets, and not to validly cued targets (Group X SOA
repeated measures ANOVA). Neither children with SBM nor
controls showed a difference in RT to validly cued targets across
the two SOAs (see Figure 3). In contrast, the RTs to invalidly cued
targets at the two SOAs differed significantly: main effect of SOA
in the horizontal plane, F(1, 118) = 9.93, p < .002, and in the
vertical plane, F(1, 118) = 10.57, p < .002.

Structure—Function Relationships: Tectal Beaking

The pattern of results described above is similar to that found
when considering the role of tectal dysmorphology on RT. Differ-
ences in RT latency for children with SBM with tectal beaking,
children with SBM with no tectal beaking, and typically develop-
ing controls are shown in Figure 4. We found significant effects of
SOA—horizontal plane, F(1, 90) = 18.37, p < .001; vertical
plane, F(1, 90) = 10.14, p < .002—with disengagement cost
associated with the short SOA and IOR associated with the long
SOA.

The effects of cue validity on latencies to targets in the hori-
zontal plane were similar for children with SBM with tectal
beaking, children with SBM with no tectal beaking, and controls.
In contrast, the latencies to targets presented in the vertical plane,
at both the short SOA and the long SOA, were significantly
different between groups: main effect of group in the vertical
plane, F(2, 90) = 5.91, p < .004. Post hoc comparisons (control-
ling alpha at p < .05) revealed significant differences between
controls and children with SBM with tectal beaking.

Structure—Function Relationships: Posterior Cortical
Volume

There were no significant correlations between retrocallosal
brain volumes and RT latency differences.

Discussion

Children with SBM have impairments in covert orienting that
include attenuated IOR. All of the children in this study showed
some basic task effects. Both children with SBM and controls
exhibited a disengagement cost at the shorter SOA and IOR at the
longer SOA. For both groups, the direction of the relation between
valid and invalid cues changed with SOA. Children with SBM
performed the task as directed and as would typically developing
infants (Clohessy et al., 1991), children (MacPherson et al., 2003),
and adults (Rafal & Henik, 1994). In important respects, then, the
children in the study performed the exogenously cued orienting
task as would typically developing children and normally devel-
oped adults.

Nevertheless, the children with SBM differed from the controls,
and the results varied by plane. In the horizontal plane, children
with SBM performed similarly to controls with respect to showing
a disengagement cost at the shorter SOA and IOR at the longer
SOA. In the vertical plane, children with SBM—in particular those
with tectal beaking—had a greater disengagement cost and less
IOR.

Both disengagement cost and IOR are defined by the relation
between the valid and the invalid cue. For space-based IOR, the
limiting factor is the invalid cue, because the groups do not differ
across conditions for the valid cue. The change from a cost of
disengagement at the shorter SOA to IOR at the longer SOA is
related to changes in the invalid, although not to the valid, cue.
Thus, it is not the case that it took either group longer to respond
to the valid cue. What changed with SOA was the relation between
RT to the constant valid cue and RT to the variable invalid cue.
Our results are consistent with the idea that IOR biases attention
toward novel locations and away from previously inspected loca-
tions, thereby making visual search more efficient (Danzinger,
Kingstone, & Snyder, 1998).

Age mediated RTs to horizontally cued targets in both group
comparisons, suggesting that IOR in the horizontal plane, even
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Figure 3. Median reaction times to validly and invalidly cued targets at the short (200-ms) and the long
(1,000-ms) stimulus onset asynchrony for controls and in children with spina bifida meningomyelocele (SBM).

Error bars represent standard errors of the mean.
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Figure 4. Comparison of latency differences between validly and invalidly cued targets for participants with
spina bifida meningomyelocele (SBM) with tectal beaking, participants with SBM without tectal beaking, and
control group participants. The negative latency differences at the short (200-ms) stimulus onset asynchrony
(SOA) are the disengagement costs associated with misdirecting attention on invalidly cued trials. At the longer
(1,000-ms) SOA, the shorter reaction times to invalidly cued targets result in positive latency differences, which
are evidence of inhibition of return. Error bars represent standard errors of the mean.

though it is apparent early in life, improves in all children over the
age range tested. Although the basic IOR may be apparent by 6
months of age, performance in these canonical IOR paradigms is
responsive to developments marked by increasing age. Of consid-
erable interest, age had no effect on IOR in the vertical plane.
The dissociation between horizontal and vertical planes is of
some interest and is consistent with both experimental and clinical
data on these children suggesting that the vertical plane is espe-
cially vulnerable. Children with SBM have more difficulty bisect-
ing lines in the vertical plane than in the horizontal plane, and they
show altitudinal neglect (Dennis, Edelstein, Frederick, et al., in
press). Clinically, they show a Parinaud syndrome during shunt
blocks whereby they have a limitation of upward gaze. Although
the children with SBM were not symptomatic during testing, it
does appear that the vertical plane is notably vulnerable to atten-
tion deficits in this population (see also Dennis, Edelstein, Fred-
erick, et al., in press), which raises the question of whether visual
attention in the vertical plane is driven by a failure to make vertical
eye movements. The answer appears to be negative. In the basic
Posner (1980) paradigm, covert attention is studied with the eyes

fixated on a central point. In the present study, even when the eyes
were fixated on a central location, children with SBM had trouble
disengaging from the exogenous cue and inhibiting return to the
attended location. These problems are ones of attention, not simply
eye movement problems (which, to be sure, may affect other visual
perception tasks). The visual attention deficits of children with
SBM, then, appear to include deficient oculomotor programming.
What is not yet known is whether these deficiencies can be
ameliorated by means of a second cue to draw attention back from
the peripherally cued location.

Recent computational models of the superior colliculus propose
that its function is to generate saccades and bring visual and motor
information together in a common reference frame (Optican,
1995). Specifically, retinotectal pathways are important for reflex
orienting to exogenous signals and for linking covert attention to
the oculomotor systems of overt orienting (Rafal et al., 1988). The
present data extend information about the role of the superior
colliculus in exogenous orienting. Our children with SBM and
tectal beaking were slower at covert orienting to exogenous cues as
well as at other types of visual attention involving overt movement
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of the effectors (Dennis, Edelstein, Frederick, et al., in press),
which suggests that the superior colliculus is important for both
overt and covert orienting in children.

The functions of exogenous orienting are delimited, and an
overwhelming body of evidence implicates the midbrain in these
functions. Our data support a prominent role for the midbrain and
suggest that cortical mechanisms play a limited role in exogenous
orienting, unlike other forms of attention (Dennis et al., 2005;
Dennis, Edelstein, Frederick, et al., in press). Thus, we found no
relations among posterior brain-volume measures and IOR. The
posterior cortex does not seem to be significant for IOR in children
with SBM, from which it may be inferred that cortical mechanisms
do not take over the functions of the midbrain. Our data do not
provide support for the proposal that an intact superior colliculus
is necessary but not sufficient for IOR, with biases in spatial
attention needing to be implemented by the posterior parietal
cortex (Danzinger, Fendrich, & Rafal, 1997; Vivas et al., 2003).
To be sure, we studied space-based IOR, and it is possible that a
cortical role is important in other forms, such as object-based IOR,
which may involve a type of inhibitory tagging of objects.

In better delineating the attention deficit of children with SBM,
the present data also sharpen the differences between attention
disorders in different developmental disorders. In comparison with
children with SBM, children with the impulsive/inattentive form of
ADHD (Combined Type) can disengage but not sustain attention,
whereas children with SBM can sustain attention but cannot dis-
engage (Brewer et al., 2001). In a recent study, we extended this
finding to show that children with SBM have difficulty disengag-
ing from exogenous cues but not from endogenous cues (Dennis,
Edelstein, Copeland, et al., 2005). Here, we further elaborated this
comparison by showing that children with SBM have attenuated
IOR in the vertical plane, whereas children with ADHD appear to
perform similarly to controls on IOR tasks (Li et al., 2003).
Moreover, children with ADHD show normative but sluggish
patterns on the Posner paradigm, with the exception of some
asymmetric patterns (Brewer et al., 2001; Epstein, Connors, Er-
hardt, March, & Swanson, 1997; Swanson et al., 1991). Children
with SBM cannot orient attention to salient information; children
with ADHD cannot sustain attention to interesting information.

Structure—function congruence for IOR was observed in SBM, a
neurodevelopmental disorder associated with midbrain damage.
Furthermore, we observed a relation between brain compromise
and outcome: In those children with the most severe developmen-
tal damage to the midbrain and tectum, evidenced by tectal
beaking, the effects on IOR were most evident.

The present data bear on the developmental plasticity of the
brain system for IOR. Because IOR in some form is evident in
newborns, for whom visual behavior is mediated largely by the
superior colliculus, it is likely that the brain mechanisms for [OR
are established early in life. Infants with SBM as young as 7
months of age show difficulties in age-appropriate visual attention
paradigms that require orienting and disengaging of attention
(Landry, Lomax-Bream, & Barnes, 2003). The present data sup-
port this view at both a behavioral and a neuroanatomical level,
showing that problems with the midbrain in neuroembryogenesis
are associated with IOR deficits similar to those resulting from
midbrain lesions acquired in adult life. The developmental plas-
ticity of the midbrain and tectum appears to be limited both in
hamsters (Finlay, Marder, & Cordon, 1980) and in human chil-

dren. Covert-orienting deficits exist similarly in congenital mid-
brain dysmorphology and adult midbrain degeneration, then, and
they likely contribute to the visuomotor deficits that have been
described in each of these conditions (e.g., Dennis, Fletcher, Rog-
ers, Hetherington, & Francis, 2002; Rafal et al., 1988).

Genetic-embryological heterogeneity (spinal lesion level), brain
dysmorphology (tectal beaking), and IOR are associated in chil-
dren with SBM by virtue of the link between tectal beaking and
spinal lesion level (Fletcher et al., 2005). Children with upper
spinal lesions reliably have tectal beaking, and individuals with
tectal beaking are those with the most severe IOR deficits. This
provides further evidence (see Dennis, Edelstein, Frederick, et al.,
in press) about the tripartite link between gene, brain, and behavior
in this condition.

The functional effects of limitations in IOR are considerable.
Although automatic orienting to new information has defensive
and social adaptive advantages, the tight linkage of orienting with
IOR facilitates strategic, voluntary environmental search without
continual distraction by repeated extraneous stimulation (Rafal &
Henik, 1994). The link between orienting and IOR appears to be
less tight in children with SBM, at least for the vertical plane. The
implications of this for strategic visual search are less clear. It may
be relevant that in tasks of rapid visual naming of common objects,
such children are slow not because of naming deficits per se but
because they need fillers and scaffolds to support their serial visual
naming (Dennis, Hendrick, Hoffman, & Humphreys, 1987).

The study of IOR in children with SBM, who have significant
brain dysmorphologies in the midbrain, is informative. First, it
increases understanding of the range of covert orienting deficits in
this condition. Second, it allows delineation of similarities and
differences with other disorders of attention, such as ADHD.
Third, it provides converging developmental evidence for the
importance of the midbrain as a critical component of the system
for covert orienting of attention.
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