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This article examines the effects of visua input on the development of attention by
comparing normal childrento children, al morethan 8 years old, who had been treated
for bilateral congenital cataractsduringinfancy. In Experiment 1, patients pushed abut-
ton as soon asthey detected atarget that appeared 100, 400, or 800 msec after acentral
cue. The cue either validly cued the upcoming location or invalidly cued thewrong lo-
cation. Patients (n= 16) performed normally at the 100 msec and 400 msec stimuluson-
set asynchrony (SOA). However, when the cue preceded the target by the 800 msec
SOA, patients' reaction times were not affected by the validity of the cue, especialy
when deprivation had extended past 4 months of age. In Experiment 2, patients indi-
cated which of two shapes appeared in the periphery 400 msec after acentral cue, with
those shapes surrounded by compatible or incompatible distractors. Patients (n = 15)
differed from age-matched controls in (a) being sowed more by incompatible
distractorsoninvalidtrials, and (b) tending to show alarger than normal effect of theva-
lidity of the cue preceding targetsin the upper visual field. Together, thesefindingssug-
gest that thenormal devel opment of attentionisinfluenced by early visual experience.

For many years after birth there are improvementsin visual—spatial attention; that
is, intheahility to attend to specific locationsin space where astimulusis expected
and to shift attention rapidly to another location should a stimulus appear there. In
thisarticle, we studied the effect of visual experience on the development of these
abilitiesby comparing children treated for bilateral congenital cataractsto children
withanormal visual history. A cataractisan opacity of thelensof theeye. Inthe pa-
tients we selected for study, the cataracts had been dense and central so that they
had prevented patterned visual input from reaching the retina. Treatment involved
surgical removal of the cataractsfollowed by fitting the eyeswith contact lensesto
focus visual input on the retina. At the time of the tests, the patients were at least 8
years old and hence had yearsto recover from the initial deprivation. The purpose
of our studieswasto examinewhether theinitial deprivation, which had lasted from
birth until 1.8to 19.5 months of age, had a permanent effect on the devel opment of
visual—spatial attention.

Previous research indicates that early binocular deprivation interferes with the
postnatal development of sensory visual functions, including visual acuity (re-
viewed in Maurer & Lewis, in press), spatial contrast sensitivity (Birch, Stager,
Leffler, & Weakley, 1998; Ellemberg, Lewis, Maurer, Liu, & Brent, 1999; Mioche
& Perenin, 1986; Tytla, Maurer, Lewis, & Brent, 1988), temporal contrast sensi-
tivity (Ellemberg et al., 1999), stereopsis (Tytla, Lewis, Maurer, & Brent, 1993),
and peripheral light sensitivity (Bowering, Maurer, Lewis, & Brent, 1993, 1997).
It also affectsthe control of eye movements, such that patientstreated for bilateral
congenital cataract often have unsteady fixation, show aspontaneousor latent nys-
tagmusthat is predominantly horizontal (Lewis, Maurer, & Brent, 1995), and have
asymmetrical optokinetic nystagmusin response to amoving pattern viewed mon-
ocularly (reviewed in Maurer & Lewis, 1993; Maurer, Lewis, & Brent, 1989). In
contrast, early binocular deprivation has no apparent effect on abilitiesthat arerel-
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atively mature at birth, such ascolor vision and the ability to recognize grossly dif-
ferent shapes (reviewed in Maurer & Lewis, 1993; Maurer, Lewis, & Brent, 1993).
For some affected visual functions, the outcomeisrelated to the duration of depri-
vation from birth, such that the deficits are larger when the initial deprivation
lasted longer (reviewed in Maurer & Lewis, 1993). For all affected visua func-
tions, the deficits are largest when the deprivation began at birth. Studies of mon-
keys indicate that binocular deprivation exerts its effect at the level of the striate
cortex and beyond: there are no changes in photoreceptors (Hendrickson &
Boothe, 1976) in the electroretinogram (Crawford, Blake, Cool, & von Noorden,
1975), or in the physiological properties of neurons in the lateral geniculate nu-
cleus (Blakemore & Vital-Durand, 1986; Boothe, Dobson, & Teller, 1985). In
contrast, striate neuronsrespond sluggishly, are poorly tuned, havereceptivefields
that are abnormally large, and arelesslikely than normal to be driven by both eyes
(Crawford et al., 1975; Crawford, Pesch, von Noorden, Harwerth, & Smith, 1991,
reviewed in Maurer & Lewis, in press). In the studies reported here, we explored
whether binocular deprivation also affects the development of higher visual func-
tions, either because of poor input from the striate cortex or because of effects on
extrastriate projections.

We hypothesized that visual experience might be necessary for the normal de-
velopment of visual—spatial attention becauseit isimmature at birth, with abilities
emerging postnatally and then developing slowly into middle childhood. Under
most circumstances, young infants have difficulty shifting their eyes, and hence
presumably their attention, from the object they arefixating to another object. This
“obligatory attention” or “sticky fixation” ismost apparent around 1 to 2 months of
age (Atkinson, Hood, Wattam-Bell, & Braddick, 1992; Hood, 1995; Hood &
Atkinson, 1993; Johnson, 1990, 1995) and then diminishes around 3 to 4 months
of age (Atkinson et al., 1992; Hood, 1995; Hood & Atkinson, 1993; Johnson,
Posner, & Rothbart, 1991), at the same time as babies first show the ability to an-
ticipate thelocation of an upcoming target (Canfield & Haith, 1991; Haith, Hazen,
& Goodman, 1988; Johnson et al., 1991) and to orient attention covertly, without
an eye movement (Johnson et al., 1991; Johnson, Posner, & Rothbart, 1994; John-
son & Tucker, 1996). Even after infancy, it takesmany yearsbefore children areas
good as adults at redirecting attention quickly and at ignoring distracting informa-
tion. One demonstration comes from studies in which participants are asked to
pressabutton as soon asatarget appearsin the periphery and are cued with avisual
marker (exogenous cue) at the upcoming location or at the wrong location. Both
adultsand children respond more quickly when thetarget appears at the cued loca
tion, even when they must shift attention covertly because eye movements are not
alowed (e.g., Akhtar & Enns, 1989; Enns & Brodeur, 1989). However, all studies
using exogenous cues agree that children between the ages of 5 to 9 show alarger
validity effect than do adults, presumably because they are less able to shift atten-
tion from the incorrectly cued location to the position where the target appears. A
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similar developmental pattern is evident when the location of the upcoming target
is signaled by a central or endogenous cue that provides information about the
likely location of the upcoming target: Children younger than 8 to 10 years of age
show alarger validity effect than adults (Brodeur, 1993; Brodeur, Trick, & Enns,
1997; Goldberg, Maurer & Lewis, 2001; Pearson & Lane, 1990).

The slow development of adult-like ability to ignore distractors has been dem-
onstrated using anumber of paradigmsincluding Stroop color-word naming, same
and different judgments, and speeded classification (e.g., Enns, 1990; Enns &
Akhtar, 1989; Enns & Cameron, 1987; Lane & Pearson, 1982; Plude, Enns, &
Brodeur, 1994; Ridderinkhof & van der Molen, 1995; Strutt, Anderson, & Well,
1975; Tipper, Bourque, Anderson, & Brehaut, 1989; Well, Lorch, & Anderson,
1980). For example, in a speeded classification task, children between the ages of
4107 (Enns & Akhtar, 1989) and 5 to 9 (Ridderinkhof & van der Molen, 1995) are
slowed much more than adults by information incompatible with the current clas-
sification. Distractors surrounding a peripheral target increase reaction time at all
ages, especialy if the target and distractor signal incompatible responses. How-
ever, under some conditions they have alarger effect on children’s reaction times
until at least age 10 (Goldberg et al., 2001) and can be especially problematic for
children when the target and distractors appear far from where the child is attend-
ing (Akhtar & Enns, 1989).

Thus, visual—spatial attention undergoes protracted development: Theability to
disengage and shift attention emerges postnatally and improvesfor the next 8to 10
years. Theability toignoredistractorsisstill not adult-like under some conditions,
even at 10 years of age. Because of the slow development of visual—spatial atten-
tion, we hypothesized that it might be affected adversely by early visual depriva-
tion, asisthe case for other dowly developing visual ahilities.

Our second reason for suspecting that early visual input isimportant for the de-
velopment of visual—spatial attention is evidence from monkeysthat early binocu-
lar visua deprivation has an adverse effect on areas of the brain involved in
attention. Binocular deprivation beginning shortly after birth dramatically reduces
the later sensitivity of cells in the monkey’s posterior parietal association cortex
(Brodmann’'s area 7) to visua stimuli, much more than it affects cells in the pri-
mary visual cortex (Carlson, Pertovaara, & Tanila, 1987; Hyvarinen & Hyvarinen,
1979, 1982; Hyvarinen, Hyvarinen, & Linnankoski, 1981). Studies of both mon-
keys and humans indicate that the posterior parietal cortex plays a major role in
regulating attention. Cellsin that area of the monkey’ s cortex show increased fir-
ing during covert shifts of attention cued by a peripheral exogenous cue
(Steinmetz, Connor, Constantinidis, & McLaughlin, 1994; Steinmetz &
Constantinidis, 1995). Neuroimaging studies using positron emission tomography
and functional magnetic resonance imaging show increased activity in parietal
(and frontal) brain regions when human adults use acentral endogenous cueto co-
vertly shift attention (Corbetta, 1998; Corbetta, Miezin, Shulman, & Petersen,
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1993; Coull, Frith, Buchel, & Nobre, 2000; Nobre, Gitelman, Dias, & Mesulam,
2000; Petersen, Corbetta, Miezin, & Shulman, 1994; Rosen et al., 1999). More-
over, unilateral lesions to the posterior parietal cortex, in both the monkey
(Petersen & Robinson, 1986) and the human (Baynes, Holtzman, & Volpe, 1986;
Petersen, Robinson, & Currie, 1989; Posner, Walker, Friedrich, & Rafal, 1984,
1987), result in deficitsin visual—spatial attention, especially when the participant
must disengage attention from alocation miscued by an exogenous marker in the
good visual field and respond to atarget that is presented in the bad visual field
(contralateral to the parietal lesion). The one case report of a patient with bilateral
parietal lesions also found deficits, specifically in benefiting from exogenous cues
directing attention to theleft, right, and lower visual fields (Verfagllie, Rapcsak, &
Heilman, 1990).

Taken together, it is reasonable to hypothesize that early visual experience
might beimportant for the normal devel opment of visual—spatial attention because
(a) itisslow to develop, (b) cellsin the parietal cortex develop abnormally in bin-
ocularly deprived monkeys, and (c) the parietal cortex plays a major role in con-
trolling visual—spatial attention. However, recent findings about the role of the
parietal cortex in controlling attention during infancy make the predictions less
straightforward. Studies of exogenously cued shifts of attention following infan-
tile lesions suggest that posterior systems (including the parietal cortex) play a
smaller role than in adults, whereas anterior systems (including frontal cortex)
play alarger role (e.g., Craft, Schatz, Glauser, Lee, & DeBaun, 1994; Craft, White,
Park, & Figel, 1994; Johnson, Tucker, Stiles, & Trauner, 1998). For example, chil-
dren who had suffered bilateral posterior lesions during early infancy show valid-
ity effects of normal magnitude (Craft, White, et al., 1994). Similarly, infantswith
unilateral posterior lesions perform normally on a spatial cueing task when tested
toward the end of thefirst year of life (Johnson, Tucker, Stiles, & Trauner, 1998).
However, spatial cueing effects are abnormal after anterior lesions. When the
stimulus onset asynchrony (SOA) is short or the target appears in the right visual
field, thereisno benefit of prior cueingininfantsfollowing left frontal lesions (John-
son et al., 1998) or in children who had suffered bilateral infantile anterior lesions
(Craft, Schatz, et al ., 1994). When the SOA islong or thetarget appearsin theleft vi-
sual field, thereisan abnormally large vaidity effect in children who suffered bilat-
erd infantile anterior lesions (Craft, White, et al., 1994). These findings suggest that
the neural systems controlling visual—spatial attention are different ininfantsthanin
adults. Supporting evidence comes from a study comparing event-related potentials
of adults and 6-month-olds who made eye movements toward a periphera target:
unlike the adults, in the infants there was no presaccadic positivity over the parietal
cortex, but there was differential activity over the left frontal cortex when the infant
had to disengage attention from acentral fixation stimulus (Csibra, Tucker, & John-
son, 1998). Together, the evidence suggests that the visual—spatial attention of
young infants, compared to adults, is mediated more by frontal pathways and
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less by the parietal cortex. After infantile parietal lesions, the frontal cortex ap-
pears able to continue to play that role. Thus, we predicted that children who had
missed early visual experience because of cataracts might perform abnormally on
standard measures of visual—spatial attention, and that the abnormality might re-
flect abnormal development of the parietal cortex, the frontal cortex, or both. We
predicted that the abnormality might be reflected in an unusually large validity ef-
fect (asistrue generally after adult unilateral parietal lesions and, at some SOAs
andin some partsof thevisual field, after infantile anterior lesions) or asan unusu-
ally small validity effect (asistrueafter adult bilateral parietal lesionsinal but the
upper visual field and, at some SOAsand in some parts of thevisual field, after in-
fantile anterior lesions). In the General Discussion section, we speculate that the
pattern of performance after binocular deprivation most likely reflects abnormal
development of afrontoparietal system.

To evaluate the effects of early visual experience on the development of atten-
tion, we used standard paradigms from the literature to compare children who had
been treated during infancy for bilateral congenital cataracts to normal controls.
We used central informative “ endogenous cues’ becausethey are morelikely than
periphera “exogenous cues’ to revea deficits in attention and higher cognitive
functions (Posner, Cohen, & Rafal, 1982; Posner et al., 1984). The cue was either
valid, correctly signaling the location of the upcoming target; invalid, cueing the
incorrect location; or neutral, providing no information about the location of the
upcoming target. In Experiment 1, we probed for possible deficits using asimple
reaction time task and large targets so that even a patient with severely impaired
acuity would be able to complete the task. We included three time intervals be-
tween the cue and target (SOA s) because different mechanismsmay beinvolvedin
shifting versus maintaining attention (Nakayama & MacKeben, 1989; Posner &
Petersen, 1990; Posner et al., 1984) and because the size and type of deficit in pa-
tients with cortical damage varies with SOA (Craft, Schatz, et al, 1994, Craft,
White, et ., 1994; Johnson et a ., 1998; Posner et al., 1984). Becausetheinitial re-
sults suggested that patients were relatively normal on this simpletask, in Experi-
ment 2 we probed at one SOA using a harder procedure, in which the participant
had to indicate which of two targets appeared, and the targets were surrounded by
distractors. Together, Experiments 1 and 2 provide thefirst information ontherole
of visual experiencein the development of visual—spatial attention.

Unlike traditional procedures, tests were conducted monocularly because the
two eyes of apatient sometimes show different sensory deficits(see Table1). Tar-
gets appeared along the vertical meridian, as opposed to the more customary hori-
zontal meridian, to facilitate steady fixation in patients with nystagmus (repetitive
jerky eye movements; see Table 1), which was always horizontal. Fixation was
monitored, and trials with eye movements (other than the horizontal eye move-
ments caused by any nystagmus) were eliminated, so that differencesin reaction
times between conditions reflected covert attentional shifts.
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TABLE 1
Clinical Details for the Children Treated for Bilateral Congenital Cataract

Patient  Refraction (Diopters)®  Deprivation (Months) Additional Complications Experiment Age® (Years) Snellen Acuity?
L. M. OD +15.50 31 Microcornea OD 1 8.2 6/24
OS +13.00 31 Strabismus surgery for RET at ages 1 and 2 6/15
Latent nystagmus OU 2 89 6/18
6/15
B. B. OD + 13.00 5.4 Intermittent manifest nystagmus 1 9.4 6/21
OS + 14.50 5.4 6/21
A.L. OD +16.50 5.4 Latent nystagmus OS 1 9.8 6/15
0OS+ 15.50 5.4 6/30
2 104 6/15
6/30
A.H. OD + 16.25 21 Strabismus surgery for RET/LET at age 1 1 10.9 6/60
0OS+15.75 21 Manifest nystagmus 6/15
Microcornea OD 2 10.9 6/60
6/15
JG. OD +20.25 2.7 Microcornea OU 1 10.9 6/18
OS +23.75 2.7 Latent nystagmus OU 6/12
2 111 6/18
6/12
S. S OD +12.75 75 Manifest nystagmus 1 11.5 6/18
0OS+12.00 75 6/60
2 131 6/18
6/60

K. M. OD +11.25 2.3 Glaucoma OU diagnosed at age 14 1 11.9 6/6

OS+13.25 23 Latent nystagmus OS 6/9.5

(continued)
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TABLE 1 (Continued)

Patient  Refraction (Diopters)?  Deprivation (Months) Additional Complications Experiment  Age® (Years) Snellen Acuity?
C.B. OD +7.00 30 Latent nystagmus OS 1 12.1 6/7.5
OS +8.50 3.0 Strabismus surgery for LET at age 2 6/60
2 138 6/9
6/60
J.J OD + 14.50 18 Latent nystagmus OU 1 12.9 6/12
OS+ 18.50 18 6/9
2 134 6/12
6/9
A.D OD +17.50 32 Latent nystagmus OU 1 131 6/24
OS+ 15.50 32 6/30
2 6/24
6/30
C.P OD +9.50 6.1 Latent nystagmus OU 1 145 6/9
OS +10.75 6.1 Strabismus surgery for LET at age 2 6/15
2 16.0 6/7.5
6/15
. W. OD + 13.00 5.0 Manifest nystagmus 1 151 6/60
OD + 14.00 8.6 Strabismus surgery for RET at age 3 and 6/7.5
for RET/LET at age 6 2 15.8 6/30
6/7.5
G.S OD + 25.50 6.1 Manifest nystagmus 2 15.6 6/60
OS + 24.50 6.1 Microcornea OU 6/60
A.C OD +11.25 6.4 Manifest nystagmus 1 16.2 6/12
0OS+12.25 53 Strabismus surgery for RET/LET at age 4 6/15
2 16.9 6/12

6/15
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AR OD + 17.00
OS +12.50

M. D. OD +9.75
0OS+9.00

S. G OD +9.75
OS+11.25

35
35

41
41

19.5
19.5

Microcornea OU

Strabismus surgery for RET ages 1, 2, and 5;
for RET/LET at age 7

Manifest nystagmus

Latent nystagmus OS

Manifest nystagmus

16.8

15.8

17.2

17.2

20.4

6/30
6/30

6/30
6/30
6/9

6/18
6/9

6/18
6/18
6/18

Note. OD =right eye; OS = left eye; RET = right esotropia; OU = both eyes; LET = left esotropia.

a\M easurement closest to the test. At the time of the test.
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EXPERIMENT 1

In Experiment 1, patients and normal controls were tested with a simple reaction
timetask (Posner, Nissen, & Ogden, 1978) in which they were asked to fixate cen-
trally and to push abutton as soon asthey detected thetarget, which appearedinone
of two peripheral locations. Thetarget was preceded by acentral cuethat signaled
thelikely location of the upcoming target. The measure of covert attentional shifts
in this paradigm is called the “validity effect,” which isthe difference in reaction
time between trials during which the cue signaled the correct location (“valid tri-
als’) and trials during which the cue signaled the wrong location (“invalid trials™).
Patientswith unilateral damageto the parietal cortex show abnormally largevalid-
ity effects because their reactions times are abnormally long on invalid trials. To
help with the interpretation of any abnormality, we included catch trials, during
which no target was presented following the cue, and neutral trials, during which
the central cue had a shape that provided no information about the location of the
upcoming target. Patients' data were compared to those of normal 8-year-olds,
10-year-olds, and adults tested with the same procedure for a different study
(Goldberg et a., 2001).

The interval between the cue and target (SOA) was varied between blocks of
trials. Based on our previous work with normal adults and children (Goldberg,
1998; Goldberg, Maurer, & Lewis, 1996; Goldberg et al., 2001), we used SOAs of
100, 400, and 800 msec to capturetheintervals during which the validity effect de-
velops, peaks, and begins to decline. SOA was varied across blocks of trials, but
kept constant within each block. When SOAs are intermixed instead, the partici-
pant’s expectation that atarget is about to appear may change between the cue and
the time when the target appears. If the procedure includes catch trials, then the
longer theinterval after the cue, the morelikely that thetrial isacatch trial and the
lesslikely that atarget isabout to appear. If there are no catch trials, then asthein-
terval after the cueincreases, the morelikely it becomesthat atarget isabout to ap-
pear, until for the longest SOA, the time interval itself predicts perfectly the
appearance of atarget. Such changesin expectancy during the course of atrial may
differ between patients and normal participants. To avoid any such problem, we
kept SOA constant within each block of trials. As aresult, we kept constant the
probability of atarget appearing during the course of each trial.

Method

Patients. Thefina sample consisted of 16 patientstreated for bilateral con-
genital cataract (mean age = 13.2 years on the date of the test, range = 8.2-20.4
years). Table1 providesclinical detailsfor the patients. Patientswereincluded only
if, onthefirst eye examination, the ophthalmologist determined the cataract inter-
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fered seriously with vision because (a) theeyedid not fixate or follow alight, (b) the
cataract completely blocked the view of the fundus through an undilated pupil, (c)
no red light reflex was visible through an undilated pupil, and (d) the cataract
|ooked dense and central. Patientswere excluded from the sampleif their cataracts
werenot dense(e.g., dull red reflex visiblethrough the cataract), located only inthe
periphery of thelens, or smaller than 5 mm. Patientswereincluded only if the cata-
ractshad beenidentifiedinboth eyesonthefirst eye exam prior to 6 monthsof age.

Approximately 1 week after patients had surgery to remove the cataractous
lenses, the patients’ eyes had been measured for contact lenses, which they began
to wear 1 to 2 weeks later. Table 1 shows the duration of deprivation (M = 5.1
months), taken from birth to the age at which the eyes first began wearing contact
lenses after surgery. Five patients subsequently switched to wearing glasses. Fol-
lowing treatment, each patient had at least 7 years of patterned visual input before
the test of visual—spatial attention.

Patients were excluded from the sasmpleif they had continuing deprivation fol-
lowing surgery because of irregular wear of the optical correction (contact lenses
or glasses). Specifically, children who worethe optical correction lessthan 75% of
thewaking time during thefirst 7 years of life or stopped wearing it prior to 7 years
of agewere excluded. Children were also excluded if there was evidence of signif-
icant developmental delay (scores more than 2 SD below the normal mean when
tested with the Bailey Scale of Infant Devel opment at age 2 or the McCarthy Scale
of Children’sAbilitiesat age 5). Developmental delay may berelated to deficitsin
attention independently from the effects of early visual deprivation and may inter-
fere with the ability to perform the task. Patients with additional serious problems
that could interfere with vision (e.g., glaucoma, detached retina) were excluded.
However, patients with abnormalities commonly associated with congenital cata-
ract such as strabismus (misaligned eyes), horizontal nystagmus (repetitive jerky
eye movements in a horizontal direction), or microcornea (eye smaller than nor-
mal) were included (see Table 1), and the possible effect of those abnormalities
will be considered in the Discussion.

We compared the results from the 16 patientsto the results from 16 normal par-
ticipants spanning the same age range (mean age = 13.0 years, range = 8.2-20.5
years). The comparison participantsall had no history of visual or attentional prob-
lems, wore no optical correction, and passed a visual screening examination.

Apparatus and stimuli. Thesizesof the cuesand targetswere chosen so asto
bevisibleto patientstreatedfor congenital cataract, whoareknowntohavereducedvi-
sion (Bowering, 1992; Ellemberg et al., 1999; Maurer & Lewis, 1993; Tytla, Lewis,
Maurer, & Brent, 1991). At the beginning of each trial, patients saw acentral fixa-
tion stimulus between two square boxeswheretargetscould appear. Thecentral fix-
ation stimuluswasasolid black diamond, 5.6° (3.6 cm) high and widewhen viewed
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from 36 cm. The boxeswere 7.6° (4.8 cm) in diameter, formed from lines 1.3° (0.8
cm) thick, and began 5° (3.2 cm) above and bel ow the center of the central fixation
stimulus. Targets were 2 x 2 black-and-white checkerboards appearing inside the
boxes and were formed from checks 2.5° (16 cm) in diameter. Cues were white
shapes appearing inside the central fixation stimulus. Informative cues were solid
trianglesand were 2.8° (1.8 cm) wide by 1.4° (0.9 cm) high and pointed either up or
down. Neutral cues (2° high and wide) were diamonds providing no information
about thelocation of thetarget and werematched in areatotheinformative cues(7.9
cm?). Black stimuli were 9.0 cd/m?; white stimuli were 46.7 cd/m2.

Stimuli were presented by a Macintosh Powerbook 160 onto an Apple 12-in.
monitor (25.3° high and 35.4°wide). SuperL ab software, with a3.96 msec time ac-
curacy and a 20 microsec timing resolution, controlled the presentation of visual
stimuli, thetimeinterval from the onset of acueto the onset of atarget (SOA), and
the measurement of reaction time.

Procedure. Patients wore trial frames over their contact lenses or glasses,
withlensesof apower designed to focuseach eyefor thetesting distance. Each par-
ticipant was tested monocularly by having the nontested eye covered by an eye
patch made from adouble layer of microporetape (3M; London and Ontario, Can-
ada). The participant sat 36 cm from the screen with the nonpatched eye aligned
with the central fixation stimulus, which he or she was instructed to fixate. When
the experimenter judged that the participant was fixating on the center of the black
diamond, she pressed akey to present a cue. Participants were instructed to main-
tain central fixation and to respond by pressing theletter B on acomputer keyboard
infront of them as soon asthey detected the target. At the end of each trial, the ex-
perimenter pressed one of two buttons to code whether the participant maintained
fixation during the trial or produced an eye movement.!

Participants were introduced to the task with a demonstration of the procedure.
They werethentold that it isimportant to practice doing thistask as quickly aspos-
siblewithout making eye movementstoward the location of the target or anticipat-
ing its appearance. Participants were given practice with trials at 2800 msec SOA
until they completed 10 consecutive trials without an eye movement, anticipatory
response before the onset of the target, or false positive response on a catch trial.
Thistypically took about 20 trials.

1To evaluate the accuracy of the experimenter’s judgments of central fixation, an adult fixated the
center of thecentral stimulusor 1°, 2°, or 3° above or below the center on 35 randomly orderedtrials. The
experimenter was accurate 100% of the time in judging whether the fixation was central, up, or down,
and accurate 88% of thetimeinjudging which of the six locationsoff center wasbeing fixated. Toevalu-
ate the accuracy of the experimenter’s judgments of eye movements off center, the adult fixated cen-
trally and then either made no eyemovement or moved her eyes0.5°, 1°,1.5°, 2°, 2.5°, or 3° aboveor be-
low center on 65 randomly ordered trials. The experimenter detected all of the eyemovementsoff center
and judged their direction and size correctly 92% of the time.
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Therewere 160 trials at each of three SOAs (100, 400, 800 msec): 104 valid tri-
a's, during which the central arrow correctly signaled thelocation of the upcoming
target; 20 invalid trials, during which the arrow signaled the incorrect location of
the upcoming target; 20 neutral trials, during which the diamond provided no in-
formation about the location of the upcoming target; and 16 catch trials, during
which no target appeared following the cue. The catch trials provided ameasure of
false positive responding, that is, the participant’ stendency to push the button sim-
ply because atarget was expected. The cue and target remained on the screen until
akeypressoccurred or until 2 sec elapsed. Half of the targets appeared in the upper
visua field and half in the lower visual field (in arandom order).

We counterbalanced the order of testing across eyes. For patientswith the same
acuity in both eyes as measured by the Sheridan-Gardiner single letter test, we
tested the right eyefirst in half the cases. When the acuity was unequal, we tested
the eyewith the better acuity first for half the cases and the eye with the worse acu-
ity first for the remaining cases. Thiswasto balance across eyes any benefitsfrom
learning or impairments from fatigue. All but one patient completed the testing in
one day. That patient, for whom the computer had malfunctioned on the first day,
completed the entire protocol on the second day.

The data from patients were compared to those of normal participants
(Goldberg et al., 2001) who had been tested in the same way except that they did
not wear trial frames with corrective lenses because the natural lens of their eye
was able to accommodate for the testing distance. Half of the normal participants
had been tested with the right eye, and half with the left eye.

Data Analyses

The dependent variable wasreaction time, measured asthelatency between the ap-
pearance of atarget and the participant’s response. Before analyzing the data, we
corrected the datafor reaction time biasthat can inflate the size of avalidity effect.
Both themean and median are biased toward long reactiontimeswhen thedistribu-
tion of reaction timesispositively skewed (asit usually is) and when the sampl e of
reactiontimesissmall (asisthecaseforinvalidtrials; Miller, 1988, 1991). Whenthe
sampleislarger, asitisinthevalid condition, thereislesshias. Thus, with positively
skewed distributions, estimates of thesize of thevalidity effect (thedifferenceinre-
actiontimebetween theinvalid and valid conditions) based on either themean or the
median areinflated, andwould beinflated morein patientsthaninnormal controlsif
their distributions of reactiontimesare morevariable. Although there areanumber
of statistical proceduresfor removing outliers (e.g., Stevens, 1984), Van Selst and
Jolicoeur (1994) described aprocedure designed specifically for removing thebias
from comparisonsof conditionswith unequal numbersof trial's, such asthecompari-
sonof invalidandvalidtrials. Specificaly, it usesamoving criterionto removeout-
liers from the mean, with the criterion adjusted relative to the number of observa-



66  GOLDBERG, MAURER, LEWIS, BRENT

tions being averaged. For example, for acondition with 50 observations (atypical
number for avalid condition), reaction timeslying 2.48 SD or more away fromthe
mean are eliminated whereas, for acondition with only 10 observations(e.g., anin-
valid condition), reactiontimeslying 2.17 SD or moreaway fromthemeanareelimi-
nated. Van Sel st and Joli coeur showed that thisprocedureremovesthebiasfromthe
comparison of the means.

Trials on which participants made eye movements or anticipated the appear-
ance of the target were eliminated before applying the outlier elimination proce-
dure. The percentage of scores eliminated by the moving criterion was 3.30% for
patients and 3.11% for normal participants.

To provide the best estimate of the effects of deprivation on the development of at-
tention we averaged the results for the two eyes of each patient in each condition. The
datawere analyzed with an analysis of variance (ANOV A) that had one between-sub-
ject factor, Group (Patient, Normal), and three within-subject factors, SOA (100, 400,
800 msec), Cue (valid, invdid, neutrd), and Visua Field (down, up).

Results

Patients made few eye movements or anticipations of the target, and false alarms
(responses on catch trials) were no more common than in the normal comparison
group (see Table 2).

The ANOVA showed asignificant interaction between Group, Cue, and SOA,
F(4, 120) = 2.6, p < .05, and significant main effects of Cue, F(2, 60) = 15.64, p <
.001 and Field, F(1, 30) =5.28, p< .05. The main effect of field arose because par-
ticipants were faster to respond to targets in the upper visual field (M = 424.9
msec) than in the lower visual field (M = 435.5 msec). None of the other effects or
interactions were significant.

Figure 1 shows the mean reaction time on valid, neutral, and invalid trials for
patients versus normals at each SOA.

TABLE 2
Mean Percentage of Trials With Eye Movements, With Anticipations, or Responses on Catch Trials in
Experiments 1 and 2

% Eye Movements % Anticipations of the Target % Responses on Catch Trials

Experiment M S M = M S
1

Patients 3.1 0.3 0.4 0.1 10.7 1.7

Normal controls 33 04 0.7 1.0 16.4 29
2

Patients 6.3 0.9

Age-matched controls 5.2 15
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FIGURE1 Meanreactiontimeasafunctionof cuetypeand stimulusonset asynchrony (SOA)
for normals (open sguares) and patients (filled circles). Means are connected to facilitate com-
parisons of the conditions at each SOA.

To analyze the three-way interaction between Group, Cue, and SOA, we con-
ducted separate analyses at each SOA. At the 100 and 400 msec SOAS, therewere
main effects of cue (ps< .001) and no interaction with Group: overall, participants
responded faster on valid trialsthan on neutral or invalid trials (Tukey posttests, ps
<.01), but not significantly faster on neutral trials than on invalid trials (Tukey
posttest, p > .05). Only at the 800 msec SOA wasthe Group x Cueinteraction mar-
ginaly significant, F(2, 60) = 2.52, p<.10. Analyses of simple effects showed that
the effect of Cuewas significant for normal participants, F(2, 60) = 8.77, p<.001,
and nonsignificant for patients, F(2, 60) = 2.09, p > .10.

Figure 2 showsthe size of the validity effect (mean reaction timeon valid trials
minus mean reaction timeon invalid trials) for each patient at each SOA. Thedata
are plotted as a function of the duration of the deprivation from birth and refer-
enced to the mean validity effect of normal participants at the three SOASs. In Pan-
els A and B (100 and 400 msec SOASs), most dots are above zero (no validity
effect) and distribute equally above and below the normal mean. In Panel C (800
msec), the majority of dots fall below normal values and many even fall below
zero, especially when deprivation lasted past 4 months of age.

Discussion

Under these conditions, patientswho had been binocularly deprived duringinfancy
performed normally at 100 and 400 msec SOAS; at those SOAS, the validity of the
cue altered their reaction time normally, even when the deprivation had lasted for
more than the first 4 months of life. Those results imply that the ability to use en-
dogenouscuesto covertly orient attention can develop evenwhenthefirst visual in-
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FIGURE 2 Validity effect (invalid—valid reaction time) at the 100 msec stimulus onset
asynchrony (SOA) (Panel A), 400 msec SOA (Panel B), and 800 msec SOA (Panel C) for pa-
tientsasafunction of the duration of deprivation (months). The horizontal linesindicatethe nor-
mal value at each SOA. Each dot represents the result for the mean of the two deprived eyes.

put isdelayed past the age at which anumber of visual—spatial attentional skills, in-
cluding theability to easily disengage attention, first emerge (Atkinson et al., 1992;
Canfield & Haith, 1991; Haith et al., 1988; Hood, 1995; Hood & Atkinson, 1993;
Johnson, 1990, 1995; Johnson et al., 1991, 1994; Johnson & Tucker, 1996). How-
ever, delayed visual input was not adeguate to alow the development of normal
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performance at the 800 msec SOA. In particular, the validity of the cue presented
800 msec before the target had no effect on patients' reaction times, especially
when there had been more than 4 months of deprivation. The abnormality islikely
toreflect aproblem with attention and not somedifficulty in understanding thetask
because the patients had alow rate of false alarms and performed normally at two
SOAs. Instead, binocular deprivation from birth appearstointerferewith thedevel -
opment of the ability to maintain attention on aperipheral location, especially if the
deprivation lasts past 4 months of age.

The results can be understood in the framework developed by Nakayama and
MacK eben (1989) who, on the basis of a series of visual search tasks, distin-
guished between a sustained and a transient component of attention. Our results
suggest that the patients, especially those with longer deprivation, have adeficitin
the sustained component of attention. However, the transient component of atten-
tion is able to function normally, at least under some conditions. Nakayama and
MacK eben argued that the sustained component of attention is mediated at higher
cortical levels(e.g., V4, inferotemporal, parietal, and frontal cortex) rather than at
lower levels (e.g., superior colliculus, V1). Moreover, a recent functional mag-
netic resonance imaging study by Coull et al. (2000) found activation of right pos-
terior extrastriate cortex to unexpected targets at short SOAS, but activation of the
right frontal areas (including premotor cortex, and ventrolateral and dorsolateral
prefrontal cortex) at long SOASs. Thus, early visual deprivation might prevent the
development of normal attentional networksinvolving higher cortical levels, par-
ticularly the right prefrontal cortex.

EXPERIMENT 2

In Experiment 1, patients with early binocular deprivation performed normally at
the 100and 400 msec SOASs, but not at the800 msec SOA. InExperiment 2, weuseda
more difficult task that might reveal additional difficulties even at the 400 msec
SOA. Specificaly, we madethetask moredifficult by requiring discrimination be-
tween two target shapes (acircle and aplussign) and theignoring of distractors. To
better measure any deficits, we recorded accuracy aswell asreaction time.
Inthistask, it is presumed that the participant has to both shift attention before
the target appears and then ignore distracting stimuli. On valid trias, the partici-
pant can use information provided by a central arrow to shift attention to the loca-
tion where atarget will appear surrounded by distracting stimuli. The participant
may then narrow the focus of attention on the location of the target to ignore the
distractors and recognize which target appears. The participant’s task may be
harder on invalid trials, on which attention is shifted to the wrong location, and the
participant has to disengage attention, move attention to the location of the target,
and focus attention on the target whileignoring the distractors. Asdescribed inthe
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Introduction, the ability to ignore distractors develops slowly during childhood,
not reaching adult levels until after age 10 (Enns, 1990; Enns & Akhtar, 1989;
Enns & Cameron, 1987; Goldberg et ., in press; Lane & Pearson, 1982; Plude et
al., 1994; Ridderinkhof & van der Molen, 1995; Strutt et al., 1975; Tipper et d.,
1989; Well et al., 1980).

Method

Participants. The final sample consisted of 15 patients treated for bilateral
congenital cataract from the same sample reported in Experiment 1 and 15
age-matched children, all of whom passed avisual screening exam. Detailed char-
acteristicsof the patientsare provided in Table 1. The patientshad amean duration
of deprivation of 4.5 months (range 1.8—7.6 months). At the time of the test, their
mean agewas 12.8 years (range 8.9 years—17.2 years). Each patient wasmatched to
achild of the same age (+ 3 months) with anormal visual history. One additional
normal child was excluded because she failed the visual screening exam.

Apparatus and stimuli.  The apparatus and cues were the same asin Experi-
ment 1. A plusand acircle were chosen astarget shapes because children treated for
cataract can easily discriminate these shapes (Maurer et d., 1989). The target was
flanked by distractors that were either compatible (the same shape) or incompatible
(the other shape) with the responseto thetarget (Eriksen, 1995). Targetswere 8° x 8°
and were centered 9.0°(5.7 cm) directly aboveor below the center of the central stim-
ulus. Thenearest edge of the shapewas5° (3.2 cm) from the center of thecentral stim-
ulus. The distractor shapes were the same size as the targets and were aligned hori-
zontally beginning 1.6° (1.0 cm) from the nearest edge of the target. The nearest
edges of the distractors were 7.4° (4.7 cm) from the center of the central stimulus.

Procedure. Theprocedure wasthe same asin Experiment 1 with thefollow-
ing exceptions. Wetested each eye of each patient and each matched control. Par-
ticipants were asked to discriminate whether atarget wasaplussign or acircle by
pressing one of two designated buttons on akeyboard. Participantsweretested only
at a 400 msec SOA and were provided with auditory feedback (“great” or
“whoops”) regarding the accuracy of their responses. Thefeedback wasauditory so
as not to interfere with the processing of visual information.

Participantsweretested on atotal of 200 trialswith one of two targets (plussign
or circle) presented randomly on each trial under acombination of one of three cue
conditions (valid, invalid, or neutral) and one of two distractor conditions (com-
patible distractors or incompatible distractors). Onvalid trials (n = 120), the arrow
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pointed to the location of the upcoming target. Oninvalid trials (n = 40), the arrow
pointed to the location where the target would not appear. On neutral trials (n =
40), a diamond matched in area to the arrows provided no information about the
target’ slocation. On half of the valid, invalid, and neutral trials (n = 100 trials to-
tal), the target was presented with compatible distractors (e.g., circle flanked by
circles). Ontheremaining half of thetrials (n = 100 trialstotal), the target was sur-
rounded by distractors incompatible with the response to the target (e.g., circle
flanked by plus signs). On half of the trials the target was acircle, whereas on the
other half of thetrialsthetarget wasaplus. On half of thetrialsthetarget appeared
intheupper visual field and on the other half of thetrialsinthelower visual field.

Data Analyses

Trialswith eye movements were excluded from the anal yses. Mean reaction times
werecalculated for trial swith correct responses under each condition. Asin Exper-
iment 1, outliersin reaction time were eliminated with amoving criterion adjusted
relative to the number of trials per condition (Van Selst & Jolicoeur, 1994). The
percentage of reaction time data eliminated with the outlier elimination procedure
was 2.43% for patientstreated for bilateral cataract and 2.44% for the age-matched
comparison group.

Analyseswere based on the mean of the two eyesfrom each participant in each
condition. We conducted separate ANOV As on mean reaction time and accuracy
with one between-subject factor, Group (patient, age-matched control), and three
within-subject factors, Distractor type (compatible, incompatible), Cue type (in-
valid, neutral, valid), and Visua field (lower, upper).

Results

Patientstreated for bilateral congenital cataract were ableto performthisrelatively
complex task aswell as age-matched controls, with few eye movements (Table 2)
and amean accuracy of 97.3%, compared to the controls' accuracy of 97.1%. The
ANOVA on accuracy indicated that patients did not differ significantly from
age-matched controls for any condition. Overall, participants were significantly
more accurate on trials with compatible distractors (97.2%) than on trialswith in-
compatible distractors (96.5%) (main effect of distractor type, F(1,28) =4.31,p<
.05). None of the other main effects or any of the interactions were significant.
Theresultsfrom the ANOVA on reaction timeindicated there was asignificant
interaction between Group, Distractor, and Cue, F(2, 56) = 3.25, p <.05. To exam-
ine this three-way interaction, we conducted separate ANOVAs for invalid, neu-
tral, and valid trias. For neutral and valid trials, there were only main effects of
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Distractor (because both patients and normal controls were slower on trials with
incompatible distractors). The ANOVA on invalid trials indicated a significant
Group by Distractor interaction, F(1, 28) = 4.52, p < .05, and asignificant main ef-
fect of Distractor, F(1, 28) = 32.9, p <.001. Figure 3illustratesthat on invalid tri-
as, patients were slowed more than age-matched controls by incompatible
distractors (analyses of ssimple effects, p < .001).

Therewasalso asignificant Group by Cueby Field interaction, F(2, 56) = 3.24,
p <.05. To examinethe source of theinteraction, we conducted separate ANOV As
for the upper and lower visual fieldsusing Cue and Group asfactors. The ANOVA
in the upper visual field indicated a marginally significant Group by Cue interac-
tion, F(2, 56) = 2.91, p = .06, and asignificant main effect of Cue, F(2, 56) = 14.7,
p <.0001. The ANOVA inthelower visual field indicated asignificant main effect
of Cue, F(2, 56) = 14.24, p < .001, but no significant Group by Cue interaction,
F(2, 56) = 0.67, p> .50.

Figure4illustratesthat patients showed anormal validity effect when thetarget
appeared in the lower visua field. In the upper visual field they showed alarger
than normal validity effect (analyses of simple effects, and Tukey posttest, ps <
.05). The overal pattern illustrated in Figure 4 suggests a deficit in shifting atten-
tion toward the upper visual field. In patients, correct cueing to the upper visual
field did not decrease reaction time relative to neutral cueing (A vs. B). Incorrect
cueing tothelower visual field greatly increased reaction timeto recognize atarget
inthe upper visual field (B vs. C). Incorrect cueing to the upper visual field did not
increasereactiontime (D vs. E). All three of these comparisons suggest adeficitin
using the central arrow to guide covert orienting to the upper visua field.

There were no other significant interactions, no main effect of group, and the
significant main effects were qualified by the interactions previously described.
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FIGURE 3 Meanreactiontimeasafunction of cuetypeontrialswithincompatibledistractors
(squares) and compatibledistractors(circles) for patients (filled symbol s) and age-matched con-
trols (open symbols). Means are connected to facilitate comparisons of the effect of cue for the
different conditions.
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FIGURE 4 Mean reactiontimeasafunction of cuetype on trials with the target in the lower
visual field (squares) and upper visua field (circles) for patients (filled symbols) and
age-matched control's (open symbols). Means are connected to facilitate comparisons of the ef-
fect of cue for the different conditions.

Figure 5 shows the relation between the duration of deprivation and the size of
the two effects on which the patients differed from the normal comparison group:
the size of the validity effect in the upper visual field (top panel) and the effect of
incompatible distractors(i.e., the differencein reactiontime betweentrialswithin-
compatible and compatible distractors) on invalid trials (bottom panel). Both
graphs indicate larger effects in patients than in the norma comparison group
(most circleslie abovethe horizontal lineindicating the normal mean) but no obvi-
ous relation to the duration of deprivation.

Discussion

In Experiment 2, incompatible distractors slowed patients' reaction times on
valid trials and on neutral trials no more than normal. However, on invalid trials
patients were slowed more than normal by incompatible distractors. Interest-
ingly, this pattern of effectsis similar to one demonstrated during normal devel-
opment, with exogenous cues. On valid trids, 5-, 7-, and 9-year-olds are
influenced like adults by distractors. However, on invalid trials they are slowed
more than adults by incompatible distractors (Akhtar & Enns, 1989). The effect
of distractors on invalid trials suggests that deprivation interferes with the
slowly developing ability to disengage attention from an endogenously miscued
location, move attention to a new location, and then narrow the focus of atten-
tion on a target while ignoring distractors.

Also in Experiment 2, regardless of the duration of deprivation, patients ap-
peared to have difficulty shifting attention covertly toward the upper visual field.
This suggests that the normal development of the ability to shift attention to spe-
cific visual—spatial locationsisinfluenced by experience early in life. In the Gen-
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FIGURES Thetopgraphillustratesfor patientsthe size of thevalidity effect for targetsinthe
upper visual field plotted as a function of the duration of deprivation. The bottom graph illus-
tratestheeffect of distractorsoninvalidtrials, plotted asafunction of theduration of deprivation.
The effect of distractors was measured asthe differencein reaction time between trialswith in-
compatibledistractorsand compatibledistractors. Thehorizontal linesindicatethenormal value
in each graph. Each dot represents the result for the mean of the two deprived eyes.

eral Discussion section, we consider what these findings suggest about the

neuropsychological effects of early binocular visual deprivation on the develop-
ment of the pathways controlling visual—spatial attention.

GENERAL DISCUSSION

In Experiment 1, patients performed normally when the cue preceded the target by
100 or 400 msec. Moreinteresting isthe finding that patients, especially thosewith
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more than 4 months of deprivation, responded abnormally when the cue preceded
the target by 800 msec; reaction times were the same whether the cue was valid or
invalid. In Experiment 2, patients differed from age-matched controlsin (a) being
slowed moreby incompatibledistractorsoninvalidtrias, and (b) tendingto show a
larger than normal effect of the validity of the cue preceding targetsin the upper vi-
sual field. Together, these findings suggest that the normal development of atten-
tion isinfluenced by experience early in life.

Thedeficitsareunlikely to arisefrom sensory or motor deficitswhich are preva
lentinchildrentreated for bilateral congenital cataracts. Their poor acuity and often
unsteady eye movementsdid not interfere with good performance under some con-
ditions. Also, their deficitsineither experiment werenot correl ated with acuity. Spe-
cifically, in Experiment 1, deficitsat the 800 msec SOA wererelated to theduration
of deprivation and not to acuity, r(16) =—.29, p>.10. In Experiment 2, therewasno
significant correlation between acuity and the size of thevalidity effectintheupper
visuadl field, r(15) =.02, p>.10, or theslowing by incompatibledistractorsoninvalid
trials, r(15) = .06, p > .10. Rather than being artifacts of sensorimotor deficits, the
deficits we found in these experiments appear to arise from abnormalities in vi-
sual—spatial attention caused by early binocular deprivation.

Theresultsfrom Experiment 1 were different from what wewould predict if the
deficitsfollowing early visual deprivation were similar to that following unilateral
parietal damage: Atthe800 msec SOA, patientsin Experiment 1 showed novalidity
effect, whereas adult (unilateral) parietal patients typically show an abnormally
large validity effect. (There have been no studies of endogenous cueing following
adult bilateral damageto parietal cortex.) Herewespecul atethat infantiledamageto
the parietal cortex from either visual deprivation or brain injury does not have the
same consequences as does damage in adulthood. Studies of language have docu-
mentedthat braininjury early inlifeto Broca sor Wernike sareasdoesnot havethe
same conseguences as injury to the same areas in adulthood (e.g., Bates, Thal, &
Janowsky, 1993; Thal etal., 1991). Studiesof attention followinginfantileinjury to
various parts of the brain suggest that posterior systems (including the parietal cor-
tex) play asmaller role than in adults, whereas anterior systems (including frontal
cortex) play alarger role (e.g., Craft, Schatz, et al., 1994; Craft, White, et a., 1994;
Johnsonetal., 1998). Supporting evidencefrom studiesmeasuring event-rel ated po-
tentialssuggeststhat the attention of younginfants, compared to adults, ismediated
more by thefrontal cortex and lessby the parietal cortex (Csibraet al., 1998). After
infantileparietal lesions, thefrontal cortex appearsableto continueto play that role.
If this argument about the neural mediation of attention during infancy is correct,
then binocular deprivation might exert its effect by causing impairment to frontal
brainregions, theinput to them from parietal cortex (Petrides& Pandya, 1999), and
the ability of the brain to reorganize the mediation of attention after infancy.

Impairments in ignoring distractors in Experiment 2 are consistent with this
hypothesis that early deprivation might affect the development of attention, not
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just through effects on the visual responsiveness of parietal neurons, but also
through effects on frontal systems and the interconnections between frontal and
parietal systems (Petrides and Pandya, 1999). Studies of adults with frontal le-
sions indicate that the frontal cortex isinvolved in focusing and sustaining atten-
tion, in ignoring distracting information, and in inhibiting prepotent responses
(Denckla, 1996; Duncan, 1986; Godefroy, Lhullier, & Rousseaux, 1996; Husain
& Kennard, 1997; Richer & Lepage, 1996; Rueckert & Grafman, 1996). Be-
havioral, anatomical, and positron emission tomography studies indicate that
the frontal cortex, although functioning from an early age (Bell & Fox, 1994;
Diamond, 1985; Diamond & Goldman-Rakic, 1989), has a more protracted de-
velopmental period than the parietal, occipital, and temporal cortices
(Chugani, 1994), lasting until early adolescence (Chugani, 1994; Huttenlocher,
1994; Huttenlocher & Dabholkar, 1997; Levin et a., 1991). As would be ex-
pected, we found in a separate study that normal 10-year-olds are not
adult-like in ignoring distractors on this task (Goldberg et al., 2001). The slow
development of the frontal cortex makes it especially vulnerable to disruption
from early deprivation.

Patients' tendency to ignore the upper visual field in Experiment 2 is also
what would be predicted from frontal damage. Previc's (1990) comprehensive
summary indicated that lesions to the parietal cortex of monkeys lead to deficits
in peripersonal space—the lower visual field where, like monkeys, we reach for
objects—whereas |lesions to the prefrontal cortex lead to deficits of the upper vi-
sual field, or extrapersonal space. There is converging evidence for the role of
the parietal cortex in attending to the lower visual field from a case study of a
patient with bilateral parietal damage tested with exogenous cues: Although
she performed normally in the upper visua field, she was unable to benefit
from a cue in the lower visual field and hence, unlike the patients we tested,
had no validity effect for targets appearing in the lower visual field (Verfaellie
et al., 1990).

Thesearethefirst studiesto examinetherole of experiencein thenormal devel-
opment of attention. The findings show that deprivation, especially when it lasts
past 4 months of age, disrupts the ability to maintain attention. Binocular depriva-
tion of any duration was associated with impairmentsin the abilities to shift atten-
tion covertly toward the upper visual field and to ignore distracting information.
Together these findingsindicate that the normal development of attentionis sensi-
tive to experience early in life and add to the evidence that deprivation especially
disrupts aspects of vision that areimmature at birth and that develop slowly during
childhood (Maurer et al., 1989). We speculate from the pattern of deficitsthat the
frontal cortex, probably including its interconnections with the parietal cortex, is
able to develop normally during childhood only if it received visual input during
early development. Presumably that input sets up the cortical architecture that can
be modified by subsequent experience.
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