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Fragile X syndrome is the most common cause of inherited intellectual impairment and the most common single-gene cause of

autism. Individuals with fragile X syndrome present with a neurobehavioural phenotype that includes selective deficits in

spatiotemporal visual perception associated with neural processing in frontal–parietal networks of the brain. The goal of the

current study was to examine whether reduced resolution of spatial and/or temporal visual attention may underlie perceptual

deficits related to fragile X syndrome. Eye tracking was used to psychophysically measure the limits of spatial and temporal

attention in infants with fragile X syndrome and age-matched neurotypically developing infants. Results from these experiments

revealed that infants with fragile X syndrome experience drastically reduced resolution of temporal attention in a genetic

dose-sensitive manner, but have a spatial resolution of attention that is not impaired. Coarse temporal attention could

have significant knock-on effects for the development of perceptual, cognitive and motor abilities in individuals with the

disorder.
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Introduction
Fragile X syndrome is the most prominent form of inherited intel-

lectual impairment, affecting !1 in 3600 males and 1 in 4000

females, and is also the most common monogenetic cause of

autism (Crawford, 2001; Beckett et al., 2005; Fernandez-

Carvajal et al., 2009). Fragile X syndrome results from an expan-

sion mutation of 200 or more CGG trinucleotide repeats in the

promoter region of the fragile X mental retardation 1 (FMR1)

gene on the X chromosome (Verkerk et al., 1991). The mutation

is associated with methylation and transcriptional silencing of the

gene and consequently leads to a reduced level or complete loss

of fragile X mental retardation protein (FMRP; Devys et al., 1993).

Insufficient FMRP gives rise to abnormal dendritic spine matur-

ation akin to that found in animals deprived of sensory experience,

and to deficient synaptic pruning during brain development

(Greenough et al., 2001; Bagni and Greenough, 2005). Since

the genetic and molecular aetiology of fragile X syndrome is

now well-defined, it offers a unique opportunity to examine the

functional role of a single gene product in neurocognitive

doi:10.1093/brain/awr249 Brain 2011: 134; 3355–3368 | 3355

Received April 4, 2011. Revised July 14, 2011. Accepted July 28, 2011
! The Author (2011). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

 at U
niversity of C

alifornia, B
erkeley on N

ovem
ber 10, 2011

http://brain.oxfordjournals.org/
D

ow
nloaded from

 

http://brain.oxfordjournals.org/


development. The primary phenotype of fragile X syndrome in-

cludes mild to severe intellectual impairment; however, this impair-

ment is not general in nature. Rather, individuals with fragile

X syndrome present with a specific profile of strengths and weak-

nesses characterized by an imbalance both within and between

domains. Affected individuals demonstrate relative strength in per-

formance on tasks implicating vocabulary, memory and visual

matching, but weakness in performance on tasks of inhibitory

control, numerical processing, selective and sustained attention,

visual–spatial integration and motor coordination (Schneider

et al., 2009). This particular profile of performance in individuals

with fragile X syndrome has generally been interpreted as reflect-

ing developmental deficits across a widely distributed network of

functional cortical areas including the parietal and frontal lobes.

Whether or not a single abnormality in an underlying neural

mechanism lies at the root of these functionally related impair-

ments is unclear. Here, we focus on examining whether there is

a specific deficit in the resolution of spatial and/or temporal visual

attention that may play a significant, if not primary, contributing

role in the reported developmental differences found in fragile X

syndrome.

A growing body of evidence has revealed that individuals with

fragile X syndrome exhibit selective impairments in spatiotemporal

visual processing; that is, the processing of information that

changes location over time. Studies using behavioural psychophys-

ics in adult males with fragile X syndrome have reported reduced

contrast sensitivity for visual stimuli presented at high temporal

frequencies known to engage the magnocellular, but not parvo-

cellular, pathway (Kogan et al., 2004). The magnocellular pathway

begins with retinal ganglion cells that project to the magnocellular

layers of the lateral geniculate nucleus and ends in primary visual

cortex (Merigan and Maunsell, 1993). Kogan et al. (2004) used

immunohistochemistry to confirm that neurons in the magnocel-

lular layers of the lateral geniculate nucleus from an autopsied

brain of an adult male with fragile X syndrome were abnormally

small and displayed no FMRP staining, indicating an anatomical

susceptibility to absence of the protein. Reduced perceptual sen-

sitivity for both static and moving visual stimuli defined by differ-

ences in texture, accompanied by near normal sensitivity for static

stimuli defined by differences in luminance, has also been found in

adult males with fragile X syndrome (Kogan et al., 2004). These

authors take these results to suggest that individuals with fragile

X syndrome possess a deficit in transmission of dynamic visual

information between subcortical and higher level cortical visual

areas.

Impairments in processing of spatiotemporal visual information

have recently been discovered in infants and toddlers with fragile

X syndrome. Infants with fragile X syndrome show significantly

reduced sensitivity to the detection of texture-defined dynamic

stimuli, although they are capable of detecting static patterns

and luminance-defined dynamic patterns at a level comparable

with developmental age-matched infants (Farzin et al., 2008).

Further evidence for a selective deficit in processing dynamic in-

formation comes from the finding that infants with fragile X syn-

drome exhibit an inability to maintain a mental representation of,

and track, an occluded object during a spatiotemporal transform-

ation, but can represent the occluded object when it remains static

(Farzin and Rivera, 2010). There is an intimate link between the

processing of spatial and temporal information, such that precise

temporal discrimination of discrete events in space is fundamental

for determining ‘what’ went ‘where’, as is needed for motion

perception (Cavanagh, 1992; Culham et al., 1998). Critically, de-

tection of texture-defined motion and tracking of objects are both

mediated by visual attention (Seiffert and Cavanagh, 1998; Scholl,

2001), and involve processing that is independent from low-level,

or automatic luminance-based motion processing that occurs even

in the absence of attention to the stimulus (Derrington et al.,

2004).

Abnormalities in visual attention have also been found in tod-

dlers with fragile X syndrome. Using touch-screen technology,

visual search performance of these toddlers has been characterized

as having more repetitive errors to previously found targets, and

more incorrect touches to distractors, particularly when distractors

were similar to targets and when more than one distractor was

present (Scerif et al., 2004, 2007). The results highlight a deficit in

selective visual attention in toddlers with fragile X syndrome, and

are consistent with the well-documented deficits in inhibitory con-

trol found in older children and adults with the disorder.

The goal of the present study was to examine the precise nature

of the spatiotemporal visual processing deficits previously found in

individuals with fragile X syndrome by disentangling spatial from

temporal attention limits in infants diagnosed with the disorder

compared with attention limits obtained from developmental

age-matched neurotypical infants. We hypothesized that both

spatial and temporal visual attention would independently show

coarser resolutions (reduced limits) in infants with fragile X syn-

drome relative to neurotypical infants. This prediction was based

on the characteristic cognitive profile observed in individuals with

fragile X syndrome and on the critical role that FMRP is known to

play in the development of brain structure and connectivity.

Psychophysical measures of these visual abilities would indicate

whether, for example, atypical motion perception or object track-

ing is a secondary consequence of elementary impairments in spa-

tial and/or temporal processing or a deficit specific to motion per

se. Furthermore, we investigated whether individual differences in

spatial and temporal visual attention are directly related to mo-

lecular measures of the expansion mutation of the gene.

Experiment 1: crowding as a
measure of spatial resolution
of attention
Extensive psychophysical studies have established that adult spatial

vision is fundamentally limited by crowding—the reduced ability to

identify an object in the periphery when it is surrounded by other

objects (Whitney and Levi, 2011). This limit extends beyond that

of visual acuity, because even though the object is still visible, it is

not readily identifiable.

Crowding is the operational measure of spatial resolution of

attention. When multiple objects fall within a peripheral region

of the visual field, features within and between the objects

appear jumbled, impairing identification of the target object
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(He et al., 1996; Cavanagh et al., 1999; Intriligator and

Cavanagh, 2001). Crowding has been demonstrated using grat-

ings, numbers, letters and faces. In the periphery, spatial resolution

decreases with increasing eccentricity and with reduced

target-flanker spacing. Crowding is thought to be minimal or

non-existent at the fovea (Bouma, 1970, 1973; Bouma and

Andriessen, 1970; Andriessen and Bouma, 1976; Tripathy and

Cavanagh, 2002; Pelli et al., 2004; Louie et al., 2007; Levi,

2008; Pelli and Tillman, 2008).

Here, we utilized our recently developed eye-tracking paradigm

(Farzin et al., 2010) to measure the extent of spatial crowding in

infants with fragile X syndrome compared with developmental

age-matched neurotypical infants.

Method

Participants
Participants included in this experiment were 32 infants diagnosed

with the fragile X syndrome full mutation (13 females, mean chrono-

logical age = 26.10 " 13.15 months, range = 6–46 months). For this

and the following experiments, infants with fragile X syndrome were

recruited from and clinically evaluated at the MIND Institute Fragile

X Research and Treatment Centre as part of a larger longitudinal study

on visual and cognitive development of infants with fragile X syn-

drome. Infants with the disorder underwent a routine blood test to

confirm the presence of the full mutation (4200 CGG repeats).

Genomic DNA was isolated from peripheral blood lymphocytes using

standard methods (Puregene Kit; Gentra Inc.), and analysis and calcu-

lation of the CGG repeat size were carried out using an Alpha

Innotech FluorChem 8800 Image Detection System (Tassone et al.,

2000). FMR1 messenger RNA level was quantified using a 7900

Sequence detector (PE Biosystems) as previously described (Tassone

et al., 2000). Since larger expansions of CGG repeats (4200) typically

result in reduced levels or absence of FMR1 messenger RNA and the

gene’s protein product, FMRP, we examined the relationship between

these molecular measures and performance on the psychophysical

tasks to gain further insight into the role of FMRP in brain

development.

The developmental level of infants with fragile X syndrome

was evaluated by a trained researcher using the Mullen Scales of

Early Learning standardized assessment (MSEL; Mullen, 1995), and

revealed a mean developmental age of 17.23 months [standard

deviation (SD) = " 10.24 months, range = 4–32 months]. Infants

with fragile X syndrome were matched based on their develop-

mental age to a group of 32 neurotypical infants, who were chrono-

logically younger in age than the participants with fragile

X syndrome (10 females, mean chronological age = 15.28 " 5.69

months, range = 6–22 months). There was no significant difference

in developmental level between the neurotypical controls and the in-

fants with fragile X syndrome, based on the assumption that neuro-

typical infants’ developmental age was approximately equivalent to

their chronological age [F(1, 63) = 2.78, P = 0.101]. Neurotypical in-

fants were recruited through letters to families, fliers and word of

mouth in Davis, California and surrounding areas. All participants

had uncorrected visual acuity. The study was approved by the

Institutional Review Board at the University of California, Davis, and

informed consent was obtained from a parent or legal guardian of all

infants.

Apparatus and stimuli
The experiment has been described in detail previously (Farzin et al.,

2010). The experiment was programmed in Presentation version 11.3

(Neurobehavioral Systems, Inc.) and stimuli were presented on a Tobii

17-inch LCD binocular eye tracker monitor.

Stimuli consisted of 10 Mooney faces, five of which were used in

the original Mooney study (Mooney, 1957). Mooney faces do not

have facial features that can be identified using bottom-up or

image-based processes; rather, top-down, holistic processing is

required to perceive the image first as a face and only then identify

facial features (Cavanagh, 1991; Moore and Cavanagh, 1998;

Kemelmacher-Shlizerman et al., 2008).

In adults, upright Mooney faces activate known face-selective brain

areas such as the fusiform face area (Andrews and Schluppeck, 2004;

George et al., 2005; Latinus and Taylor, 2005) and are more easily

and rapidly identified as faces when they are in an upright rather than

inverted orientation. Recent developmental work has shown that in-

fants prefer to look at upright rather than inverted Mooney faces

(Doi et al., 2009; Leo and Simion, 2009; Farzin et al., 2010).

Faces were 99.77% Michelson contrast, and were cropped to fit

into a 5# by 3# ellipse when viewed from a distance of 60 cm. Six

1.53# by 1.05# flankers were created by ‘cutting’ elliptically shaped

sections from each upright target face. In the crowded condition,

flankers were presented surrounding the target faces at a fixed hori-

zontal centre-to-centre distance of 2.2# between the target face and

the flanker. Stimuli were presented against a grey background

(77.23 cd/m2; Fig. 1).

Procedure
All experiments began with a five-point calibration routine on the eye

tracker to estimate the infant’s gaze position accurately during the

task. Trials began with a 1# central fixation video until the infant’s

gaze was obtained within a 1# radius around the video. Trials in

which an infants’ central fixation was not obtained within 10 s, or

which shifted outside of the radius before the faces were presented

[on average four trials per infant, no group difference [t(62) = 1.52,

P = 0.134], were discarded. Immediately following the central fixation

video, one upright and one inverted Mooney face (the same identity)

were shown, one face to the left and one to the right of fixation at a

centre-to-centre distance of either 3, 6 or 10# along the horizontal

meridian. Both faces were presented with (crowded) or without (un-

crowded) the six corresponding flanker parts for 2 s (Fig. 1). The ec-

centricity at which the faces were presented was blocked in sets of

four trials, and the order of blocks, side of upright face and the pres-

ence of flankers were randomized.

Data coding and threshold estimation
Eye-tracking data were coded offline using Noldus Observer 5.0 soft-

ware, and statistical analyses were performed with SPSS (version 16.0).

The primary measure of performance on each trial was the location of

infants’ first fixation from the central video immediately following the

onset of the faces. A fixation was defined as a series of data points

within a 30 pixel radius for a minimum duration of 100ms. A first

fixation was coded as a hit (1) if it was on the upright face and a miss

(0) if it was on the inverted face. In order to make a first saccade that

landed on the upright face, the infant must have perceived the upright

face in the periphery. If the infant’s gaze remained at the centre of the

screen or the infant’s first fixation was on an area of the screen that

was not on a face, a score of 0.5 was given, based on the assumption

that these fixation behaviours did not indicate discrimination between
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the stimuli. Correct performance was thereby calculated as proportion

of first fixations made to the upright face.

A diagnostic criterion for crowding is that it rarely occurs in the

fovea (Pelli et al., 2004). To confirm the lack of a crowding effect

during foveal viewing, we separately calculated an upright face pref-

erence score, indexing the proportion of time the infant spent fixating

the upright face. Preferential looking to the upright face was com-

puted for each trial by dividing the time spent fixating the upright

face by the total time spent fixating both faces, ranging from 0

(never looked at upright face) to 1 (only looked at upright face),

with 0.5 considered the chance level. Upright face preference scores

were equivalent at the three eccentricities so the average score was

used as a measure of foveal (0#), or free-viewing, performance on

each trial. Because the infant’s gaze was directed to the upright

face, the image must therefore have been projected onto the fovea.

This measure allowed us to verify both that infants with fragile X

syndrome do exhibit a face inversion effect akin to neurotypical infants

and that foveal performance did not differ between uncrowded and

crowded face conditions for each group of infants.

A logistic function was fit to each infant’s data as a function of

eccentricity and crowding condition using the psignifit toolbox for

MATLAB (version 2.5.6), which implements the maximum-likelihood

procedure described by Wichmann and Hill (2001). For all participants,

the upper asymptote of the function was fixed at 1 (ceiling perform-

ance) and the lower limit was set to 0.5 (chance performance). To

estimate parameters, threshold, slope and error, a bootstrapping tech-

nique was used which included 5000 replications for each fitted func-

tion. The criterion for including infants in the analyses was the

goodness of fit of the function, evaluated using deviance scores

42 SDs above the mean of the group of infants (Wichmann and

Hill, 2001). Two infants with fragile X syndrome were excluded from

the analyses. Threshold was defined as the eccentricity value yielding

upright face discrimination performance of 0.75. Higher threshold

values indicate greater spatial resolution of attention.

Results
There was no difference in the number of trials successfully com-

pleted by infants in each group [neurotypical: mean = 50.34,

SD = 19.57; fragile X syndrome: mean = 44.00, SD = 13.23;

F(1, 63) = 2.31, P = 0.134]. Additionally, there was no difference

in performance between male and female infants within each

group, so this variable was removed from further analyses.

A repeated measures mixed-model ANOVA with eccentricity

(0, 3, 6, 10#) and crowding (uncrowded or crowded faces) as

within-subject factors and group (neurotypical or fragile X syn-

drome) as a between-subject factor was conducted on perform-

ance. Unless otherwise noted, all P-values reported are Bonferroni

corrected for multiple comparisons. A significant main effect of

eccentricity [F(3, 60) = 89.95, P = 0.0001, !p
2 = 0.818] and signifi-

cant interaction effects between eccentricity and crowding

[F(3, 60) = 4.53, P = 0.006, !p
2 = 0.185] and eccentricity and

group [F(3, 60) = 3.16, P = 0.031, !p
2 = 0.137] were identified.

The same ANOVA with the foveal (0#) eccentricity condition

removed verified the presence of a significant main effect of

eccentricity [F(2, 61) = 82.89, P = 0.0001, !p
2 = 0.731] and a sig-

nificant interaction effect between eccentricity and crowding

[F(2, 61) = 6.294, P = 0.003, !p
2 = 0.171], confirming that the

crowding effect did not differ with or without the upright face

preference score. These results revealed that infants’ ability to dis-

criminate the upright Mooney face in the periphery decreased as a

function of eccentricity, and was significantly worse when the

faces were crowded (Fig. 2A). The interaction effect between

eccentricity and group was driven by higher foveal performance

in infants with fragile X syndrome compared with neurotypical

infants in both the uncrowded and crowded conditions. Contrary

to our prediction, no significant group difference was found in

either analysis, indicating that crowding did not differ between

infants with and without fragile X syndrome.

To further examine the effect of flankers on upright face pref-

erence for each group of infants, we conducted within-group

paired-samples t-tests (two-tailed) at each eccentricity. Both

groups of infants showed a significant difference between per-

formance in the uncrowded and the crowded conditions when

faces were presented at 3# [neurotypical: t(31) = 2.14, P = 0.040;

fragile X syndrome: t(31) = 4.31, P = 0.0001], but not at further

eccentric locations. At 6 and 10#, infants’ performance was not

Figure 1 (A) Mooney face stimuli used in Experiment 1;
(B) upright face without flankers; (C) inverted face without
flankers; (D) upright face with flankers; and (E) inverted face
with flankers.
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different from change in either the uncrowded or crowded condi-

tions. Critically, flankers did not impair visual preference for the

upright face when viewed foveally, consistent with the definition

of crowding and distinguishing it from a masking process, which

would have prevented both detection and discrimination inde-

pendent of eccentricity.

Individual infant upright face discrimination thresholds from psy-

chometric function fits were analysed using a repeated measures

mixed-model ANOVA with crowding (uncrowded or crowded

faces) as the within-subject factor and group (neurotypical or fra-

gile X syndrome) as the between-subject factor, which yielded a

significant main effect of crowding [F (1, 62) = 72.55, P = 0.0001,

!p
2 = 0.539], reflecting higher eccentricity thresholds (better per-

formance) when the faces were uncrowded. No other effects were

found. Pair-wise t-tests (two-tailed) confirmed significantly higher

sensitivity in the uncrowded (neurotypical: mean = 3.79,

SD = 2.48; fragile X syndrome: mean = 3.89, SD = 1.09) compared

with the crowded (neurotypical: mean = 1.97, SD = 0.97; fragile X

syndrome: mean = 2.24, SD = 0.79) condition in both groups of

infants [neurotypical: t(31) = 5.25, P = 0.0001; fragile X syndrome:

t(31) = 7.73, P = 0.0001]. Therefore, flankers impacted upright

face discrimination equally in infants with and without fragile X

syndrome (Fig. 2B).

To compare the effect of crowding between individual infants, a

threshold difference score was calculated by subtracting the

threshold obtained for crowded faces from the threshold obtained

for uncrowded faces. Difference scores were significantly positive

for both groups [neurotypical: t(31) = 2.17, P = 0.038; fragile X

syndrome: t(31) = 4.31, P = 0.0001], reflecting higher eccentricity

limits for uncrowded faces. This analysis verifies that

crowding-specific processes reduced upright face discrimination

performance and that the decrement in discrimination did not

differ between groups.

We also examined the relationship between uncrowded and

crowded thresholds and other variables of interest. For neurotypi-

cal controls, chronological age was positively correlated with un-

crowded threshold values [r(32) = 0.384, P = 0.030] such that

older infants exhibited greater eccentricity limits for discrimination

of the upright face presented in isolation. For infants with fragile X

syndrome, there was no significant relationship between age and

either threshold measure. Additionally, no significant relationship

was found between molecular variables (CGG repeat length and

FMR1 messenger RNA levels) and spatial thresholds in infants with

fragile X syndrome.

Discussion
The goal of this experiment was to use visual crowding to quantify

the spatial resolution of visual attention in infants with fragile X

syndrome compared with neurotypical infants. The psychophysical

measure of upright face discrimination thresholds established that

infants with fragile X syndrome were able to identify the uncrowd-

ed Mooney face to a limited extent in the periphery and that

crowding interfered with identification at 3#. Thresholds for un-

crowded and crowded face discrimination in infants with fragile X

syndrome were equivalent to those measured in developmental

age-matched neurotypical infants, suggesting that spatial reso-

lution is intact in infants with fragile X syndrome.

The use of Mooney faces as stimuli had the advantage of allow-

ing us to examine several aspects of face processing abilities in

infants with fragile X syndrome. This is the first study to examine

face detection in infants with fragile X syndrome. We found that

infants with fragile X syndrome were able to perceive Mooney

faces, as illustrated by a selective visual preference for the upright

relative to the inverted face. Since Mooney faces lack individual

facial features and cannot be recognized by bottom-up processes,

a preference for the upright face suggests that, at the ages tested,

individuals with fragile X syndrome possess an intact holistic face

processing system. Holistic face processing is thought to rely on

analysis of the configuration or relations between features, and

therefore demonstrates Gestalt processing of the face as a

whole unit (Tanaka and Farah, 1993). Further, these results, for

Figure 2 (A) Mean upright face preference score ("SEM) as a
function of eccentricity for uncrowded and crowded faces, by
group; (B) Mean upright face discrimination threshold ("SEM)
for uncrowded and crowded faces, by group. Higher thresholds
signify higher resolution of spatial attention. FXS = fragile X
syndrome; NT = neurotypical.
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the first time, establish the presence of the face inversion effect

(Yin, 1969) in individuals with fragile X syndrome. Lastly, given

that infants with fragile X syndrome showed no gaze aversion to

the faces, these data suggest that avoidance of social stimuli may

develop after infancy, perhaps as a coping mechanism in response

to increased social demands.

Crowding is believed to impose the fundamental bottleneck pre-

venting object-level visual information from reaching conscious

awareness (Levi, 2008; Pelli and Tillman, 2008; Whitney and

Levi, 2011), thereby providing a quantitative measure of the reso-

lution of spatial attention (Intriligator and Cavanagh, 2001) and

allowing us to study the development of spatial attention in

infants with fragile X syndrome. The current findings revealed

no difference in the resolution of spatial attention between infants

with and without fragile X syndrome. One explanation for our

findings is that spatial attention in isolation may be relatively un-

affected in infants with fragile X syndrome, but that a deficit lies in

the integration of spatial and temporal attention. Previous reports

of visual processing impairments in individuals with fragile X syn-

drome utilized tasks that did not separate these two types of at-

tention, and therefore required simultaneous attention to both

static and dynamic information. The crowding task used in this

experiment aimed to identify the limit of spatial attention for the

recognition of static faces in the peripheral visual field, eliminating

temporal attention. It is also plausible that the spatial resolution of

attention required for visual perception is different from the spatial

resolution required for visually guided actions, such as pointing or

grasping (Bulakowski et al., 2009), and that the latter is selectively

impacted in individuals with fragile X syndrome. Accordingly, iden-

tification of a target in a visual search task would be more im-

pacted by the clutter, or crowding, caused by distractors, as was

found in toddlers with fragile X syndrome (Scerif et al., 2004).

These two explanations need not be mutually exclusive, as spatial

and temporal information must be combined for accurate visuo-

motor responses.

Although chronological age predicted uncrowded thresholds in

neurotypical controls, it did not do so for infants with fragile X

syndrome. This may be the result of a measurable increase in

peripheral visual acuity, particularly for medium to high spatial

frequencies, in the younger aged neurotypical infants, but less

so in the older age range of the infants with fragile X syndrome.

This reasoning is in line with evidence that processing of fine detail

is dependent on a sensitive window of postnatal visual experience

(Maurer and Lewis, 1993; Dobkins et al., 1999, 2009; Birch and

O’Connor, 2001).

Infants in both groups spent a greater proportion of time fixat-

ing the upright face, whether uncrowded or crowded. The finding

that infants with fragile X syndrome spent an even greater pro-

portion of time fixating the upright face relative to neurotypical

controls was unexpected and may be accounted for by delayed

disengagement from the upright face. At eccentricities beyond the

fovea, performance in both the uncrowded and crowded condi-

tions eventually dropped to chance levels, which is expected for

peripheral face recognition (Mäkelä et al., 1993, 2001; McKone,

2004). This decline in performance is likely the result of both

reduced acuity and within-face crowding in the periphery

(Martelli et al., 2005; Farzin et al., 2009). Nevertheless, because

infants were able to direct their first fixation precisely to either the

upright or inverted face as far as 10# eccentricity, we are certain

that infants were able to ‘perceive’ the stimuli in their periphery

and it is therefore unlikely that acuity limits alone explain the de-

cline in uncrowded performance.

At this point, the resolution of spatial visual attention in older

children, adolescents and adults with fragile X syndrome remains

unknown. Hence, although the limits of resolution are comparable

between infants with and without fragile X syndrome early in

development, we do not know if attentional resolution reaches

an asymptotic level in individuals with fragile X syndrome that is

lower compared with that of developmental age-matched neuro-

typical individuals. Literature on the maturation of spatial visual

attention in neurotypical individuals is also scarce so it is yet to

be determined at what age adult levels of resolution are attained.

In any case, the spatial resolution of infant attention is comparable

in those with and without fragile X syndrome.

Experiment 2: phase
individuation as a measure
of temporal resolution
of attention
Similar to spatial attention, temporal attention also has a limited

resolution (Battelli et al., 2003, 2007, 2008). The temporal interval

over which the visual system is able to segregate information is

referred to as temporal resolution. The human adult visual system

has been found to have two broad classes of temporal limits; a

higher limit for perception of flicker or simple motion and a lower

limit for identification of rapidly changing events (Battelli et al.,

2007, 2008; Holcombe, 2009). For example, though adults can

detect the presence of flickering light at rates of up to 60Hz, they

cannot readily individuate between the light and dark states of the

flicker beyond 7–10Hz (Verstraten et al., 2000; Battelli et al.,

2001, 2003; Aghdaee and Cavanagh, 2007). Temporal individu-

ation is the operational measure of temporal resolution of

attention.

Experiment 1 found that infants with fragile X syndrome had an

equivalently coarse spatial resolution of visual attention as that of

developmental age-matched neurotypical infants. It therefore re-

mains possible that reduced resolution of temporal attention

alone may underlie spatiotemporal visual impairments observed

in individuals with fragile X syndrome. To determine the temporal

resolution of attention in infants with fragile X syndrome relative

to developmental age-matched neurotypical infants, we psycho-

physically measured infants’ temporal individuation thresholds

using a modified version of the phase discrimination task

used previously with adults (Aghdaee and Cavanagh, 2007;

Battelli et al., 2007), and which we have recently used with neu-

rotypical infants and adults (Farzin et al., 2011). The task is ideal

because it isolates specifically the temporal aspect of event

individuation.
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Method

Participants
Twenty-one infants diagnosed with the fragile X syndrome full muta-

tion (seven females, mean chronological age = 24.20 " 8.17 months,

range = 6–37 months) were included in this experiment; 15 of whom

were also included in Experiment 1. Infants with fragile X syndrome

had a mean developmental age of 15.17 months (SD = " 8.04

months, range = 2–26 months). The infants were matched based

on their developmental age to a group of 21 neurotypical infants

(five females, mean chronological age = 14.21 " 2.33 months,

range = 6–16 months). There was no significant difference in develop-

mental level between the neurotypical infants and infants with fragile

X syndrome [t(40) = $0.793, P = 0.432].

Apparatus
The apparatus was identical to that of Experiment 1.

Procedure
Following calibration of the eye tracker, trials began with a 1# fixation

video presented at the centre of the screen for 1 s. The task was a

four-alternative forced-choice method of constant stimuli preferential

looking paradigm. After the fixation video (0ms delay), four squares

subtending 2.5 % 2.5# of visual angle were presented centred 5#

to the left and right of fixation against a grey background

(77.24 cd/m2). The target square was chosen randomly from one of

the four square locations. All squares underwent square-wave

flicker between white (133.8 cd/m2) and black (0.26 cd/m2) states,

but the target was 180# out-of-phase from the three distractors

(Fig. 3). For example, the target was always black when the three

distractors were white, and vice versa. Flickering occurred at one

of four temporal frequencies: 0.2, 0.5, 1 or 2Hz. At slower

rates, the target is more easily seen because it is easier to individu-

ate the black and white states, but at frequencies faster than the

threshold level all squares appear to be flickering identically

(i.e. the phase cannot be individuated). Therefore, if infants can

individuate the phase of the squares, they should show a visual

preference for the target square. Trial duration was for 5 s, and

eight trials were presented at each temporal frequency, in random

order.

Data coding and threshold estimation
Infants from whom data were recorded on at least half of the trials

were included in the final analysis (six infants with fragile X syndrome

and two neurotypical infants were excluded). Coding was similar to

that described in Experiment 1 except for as noted below. Fixation

position was coded by dividing the screen into four quadrants. A

target preference score, indexing the proportion of looking time to

the target square, was calculated for each trial by dividing the time

spent looking at the target square by the total time spent looking at all

four squares. Target preference scores ranged from 0 (never looked at

target) to 1 (only looked at target), with 0.25 considered the chance

level. For each infant, an average target preference score was calcu-

lated at each temporal frequency.

To obtain each infant’s phase individuation threshold, a logistic

function was fit to the target preference scores as a function of tem-

poral frequency. Because the peak target preference score across both

groups of infants was 0.65 at the slowest temporal frequency (0.2Hz),

the upper asymptote (ceiling) of the function was fixed at 0.70, in

order to improve the fit to the data (Dobkins et al., 1999). The lower

limit was set to 0.25 (chance performance). Phase individuation

threshold level was thus defined as the temporal frequency yielding

half the asymptotic performance, corresponding to a target preference

score of 0.475, which is equivalent to using the 75% performance

correct threshold level for a typical two-alternative forced-choice

task. Higher temporal frequency thresholds indicate greater temporal

resolution of attention.

Results
There were no significant sex differences within group for target

preference score or for temporal discrimination threshold. Average

target preference score as a function of temporal frequency for

infants in each group is shown in Fig. 4A. A repeated measures

mixed-model ANOVA with temporal frequency (0.2, 0.5, 1, 2Hz)

as the within-subject factor and group (neurotypical or fragile X

syndrome) as the between-subject factor revealed a significant

main effect of temporal frequency [F(3, 38) = 60.21, P = 0.0001,

!p
2 = 0.826], whereby both groups of infants had significantly

higher target preference scores at lower temporal frequencies. In

addition, an interaction was found between temporal frequency

and group [F(3, 38) = 5.28, P = 0.004, !p
2 = 0.294], reflecting sig-

nificantly better phase discrimination ability in neurotypical infants

Figure 3 Schematic illustration of three frames from Experiment 2.
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relative to infants with fragile X syndrome. Two-tailed independ-

ent samples t-tests were conducted to qualify group differences in

target preference at each temporal frequency. The results con-

firmed that neurotypical infants exhibited a significantly greater

visual preference for the target square compared with infants

with fragile X syndrome at 0.5Hz [t(40) = 3.55, P = 0.001], 1Hz

[t(40) = 5.10, P = 0.0001] and 2Hz [t(40) = 2.01, P = 0.052].

Note, however, that neither neurotypical infants nor infants with

fragile X syndrome differed from the chance preference score of

0.25 at 2Hz [neurotypical: t(20) = $0.090, P = 0.459; fragile X

syndrome: t(20) = $0.027, P = 0.929]. The target preference

scores reveal that neurotypical infants were able to identify the

out-of-phase flicker up to a rate of 1Hz, whereas infants with

fragile X syndrome could do so only up to 0.5Hz.

There was no overall difference in mean looking times between

groups across temporal frequency levels [F(3, 38) = 0.186,

P = 0.905, !p
2 = 0.014], ruling out the possibility that lower

target preference scores were due to shorter looking times or

general perceptual or attentional differences in infants with fragile

X syndrome.

A phase individuation threshold was calculated for each infant,

and a one-way ANOVA was carried out to compare thresholds

between groups. A significant effect of group was found

[F(1, 41) = 42.59, P = 0.0001, !p
2 = 0.516], driven by higher tem-

poral sensitivity in neurotypical infants (mean = 0.96, SD = 0.36)

than in infants with fragile X syndrome (mean = 0.38, SD = 0.19),

as illustrated in Fig. 4B.

Pearson’s correlation analysis was used to evaluate the relation-

ship between molecular variables (CGG repeat length and FMR1

messsenger RNA level) and phase individuation thresholds in in-

fants with fragile X syndrome. These analyses established a sig-

nificant negative correlation between CGG repeat length and

threshold [r(21) = $0.545, P = 0.011], confirmed using the boot-

strap resampling and permutation methods (P5 0.01; Efron and

Tibshirani, 1993). This link revealed that infants with longer CGG

repeat lengths had more reduced temporal sensitivity (Fig. 5). No

significant relationship was found between chronological or devel-

opmental age and threshold in the group of neurotypical infants.

However, the correlation between developmental age and thresh-

old trended towards a significant positive correlation in infants

with fragile X syndrome [r(21) = 0.416, P = 0.061], signifying

greater temporal sensitivity in developmentally older infants.

Discussion
Experiment 2 quantified the resolution of temporal attention in

infants with fragile X syndrome, revealing dramatically lower

rates of phase discrimination compared with developmental

age-matched neurotypical infants. These findings demonstrate a

selective deficit in the resolution of temporal visual attention in

infants with fragile X syndrome, and critically, the extent of the

perceptual deficit was found to be related in a dose-sensitive fash-

ion to CGG repeat length in the FMR1 gene.

Figure 4 (A) Mean target preference score ("SEM) as a
function of temporal frequency, by group; (B) mean phase in-
dividuation threshold by group ("SEM). Higher thresholds sig-
nify higher resolution of temporal attention. FXS = fragile X
syndrome; NT = neurotypical.

Figure 5 Individual infant phase individuation threshold plotted
against CGG repeat length for infants with fragile X syndrome.
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Abnormally coarse temporal resolution of conscious visual per-

ception likely impacts the development of other perceptual, cog-

nitive and motor skills, particularly those functions that require

accurate and precise temporal sensitivity. Given the dynamic

nature of the visual environment, the ability to perceive the iden-

tity of rapidly changing events is vital for nearly all activities. For an

infant, these activities may range from planning and executing the

timing of eye movements in order to engage in a social interaction

to predicting when to reach out your hands to catch a ball. While

the full extent of the relationship between temporal visual atten-

tion and atypical cognitive development in individuals with fragile

X syndrome requires further investigation, our results indicate that

reduced temporal attention may serve as a window into the visual

processing impairments that are hallmarks of the disorder.

Reduced or absent FMRP production is the exclusive genetic

cause of fragile X syndrome, so understanding the biological geno-

type is essential for uncovering the phenotypic outcome. While

some studies have shown that the pattern of overall cognitive def-

icit in individuals with fragile X syndrome can be predicted from the

number of CGG repeats or the level of FMRP expression (Loesch

et al., 1993; Abrams et al., 1994; Rousseau et al., 1994), others

have not found a simple direct mapping between molecular status

and phenotype (de Vries et al., 1993; Reiss et al., 1995; Cornish

et al., 2001). The widely accepted explanation for this inconsist-

ency has been that individuals with higher numbers of CGG

repeats possess a version of the gene that is fully methylated

and thus produces no FMRP. Therefore, complete absence of pro-

tein expression amounts to less phenotypic variability in individuals

with the full mutation (particularly males). Existing measures of

FMRP have been imprecise, preventing exact measurement of pro-

tein levels across the spectrum of CGG repeat lengths. With the

advent of new quantitative tools, such as the enzyme-linked im-

munosorbent assay method (Iwahashi et al., 2009), a wider range

of protein expression has been found across the spectrum of CGG

repeat lengths, particularly in the lower end of the full mutation

range of repeats. Our understanding of the direct relationship be-

tween FMRP level and the various fragile X syndrome-associated

clinical phenotypes is likely to improve in the near future.

The decrease in resolution of temporal visual attention in infants

with fragile X syndrome is consistent with prior work describing a

selective deficit in the detection of texture-defined dynamic stimuli

in infants with fragile X syndrome (Farzin et al., 2008), which,

thus far, appears to be specific to infants with fragile X syndrome

(Bertone et al., 2010). Texture-defined motion perception is

mediated by attention and critically depends on the temporal dis-

crimination of events in space (Cavanagh and Mather, 1989;

Cavanagh, 1992; Seiffert and Cavanagh, 1998). Therefore, the

temporal processing deficit observed here likely originates from

the same abnormality in neural processing underlying

texture-defined motion detection in individuals with fragile X syn-

drome. This interpretation is also consistent with the numerous

reports of visual attention deficits in individuals with fragile X syn-

drome when measured using tasks that require temporal discrim-

ination (Cornish et al., 1998, 1999, 2001; Munir et al., 2000;

Scerif et al., 2004, 2005, 2007).

Individuation of dynamic visual events, in this case light and

dark phases of flicker, requires not only temporal attention but

also the ability to detect rapid luminance changes that are gener-

ated during contrast reversals. It is therefore possible that the

deficit found in Experiment 2 is due to inability of the infants

with fragile X syndrome to perceive the flickering squares; a

basic loss in the temporal resolution of vision rather than attention

per se. At high temporal frequencies, our ability to perceive that a

change has occurred is nearly an order of magnitude greater than

our ability to register the identity of what changed, and it is

known that these processes are carried out at different levels of

the visual system. Detection of rapid luminance changes occurs in

the magnocellular pathway, which, if dysfunctional, may lead to

impaired temporal vision. Abnormal lower level visual processing

could then have implications on neural networks across the de-

veloping brain, including higher level areas involved in temporal

attention. This hypothesis is tested in Experiment 3.

Experiment 3: flicker detection
as a measure of temporal
resolution of vision
The magnocellular pathway is characterized mainly by large cells

with fast conducting axons that are sensitive to high temporal

frequencies and to low to medium spatial frequencies. Thus,

cells in the magnocellular pathway respond to rapid changes in

illumination, such as flicker (Kaplan and Shapley, 1986). The par-

vocellular pathway, on the other hand, is characterized by smaller

cells with more slowly conducting axons that are sensitive to high

spatial frequencies and colour, and manifests a lower sensitivity to

temporal frequencies. It is therefore important to establish

whether the purported subcortical processing difference in adults

with fragile X syndrome is present in infants with fragile X syn-

drome and whether underlying neuroanatomical and functional

abnormalities specific to the magnocellular pathway may impact

temporal attention in this developmental population.

Experiment 3 psychophysically measured contrast sensitivity at

two spatial and temporal frequencies, chosen to preferentially

favour a magnocellular (low spatial frequency/high temporal

frequency) or parvocellular (high spatial frequency/low temporal

frequency) pathway response. If infants with fragile X syndrome

show reduced contrast sensitivity for high temporal frequency

flicker, it would support the theory that magnocellular pathway

cells rely more strongly on FMRP than parvocellular pathway cells,

and would provide a low-level explanation for the reduced reso-

lution of temporal attention found in Experiment 2. Alternatively,

if infants with fragile X syndrome demonstrate intact ability to

detect contrast at higher temporal frequencies than the limits

found in Experiment 2, it would discount a subcortical temporal

processing explanation and suggest that higher level temporal at-

tention must be responsible.

Method

Participants
Twenty-seven infants diagnosed with the fragile X syndrome full mu-

tation (nine females, mean chronological age = 25.11 " 14.04 months,
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range = 6–42 months; mean developmental age = 16.07 " 10.14,

range = 4–30 months) were included in this experiment; 16 of

whom were also included in Experiment 2. Twelve infants with fragile

X syndrome participated in all three experiments. Six additional infants

with fragile X syndrome were tested, but failed to provide sufficient

gaze data for threshold estimation. A group of 26 developmental

age-matched neurotypical infants (10 females, mean chronological

age = 15.14 months, SD = 2.15, range = 6–16 months) were included

for comparison purposes. There was no significant difference in devel-

opmental level between the neurotypical controls and the infants with

fragile X syndrome [t(51) = $1.104, P = 0.275].

Apparatus
The apparatus was identical to that of Experiments 1 and 2. Stimuli

were generated using The Vision Shell PPC program, controlled by an

Apple G4 Power Macintosh.

Procedure
Infants’ contrast sensitivity was obtained using a two-alternative

forced-choice method of constant stimuli preferential looking

paradigm, as previously described by Farzin et al. (2008). Stimuli con-

sisted of vertically oriented Gabors with a single luminance-defined

sinusoid. Spatial frequency was either 0.2 cycles/degree (low spatial

frequency) with the phase of each Gabor reversing sinusoidally at

10Hz (high temporal frequency) or 5 cycles/degree (high spatial fre-

quency) reversed at 2Hz (low temporal frequency; Fig. 6A). These

parameters were chosen to match the response properties of magno-

cellular and parvocellular cells, respectively. Michelson contrast was

defined as the difference between the maximum and minimum lumi-

nance of the gratings, divided by their sum, and four contrast levels

were presented (14, 19, 28, 42%) with 10 trials per level, in random

order. The stimulus appeared on either the left or right half of the

screen, counterbalanced for side and was presented within a 3-s

Gaussian window, fading in and out of view. The non-stimulus half

of the screen was equiluminant grey. In between each trial, a 1#

fixation video was presented to reorient infants’ fixation to the

centre of the screen. To keep the duration of testing manageable

for infants, the stimulus conditions (magnocellular or parvocellular)

were presented separately and in random order. However, a

number of infants with fragile X syndrome (n = 14) and neurotypical

control infants (n = 8) were particularly compliant and provided

Figure 6 (A) Schematic illustration of the stimuli used in Experiment 3. Spatial frequency was 0.2 cycles/degree (low spatial frequency)
with the phase of each Gabor reversing sinusoidally at 10Hz (high temporal frequency; left), or was 5 cycles/degree (high spatial
frequency) reversing at 2Hz (low temporal frequency; right). (B) Mean log contrast sensitivity for magnocellular (M; low spatial fre-
quency/high temporal frequency) and parvocellular [P; high spatial frequency/low temporal frequency stimuli ("SEM)], by group.
FXS = fragile X syndrome; NT = neurotypical; SF = spatial frequency; TF = temporal frequency.
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sufficient gaze data to estimate contrast sensitivity for both

conditions.

Data coding and threshold estimation
Fixation position on the screen was coded as left, right, centre or

away. A visual preference score, indexing the proportion of looking

time to the stimulus side of the screen, was calculated by dividing the

amount of time spent looking at the side of the screen with the stimu-

lus by the total time spent looking at both sides. Visual preference

scores ranged from 0 to 1, with 0.5 considered performance at the

chance level. Trials in which no fixations occurred were considered

missing trials and were not given a preference score or included in

the final calculation. For each infant, a mean visual preference score

was calculated at each contrast level.

Contrast sensitivity was calculated by fitting a logistic function

to individual infants’ average visual preference scores as a function

of contrast using the psignifit toolbox for MATLAB. Threshold per-

formance was defined as the contrast yielding a score of 0.75, and

sensitivity was computed as the inverse of the threshold. Sensitivity

values were then logged to conform to normal distributions (Graham,

1989).

Results
Twenty-two infants with fragile X syndrome completed the low

spatial frequency/high temporal frequency stimulus condition and

19 completed the high spatial frequency/low temporal frequency

condition. Twenty-four neurotypical infants completed the low

spatial frequency/high temporal frequency stimulus condition

and 10 completed the high spatial frequency/low temporal fre-

quency condition. Figure 6B shows mean log contrast sensitivities

for each stimulus condition (low spatial frequency/high temporal

frequency or high spatial frequency/low temporal frequency) as a

function of group. For each stimulus condition, a one-way

ANOVA was performed to compare mean log contrast sensitivities

as a function of group. The result yielded no significant group

difference in sensitivity for low spatial frequency/high temporal

frequency stimuli [F(1, 45) = 1.203, P = 0.279, !p
2 = 0.027] or for

high spatial frequency/low temporal frequency stimuli

[F(1, 29) = 0.359, P = 0.554, !p
2 = 0.013]. Consistent with earlier

studies, neurotypical infants who completed both flicker detection

conditions showed significantly higher sensitivity for detecting low

spatial frequency/high temporal frequency stimuli (mean = 0.59,

SD = 0.281) relative to their sensitivity for detecting high spatial

frequency/low temporal frequency stimuli (mean = 0.51,

SD = 0.166) [t(7) = 6.096, P = 0.0001]. Infants with fragile X syn-

drome who completed both conditions also showed higher sensi-

tivity for low spatial frequency/high temporal frequency stimuli

(mean = 0.61, SD = 0.31) relative to high spatial frequency/low

temporal frequency stimuli (mean = 0.49, SD = 0.203); however,

the difference did not reach a significance level of 0.05.

As in the other two experiments, we performed correlation ana-

lyses between each of the molecular measures (CGG repeat length

and FMR1 messenger RNA level) and contrast sensitivity within

infants in the fragile X syndrome group and found no significant

relationships. Also, there was no significant association between

chronological or developmental age and contrast sensitivity for

either stimulus condition in either group of infants. Contrast

sensitivities for the two stimulus conditions were correlated with

each other in neurotypical infants [r(8) = 0.792, P = 0.019].

Discussion
The purpose of Experiment 3 was to measure contrast sensi-

tivity for low spatial frequency/high temporal frequency (mag-

nocellular stimuli) and high spatial frequency/low temporal

frequency (parvocellular stimuli) luminance gratings in infants

with fragile X syndrome to determine whether a basic deficit

in the perception of temporal visual information may account

for the reduced temporal attention limit found in Experiment

2. The results here indicate that infants with fragile X syn-

drome were able to detect flicker at temporal frequencies of

2 and 10Hz at contrast levels equivalent to that of develop-

mental age-matched neurotypical infants. The Michelson con-

trast of the flickering stimuli used in Experiment 2 was nearly

100%, and thereby well above infants’ detection thresholds.

We therefore attribute the results of Experiment 2 to an in-

ability to individuate the phase of the flicker—a coarser reso-

lution of temporal attention—rather than to limited low-level

temporal contrast sensitivity.

These findings are not supportive of a magnocellular pathway

deficit as the source of visual processing impairments previously

reported in individuals with fragile X syndrome. While work by

Kogan et al. (2004) found reduced contrast sensitivity for low

spatial frequency gratings temporally modulated at high temporal

frequency in a small group of adolescent and adult males with

fragile X syndrome using a yes–no staircase detection task, here

we find no difference in contrast sensitivity between infants with

and without fragile X syndrome. It is difficult to explain with

certainty the source of the difference in the findings. One inter-

pretation is that the role of FMRP in the early development of

these subcortical visual areas may follow a protracted time

course and our results may be uncovering one end of an atypical

developmental trajectory, prior to the emergence of a magno-

cellular pathway deficit. Measures of contrast sensitivity during

the childhood years, and ideally, longitudinally, beginning in in-

fancy, should be obtained in future studies to fully understand

the developmental trajectory of visual processing in fragile X

syndrome. Alternatively, because there is some overlap in the

spatial and temporal ranges of the magnocellular and parvocel-

lular pathways (Derrington and Lennie, 1982), it is possible that

the parameters of the stimuli used did not uniquely tap the

magnocellular system and therefore elicited parvocellular re-

sponses in both stimulus conditions [while Kogan et al. (2004)

used 18Hz, we used 10Hz to more closely match the contrast

sensitivity functions of young infants]. That the contrast sensitiv-

ity values obtained from infants with fragile X syndrome in both

stimuli conditions is nearly indistinguishable from those of neu-

rotypical infants, and that they follow the expected pattern of

higher magnocellular than parvocellular sensitivity (Dobkins

et al., 1999; Atkinson, 2000; Hammarrenger et al., 2003) sug-

gest that the observed effects may not entirely be explained by

differences in stimulus parameters. Further, these results are

in-line with previous data from infants with fragile X syndrome

revealing a selective deficit in sensitivity for detecting
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texture-defined, but not luminance-defined, dynamic stimuli

(Farzin et al., 2008).

General discussion
The ability to spatially and temporally select and attend to infor-

mation that is relevant to our current behavioural goals is a fun-

damental aspect of everyday vision. This skill is particularly

important during infancy when vision is the primary sensory

modality with which infants inspect and learn from their environ-

ment. In adults, there are well-established limits of spatial and

temporal visual resolution, beyond which, information does not

reach conscious awareness. The overall aim of this study was to

measure the resolution of spatial and temporal attention in infants

with fragile X syndrome, a developmental disorder of known

single-gene origin and which has been associated with selective

impairments in spatiotemporal visual processing. Results from

Experiment 1 established that infants with fragile X syndrome ex-

perience a spatial resolution of visual perception equivalent to that

of developmental age-matched neurotypical infants; infants in

both groups were able to discriminate an upright Mooney face

in the presence of surrounding flankers up to a limit of !3# in the

periphery. In contrast, infants with fragile X syndrome experience

significantly poorer temporal resolution relative to developmental

age-matched neurotypical infants; phase individuation limits in

those with fragile X syndrome were half the temporal frequency

at which neurotypical infants could individuate events. Overall,

these results reveal that there is a selective temporal attention

deficit in infants with fragile X syndrome that is directly related

to the molecular genotype of the individual infant. Reduced tem-

poral attention may therefore underlie many of the visual deficits

previously reported in individuals with the disorder, including im-

pairments in motion perception and visual–motor coordination

(Cornish et al., 1999; Munir et al., 2000; Kogan et al., 2004a,

b; Baranek et al., 2005; Mazzocco et al., 2006; Farzin et al.,

2008).

The ‘when’ pathway of the brain is dedicated to representing

temporal information in order to determine when objects appear

or disappear, or to keep track of object displacements and trans-

formations. This pathway is thought to originate in primary visual

cortex and involve visual motion area MT+ , with the right pos-

terior parietal lobe and prefrontal cortex serving as the core ana-

tomical loci (Battelli et al., 2007, 2008). It is possible that parietal

networks are functionally impaired from infancy in individuals with

fragile X syndrome, either as a result of disrupted synaptic pruning

or FMRP-deficiency-related axonal pathology. This interpretation

is consistent with findings of early abnormal neurodevelopment in

the absence of FMRP (Hoeft et al., 2010).

Research has established that FMRP is involved in typical neur-

onal maturation, including synaptic formation and axon develop-

ment (Abitbol et al., 1993; Comery et al., 1997; Jin and Warren,

2000; Irwin et al., 2002; Antar et al., 2004). It has also been

suggested that reduced levels of FMRP causes a disruption in

the pruning of dendritic spines, resulting in immature, elongated

spines morphologically similar to those found in neurons of ani-

mals deprived of sensory experience (Greenough et al., 2001).

Furthermore, in patients with fragile X syndrome, the density of

these immature spines is elevated when compared with normal

brains, suggesting a lack of appropriate synaptic pruning (Irwin,

2000). Such dendritic abnormalities have been found in

occipito-parietal and visual cortices of autopsied tissue from pa-

tients with fragile X syndrome and Fmr1 knock-out mice (Irwin

et al., 2002), suggesting that FMRP is an important protein in the

development of visual areas of the brain. These structural abnorm-

alities are likely to impact functions that rely on integration of

information across areas, as is the case for networks supporting

temporal processing. The regions involved in the ‘when’ pathway

may be particularly impacted as a result of abnormal dendritic

spine morphology characteristic of the fragile X syndrome

disorder.

Conclusion
The current series of experiments are the first to investigate spatial

and temporal visual attention in infants with fragile X syndrome,

designed around the hypothesis that spatiotemporal visual pro-

cessing abnormalities characteristic of individuals with fragile X

syndrome may arise from coarser spatial and/or temporal visual

resolution. Here, we report drastically reduced resolution of tem-

poral, but not spatial, visual attention that was directly linked to

the extent of the genetic trinucleotide repeat mutation in the

FMR1 gene. Temporal visual processing plays a direct role in

many other perceptual, cognitive and motor abilities, including

motion perception and visual–motor coordination, and may hold

promise as a syndrome-specific early diagnostic marker or treat-

ment outcome measure for fragile X syndrome and other devel-

opmental disorders.
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