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Our visual world is dynamic in nature. The ability to encode, mentally represent, and track an
object’s identity as it moves across time and space is critical for integrating and maintaining a
complete and coherent view of the world. Here we investigated dynamic object processing
in typically developing (TD) infants and infants with fragile X syndrome (FXS), a single-gene
disorder associated with deficits in dorsal stream functioning. We used the violation of
expectation method to assess infants’ visual response to expected versus unexpected outcomes
following a brief dynamic (dorsal stream) or static (ventral stream) occlusion event. Consistent
with previous reports of deficits in dorsal stream-mediated functioning in individuals with this
disorder, these results reveal that, compared to mental age-matched TD infants, infants with
FXS could maintain the identity of static, but not dynamic, object information during occlusion.
These findings are the first to experimentally evaluate visual object processing skills in infants
with FXS, and further support the hypothesis of dorsal stream difficulties in infants with this

developmental disorder.
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INTRODUCTION

Our visual world is dynamic in nature; we move and objects around
us move. For example, an object can go out of sight as our eye or head
position changes, or if moving, it can go out of sight when obstructed
by other objects. Despite incomplete perceptual information during
an object’s occlusion, the adult visual system is able to form, maintain,
and if necessary, track a mental representation of an object such thata
coherent and complete visual scene is perceived across time and space.
A critical question remains unanswered, however: to what extent do
infants possess the ability to preserve an accurate representation of
an object’s identity during a dynamic occlusion event?

Previous studies have typically used the preferential looking
paradigm to show that from a young age infants look longer at the
outcome of a static occlusion event when a feature of the hidden
object is changed compared to an event in which features remain
the same. Extensive research using this paradigm has also provided
evidence that the specific features which infants use to discriminate
the identity of an object change across development. Infants as young
as 4 months primarily represent occluded objects based on spatial
information such aslocation and size (Baillargeon, 1993; Spelke et al.,
1994; Mareschal and Johnson, 2003), and by the end of the first year
infants use surface properties including shape (7 months), texture
(11 months) and color (12 months) (Wilcox, 1999; Leslie and Kaldy,
2001; Wilcox and Schweinle, 2002; Kaldy and Leslie, 2003). Aspects of
infants’ perception, such as encoding and binding of object proper-
ties to build and maintain a representation during a static occlusion
event, have been well characterized. Less is known about the ability of
infants to maintain an object representation during a dynamic occlu-
sion event, namely, whether infants can track a mental representation
across time and space (Richardson and Kirkham, 2004).

The developmental hierarchy in the type of information that
infants use to represent occluded objects closely maps on to the two
distinct visual processing streams in the brain; the ventral and dorsal
pathways. The occipito-temporal ventral stream involves process-
ing of object features such as form and color, and projects to the
inferotemporal cortex, while processing of information involved in
guiding actions, including spatial location and motion, are served by
the occipito-parietal dorsal stream, extending to the posterior pari-
etal cortex (Ungerleider and Mishkin, 1982; Milner and Goodale,
1995). One account of this hierarchy proposes that infants initially
set up an object representation based on spatial information (Leslie
et al., 1998; Tremoulet et al., 2000; Leslie and Kaldy, 2001; Wilcox
and Schweinle, 2002; Kaldy and Leslie, 2003) because, though the
ventral and dorsal pathways are each operative early in development,
information that is carried by each pathway remains segregated until
the end of the first year of life, with the dorsal stream developing
first but also thought to have a longer maturational time course
(Atkinson, 1993; Leslie et al., 1998; Johnson et al., 2001; Kaldy and
Leslie, 2003; Mareschal and Johnson, 2003). It has therefore been
proposed that during the early months of development, perform-
ance on tasks requiring predominantly single stream processing
may be superior to performance on tasks requiring integration of
information across the two streams. Once the connections between
the two pathways become functionally mature, infants are able to
keep track of both an object’s location in space (dorsal) and its
featural properties (ventral), in the service of identifying an object
as changed or unchanged following an occlusion event. Indeed, most
everyday activities are guided by extensive interaction between dor-
sal and ventral representations in order to integrate features required
for planning and executing actions.
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The functional, anatomical, and developmental dissociation
between ventral and dorsal pathways has been influential for
researchers investigating visual processing in various develop-
mental disorders. Because of its protracted developmental time
course, it has been suggested that the dorsal stream is particularly
vulnerable to atypical development (Atkinson, 2000), thereby lead-
ing to a preponderance of dorsal stream deficits in developmental
disorders, including fragile X syndrome (FXS).

FXS is the most is the most prevalent form of inherited mental
retardation, with 1 in 3,800 males estimated to have the FXS full
mutation and as many as 1 in 2,300 women estimated to carry the
full mutation on atleast one X chromosome (Crawford et al., 2001;
Beckett et al., 2005). FXS is also the most common single-gene
cause of autism (Reddy, 2005). The neurodevelopmental disorder
is caused by the silencing of a single gene on the X chromosome,
the Fragile X Mental Retardation 1 gene (Verkerk etal., 1991),
which results in the reduction or absence of the fragile X mental
retardation protein (FMRP) coded for by the gene. FMRP plays
a key role in the post-synaptic development of dendritic spine
morphology and acts as a repressor by regulating the translation
of multiple dendritic mRNAs involved in synaptic development
and function (Brown et al., 1982; Irwin et al., 2002). Dendritic
abnormalities have been found in occipito-parietal areas of FMR1
knock-out mice as well as visual cortices of autopsied tissue from
patients with FXS (Comery et al., 1997; Irwin et al., 2002), sug-
gesting that FMRP is an important protein in the development
of neural networks involving visual areas of the brain. Because
of its specific single gene etiology, FXS offers a unique opportu-
nity to examine the functional role of a specific gene product on
neurocognitive development, and more specifically on functions
supported by the dorsal stream.

There is ample evidence showing that visual processing defi-
cits observed in individuals with FXS are not global in nature;
rather, deficits in this population are specific to tasks mediated
by the dorsal stream. A finding that emerges consistently across
neuropsychological studies in children and adults with FXS is
that affected individuals perform worse than typically developing
(TD) controls on tasks requiring visual-spatial and visual-motor
coordination, such as replication of an abstract block design or
copying a drawing from a model, while visual recognition and
matching abilities are relatively unimpaired. Studies using visual
psychophysics have reported that adolescents and adults with FXS
show reduced contrast sensitivity for low spatial and high temporal
frequency visual stimuli known to engage magnocellular pathway
processing, but intact sensitivity for high spatial and low tempo-
ral frequency stimuli that elicit parvocellular pathway process-
ing (Kogan et al., 2004a). Furthermore, impaired sensitivity for
discriminating second-order static and first- and second-order
moving visual stimuli, accompanied by near normal sensitivity
for first-order static stimuli, has been found in adolescents and
adults with FXS (Kogan et al., 2004b). These studies have been
seminal in refining the picture of visual deficits in individuals with
FXS, suggesting typical ventral stream processing accompanied by
either atypical dorsal stream processing or a generalized impair-
ment in higher-level neural mechanisms necessary for integrating
dorsal and ventral visual input. These interpretations need not be

mutually exclusive. Recent work investigating visual processing in
infants with FXS has revealed that a selective deficit in sensitivity
for detecting second-order motion stimuli can be identified early
in development (Farzin et al., 2008). Because attentive tracking
is believed to be necessary for the detection of dynamic second-
order stimuli (Sperling, 1989; Cavanagh, 1992; Johnston et al.,
1992; Nishida and Sato, 1995; Seiffert and Cavanagh, 1998), this
finding was explained as a deficit in temporal or motion process-
ing in infants with FXS, as either could result in poor attentive
tracking and both types of processing are subserved by parietal
areas of the brain. These results are consistent with and extend
the work of Kogan et al. (2004b) by uncovering the developmental
trajectory of the putative dorsal stream deficit in both male and
female infants diagnosed with FXS. However, given that infants
with FXS performed comparable to TD controls when detect-
ing first-order motion stimuli, which are processed by a passive,
velocity sensitive mechanism (Seiffert and Cavanagh, 1998), these
results also call into question whether a low-level motion process-
ing or strictly subcortical deficit exists in individuals with FXS.
While we cannot directly compare levels of sensitivity obtained
from infants in our study to sensitivity found in adults because
of differences in stimuli (second-order stimuli are defined differ-
ently), tasks (detection versus discrimination), and age groups,
we can speculate that FMRP may have a protracted time course
in the early development of visual areas.

Other evidence of developmental visual abnormalities comes
from studies with toddlers with FXS. First, Scerif et al. (2004)
investigated selective visual attention in 2- and 3-year-olds with
FXS using a visual search task, and found that the FXS group
showed a perseverative error of selecting targets that had previ-
ously been found. Another study examined oculomotor control
in toddlers with FXS (Scerif- et al., 2005) by presenting children
with a task in which the goal was to inhibit saccades toward sud-
denly appearing peripheral stimuli (prosaccades) and direct them
instead to contralateral locations (antisaccades). Consistent with
the above finding of deficits in selective visual attention, they
found that toddlers with FXS failed to suppress prosaccades
toward the cue during the test trials, likely caused by atypical
connectivity between parietal and frontal circuitry (McDowell
et al., 2008). Taken together, these findings begin to converge on
a picture of visual processing in young individuals with FXS in
which there exists a disruption in the ‘vision-for-action’ pathway,
or the dorsal stream (Milner and Goodale, 1995).

Here we conducted two experiments to assess how infants with
and without FXS process changes in object properties during
occlusion events which either involve a dynamic transformation
across time and space, engaging dorsal stream processing, or which
remain static, engaging ventral stream processing. The tasks were
designed based on the hypothesis that dysfunction of parietal areas
in processing basic spatial and temporal visual information is likely
to be the underpinning source of cognitive impairments found in
individuals with FXS. These findings presented here provide us with
a better understanding of the development of dynamic object rep-
resentations in typically and atypically developing infants, bridging
the link between specific gene expression, brain development, and
cognitive function.
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EXPERIMENT 1

MATERIALS AND METHODS

Participants

Thirty-two infants diagnosed with the FXS full mutation (27 boys
and 5 girls) and thirty-four mental age-matched full-term TD
infants (27 boys and 7 girls) were included in the final sample. Mean
chronological age for the FXS and TD groups was 26.37 months
(£7.15, range = 14-45months) and 18.09 months (+5.51,
range = 11-31 months), respectively. Data from an additional three
TD infants and four infants with FXS were not included in the final
analysis because the infant did not provide gaze data on all four test
trials. TD infants were recruited through letters to families, fliers,
and word of mouth in Davis, California. Infants with FXS were
recruited from, and clinically evaluated at, the UC Davis M.I.N.D.
Institute Fragile X Research and Treatment Center (FXRTC), and
molecular DNA testing was carried out to confirm their diagnosis.
The Institutional Review Board at the University of California,
Davis, approved the experimental protocol, and informed consent
was obtained from a parent or caregiver of each infant.

Cognitive assessment. To control for differences in developmental
level, all infants with FXS were assessed using the Mullen Scales
of Early Learning (Mullen, 1995) to derive a mental age. The
MSEL is a standardized developmental test for children ages 3 to
60 months, consisting of five subscales: gross motor, fine motor,
visual reception, expressive language, and receptive language.
Infants in the FXS group had a mean mental age of 17.39 months
(£5.76, range = 11-36 months), which was matched to infants in
the TD group (18.35 months + 5.35, range = 11-31 months). An
independent samples t-test confirmed that mental age did not
differ significantly between the two final groups (#(1, 64) = 0.702,
p = 0.485, 2-tailed).

Apparatus and stimuli

Stimuli were presented on a Tobii 17-inch LCD binocular eye tracker
(1024 x 768 pixels resolution, 50-Hz capture rate, 60-Hz refresh
rate) to record infants’ fixations during the task. The calibration
procedure was run using ClearView software (Tobii Technology,
Sweden), which allows an optimal accuracy of 0.5°.

Stimulus creation and programming were done using Adobe
Flash CS4 Professional software. Infants were shown two objects;
a red sphere and a green cylinder, each fitting within a 5 deg by
5 deg square, presented 4 deg from the midline, against a black
background. Each occluder was a white square that fully covered
the object. During the task infants heard audio sequences of clas-
sical music through two standard computer speakers concealed
behind the monitor.

Procedure

Infants were seated on a parent or caregiver’s lab, 60 cm from the eye
tracker monitor. The experiment began with a five-point calibration
routine, followed by a single familiarization trial and four test trials.
Figure 1 presents a schematic of the experimental design.

Familiarization trial. A red sphere on the left and a green cylinder
on the right were lowered from the top to the middle of the screen
at a speed of 3 cm/s. The objects remained stationary for 5 s, after
which they were concealed for 1 s by the occluders, also lowered
from the top of the screen. The occluders were then raised to reveal
the objects for 1 s and were lowered immediately after to re-occlude
the shapes for 1 s. The occluders revealed the objects a final time and
then dropped back down. The purpose of this trial was to provide
infants with sufficient time to visually examine each object and its
location, and to learn that the role of the occluders was to hide the
objects without transforming them in any way.

Familiarization Trial

Test Trials

not present.

FIGURE 1| Schematic of Experiment 1 design. Note that on the computer screen the background was black, the occluders were white, and the arrows were

Expected

Unexpected

/
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Test trials. Two pairs of test trials were presented in one of two
orders: expected, unexpected, unexpected, expected or unexpected,
expected, expected, unexpected, counterbalanced across subjects.

The test trials were similar to the familiarization trial in that
following a 5-s viewing period of the objects, the occluders were
lowered to cover the objects. During a 5-s occlusion, the occlud-
ers rotated 180° in a clockwise direction (local orientation main-
tained), after which they were raised to reveal either the objects in
their newly rotated positions whereby the cylinder was now on the
left (expected outcome) or the objects in their original positions
(unexpected outcome). Infants were given 10 s to view the outcome,
after which the occluders were lowered and rotated counterclock-
wise back to their starting positions, and the screen faded to black.
After 2 s the subsequent test trial began and the sequence repeated
until all four test trials were completed. The total task lasted 2 min
and 24 s. It was predicted that if infants successfully encoded and
bound the individual object identities to specific spatial locations,
and tracked this information during the dynamic occlusion period,
they should respond to the violation of object location by look-
ing longer at the unexpected outcome compared to the expected
outcome.

Coding

Eye tracking data was coded using the Area-of-Interest definition
tool within ClearView. AOIs were defined by creating a 6 deg by 6
deg square around each object. The primary measure of interest
included duration of fixations to each AOI region, where a fixation
was defined as a period of looking in which the position of the
eyes did not shift more than 30 pixels for a minimum of 200 ms.
Fixations outside of the two AOIs were coded as either “away” or
off-screen. Coding began once the occluders were raised to reveal
half of the objects and ended when the objects were fully re-con-
cealed. Mean looking time during each test trial was then calculated
by summing the fixation duration to the two AOIs.

RESULTS AND DISCUSSION

Preliminary analyses of mean looking time differences between
the expected and unexpected outcomes using a repeated measures
analysis of variance (ANOVA) showed no effects involving mental
age, gender, or trial order; therefore these factors were excluded
from the following analyses. Mean looking time during each test
trial was entered into a repeated measures ANOVA with two within-
subject factors: outcome (expected or unexpected) and trial pair
(first or second), and one between-group factor: group (typically
developing or FXS). The analysis revealed a significant main effect
of diagnosis (F(1,64) = 14.03,p = 0.0001,m?* = 0.180) whereby TD
infants looked significantly longer overall (M = 6.31 5,SD = 2.38 s)
compared to infants with FXS (M =4.29s, SD=2.57s). A
significant interaction between outcome and diagnosis (F(1,
64) = 7.502, p = 0.008, n* = 0.105) was also found, driven by TD
infants’ longer looking times during the unexpected (M = 6.86 s,
SD = 2.11 s) than the expected (M = 5.76 s, SD = 2.55 s) outcome
test trials (#(32) = 2.556,p = 0.015, SEM = 0.43). Infants with FXS
trended toward longer looking during the expected (M = 4.52 s,
SD =2.67 s) than the unexpected (M =4.05s, SD = 2.47 s) out-
come test trials (#(31) = —1.507, p = 0.142, SEM = 0.35). A bino-
mial sign confirmed that while 24 out of 34 (71%, p = 0.024) TD

infants looked longer at the unexpected compared to expected
outcome trials, only 16 out of 32 (50%, p = 1.14) infants with FXS
looked longer at unexpected outcome trials. No other significant
effects or interactions were found. Figure 2 shows mean looking
times during the expected and unexpected test trial outcomes for
the two groups.

Perhaps infants with FXS neglected to track the movement of the
occluders during the rotation period, thereby leaving them unable
to respond to the unexpected object location. To answer this ques-
tion, a third AOI was created which encompassed the area through
which the occluders moved, and looking time was calculated for
each infant and each test trial. The result of an independent samples
t-test confirmed that mean looking time to the occluders during
the rotation periods did not differ significantly between the two
groups (#(1, 64) = 2.255, p = 0.136, 2-tailed), thus the failure of
infants with FXS to look longer at the unexpected outcome can-
not be attributed to differences in looking time to the rotation of
the occluders. There was also no difference in looking time during
the familiarization period between infants with and without FXS
(#(1,64) = 2.920, p = 0.092, 2-tailed), which could have influenced
perceptual novelty preferences.

These results demonstrate that TD infants successfully main-
tained the identity of an occluded object across a spatiotemporal
transformation, and infants with FXS did not. Instead, infants
with FXS showed a tendency to look longer during the expected
test trial outcome, suggesting that the object representation was
not maintained throughout the rotation of the occluders. Thus,
objects in their new positions may have violated the expectation
that object features would remain bound to their original loca-
tions. This looking pattern was not dependent on age, sex, test trial
order, looking time during the familiarization trial, or time spent
looking at the occluders during the transformation period.

Attentive tracking of occluded objects is believed to involve cor-
respondence matching of features across changing spatial posi-
tions over time, a function shown to be mediated by parietal and
frontal areas of the brain (Cavanagh, 1992; Yantis, 1992; Culham
etal., 1998, 2001). Therefore, these results support the hypothesis
that infants with FXS are impaired on an object occlusion task

*
8 1 Oexpected outcome
7 1 Bunexpected outcome
ONE
o
E 517
= 4
o
£ 31
S
8 2]
1 -
0 T |
TD FXS
FIGURE 2 | Results from Experiment 1. Mean looking time in seconds to the
expected (white bars) and unexpected (gray bars) test trial outcomes for each
group. The effect of outcome was significant only in TD infants, as indicated by
an asterisk (p < 0.05). Error bars represent £SEM.
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requiring dorsal stream function, either as a result of a selective
spatial or temporal processing deficit or a deficit in the processing
of integrated spatiotemporal information.

EXPERIMENT 2

To rule out the possibility that infants with FXS were unable
to maintain an object representation during a period of static
occlusion, a control experiment was performed using the same
experimental procedure but removing the dynamic quality of the
occlusion. Namely, in this experiment, there was no spatiotemporal
transformation during the occlusion period; rather, the occlud-
ers remained static and the object property that changed during
the occlusion period was color. Color was selected as the feature
violation because it is known to differentially activate the ventral
pathway. The question was whether infants with FXS would be able
to form accurate expectations about the identity of the occluded
objects in the absence of the occluders’ motion.

MATERIALS AND METHODS
The method was the same as in Experiment 1 unless otherwise
noted.

Participants

Twenty-four infants diagnosed with the FXS full mutation (19
boys and 4 girls) and thirty-three mental age-matched full-term
TD infants (25 boys and 8 girls) were included in the final sam-
ple. Mean chronological age for the FXS and TD groups was
27.52 months (+8.36, range = 11-46 months) and 16.52 months

(£5.15, range = 11-32 months), respectively. Infants in the
FXS group had a mean mental age of 16.54 months (£5.74,
range = 11-28 months), matched to infants in the TD group
(16.88 months * 4.96, range = 11-32 months). There was no sig-
nificant difference between the two groups on developmental level
(#(1,55) = 0.244, p = 0.809, 2-tailed).

Twelve TD infants were not included as a result of poor calibra-
tion (1), parent verbal interference (1), or incomplete gaze data
for all four test trials (10). Data from an additional eight infants
with FXS were not included in the final analysis because of poor
calibration (2) or incomplete gaze data (6).

Apparatus and stimuli

Infants were shown two objects; an orange triangle and a blue circle,
each fitting within a 5 deg by 5 deg square region, presented 4 deg
from the midline, against a black background. Each occluder was
a white square that fully covered the object.

Procedure
Figure 3 presents a schematic of the experimental design.

Familiarization trial. Infants were presented with a blue triangle
on the leftand an orange circle on the right, lowered from the top to
the middle of the screen at a speed of 3 cm/s. The objects remained
stationary for 5 s, after which the occluders were lowered to conceal
the objects for 1s. The occluders were then raised to reveal the
objects for 1s and were immediately lowered to re-occlude the
shapes for 1 s. This process was repeated a second time.

Familiarization Trial

Test Trials

not present.

Expected

Unexpected

Unexpected

/

FIGURE 3 | Schematic of Experiment 2 design. Note that on the computer screen the background was black, the occluders were white, and the arrows were
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Test trials. Two pairs of test trials were presented in one of two
orders: expected, unexpected, unexpected, expected or unex-
pected, expected, expected, unexpected, counterbalanced across
infants.

The test trials were similar to the familiarization trial in that
the objects were presented and remained stationary for 5s. The
occluders were lowered to cover the objects for a period of 5,
during which they remained stationary.

The occluders were then raised to reveal either the unchanged
objects (expected outcome) or one object that had changed color
(unexpected outcome). To avoid presenting infants with a novel
color, the object was changed to match the color of the second
object (orange to blue or blue to orange; color of changed object
alternated on unexpected trials). Infants were given 10 s to view
the trial outcome, after which the occluders were lowered and the
screen faded to black. After 2 s, the subsequent test trial began.
The total task lasted 2 min and 24 s. We expected that if infants
encoded and bound the features of each object to their appro-
priate spatial location, and retained this information during the
static occlusion, they should respond to the violation of color by
demonstrating increased looking time to the unexpected outcome
compared to the expected outcome trials. More specifically, infants
should look longer at the spatial location of the object whose
identity changed.

Coding

Coding was the same as in Experiment 1. In addition to mean
looking time during each test trial, a Visual Preference (VP) score,
indexing the proportion of looking time to the object that changed
color, was calculated using the following formula: (looking time to
changed object)/(looking time to both objects). VP scores could
be between 0 and 1, with 0.5 considered equal preference for both
objects. For each infant, a VP score was calculated for each unex-
pected outcome test trial'.

RESULTS AND DISCUSSION

Preliminary analyses of mean looking time differences between
the expected and unexpected outcomes using a repeated measures
ANOVA showed no significant effects involving mental age, gender,
or trial order; therefore these factors were excluded from further
analyses. Mean looking time during each test trial was entered into
arepeated measures ANOVA with two within-subject factors: out-
come (expected or unexpected) and trial pair (first or second),
and one between-group factor: group (typically developing or
FXS). The analysis revealed a significant main effect of outcome
(F(1, 55) = 13.39, p = 0.001, n* = 0.196) in which infants looked
longer at the unexpected (M = 5.32 s5,SD = 2.98 s) compared to the
expected (M = 3.19, SD = 2.12 s) outcome test trials. A significant
main effect of trial pair (F(1,55) = 6.44,p = 0.014,m? = 0.105) was
also found, resulting from longer looking times during the first
trial pair (M =5.22's, SD =3.33 s) than the second (M =4.34s,

"Note that a VP score calculation was not possible for Experiment 1 because the
unexpected outcome consisted of both objects in their original positions and there
was therefore no reason to believe that infants would choose to look at the location
of one object longer than the other.

SD =3.24 s), most likely an effect of boredom or fatigue toward
the end of the task. No other significant effects or interactions were
found. Critically, there was not a significant interaction between
outcome and group (F(1, 55) = 0.572, p = 0.453). Figure 4 shows
mean looking times to the expected and unexpected test trial out-
comes for the two groups.

These findings were further explored by conducting a series
of planned comparisons (paired t-tests) showing that TD infants
looked significantly longer to the unexpected (M =6.44s,
SD =3.15s) than the expected (M =5.55s, SD =3.04s) out-
come test trial for the first pair of test trials (#(32) = 2.441,
p=0.019, SEM = 0.59) and significantly longer to the unex-
pected (M =5.69s, SD = 3.28 s) than the expected (M = 4.06 s,
SD =2.56 s) outcome test trial for the second pair of test tri-
als (#(32) =3.216, p=0.003, SEM = 0.50). Infants with FXS
looked significantly longer to the unexpected (M =4.65s,
SD =3.11s) than the expected (M =3.54s, SD =3.55s) out-
come test trial for the first pair of test trials (#(23) =2.514,
p =0.020, SEM = 0.43) and trended toward longer looking to
the unexpected (M = 3.88 s, SD = 3.47 s) compared to expected
outcome (M =3.28's, SD = 3.39 s) test trial for the second pair

A *
7 Oexpected outcome

b Bunexpected outcome
b *

Looking Time (s)
O L N W b Ol O N ©

D FXS
B
0.7 1
8 * *
2 0.6
9 y |
& J
T 05 A \
0
>
0.4 : .
D FXS

FIGURE 4 | Results from Experiment 2. (A) Mean looking time in seconds to
the expected (white bars) and unexpected (gray bars) test trial outcomes for
each group. The effect of outcome was significant in both groups as indicated
by an asterisk (p < 0.05). (B) Mean visual preference for the changed object for
each group. Asterisks indicate significant difference from chance (p < 0.05).
Error bars represent +SEM.
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of test trials (#(23) = 0.956, p = 0.349, SEM = 0.62). A binomial
sign test was carried out separately for each group of infants,
and confirmed that 18 out of 24 (75%, p = 0.023) infants with
FXS looked longer during unexpected outcome test trials, while
27 out of 33 (82%, p = 0.0001) TD infants looked longer during
unexpected compared to expected outcome test trials.

No group difference was identified for VP for the changed
object during the unexpected outcome trials [F(1,56) = 1.698,
p =0.199], and overall scores were significantly greater than
the chance level of 0.5 (#(55) = 2.375, p = 0.021, SEM = 0.035),
indicating reliable discrimination of the changed object identity
(Figure 4).

The results from Experiment 2 indicate that during an occlusion
event in which objects remained static, thereby minimizing dorsal
stream involvement in motion tracking, TD infants and infants
with FXS were able to maintain object representations such that
a change in color of one of the objects elicited a violation of the
infant’s visual expectation. Further, during unexpected outcome
test trials, infants in both groups spent a significantly greater pro-
portion of time looking specifically at the location of the object
that underwent the color change. Most importantly, this looking
pattern was found independent of diagnosis, ruling out the possibil-
ity that infants with FXS have difficulty in encoding and maintain-
ing the identity-location binding of an occluded object or exhibit
a generalized working memory deficit. While we acknowledge that
object properties such as color or motion are unlikely to elicit purely
ventral or dorsal representations, because color is mostly restricted
to ventral-stream processing, the results of Experiment 2 lead to
the conclusion that infants with FXS have relatively spared ventral-
stream object processing.

Results from this experiment replicate those of previous work
showing that TD infants are capable of mentally representing the
featural identity of a static object during a period of occlusion, and
that there is differential processing of stimulus features such that
by 12-months infants can use color information when reasoning
about objects.

GENERAL DISCUSSION

The experiments reported here were designed to investigate object
processing of dynamic and static occlusion events in infants with
and without FXS as a means of explicitly testing dorsal and ventral
visual abilities. This is the first study to experimentally examine
object processing skills in infants with FXS. Our findings reveal
that, in contrast to mental age-matched TD infants, infants with
FXS were unable to mentally represent and track the identity of
occluded objects during a dynamic event. However, infants with
FXS performed comparable to controls when representing the
identity of objects during a static occlusion event. Thus, infants
with FXS appear to have a selective deficit in the visual processing
required for object tracking, supporting the hypothesis of a deficit
of dorsal stream functioning. While these results are consistent
with a selective dorsal stream deficit, an equally plausible expla-
nation is that infants with FXS may have difficulty in maintain-
ing integrated ventral and dorsal information during a dynamic
occlusion event. Both interpretations involve the reduced abil-
ity to represent the spatial position of a moving object, which is

subserved by higher stages of visual processing including but not
limited to parietal cortical areas of the brain (Culham et al., 1998;
Battelli et al., 2001, 2007).

The mechanisms involved in maintaining the representation of
an occluded object across changes in time and space are thought to
primarily involve selective visual attention (Awh and Jonides, 1999;
Scholl etal., 2001) and visual working memory (Pasternak and
Greenlee, 2005; Xu and Chun, 2006). Several functional neuroimag-
ing studies have shown that increased response of posterior parietal
cortex is associated with maintaining spatiotemporal information
about an object in working memory (Olson et al., 2003; Todd and
Marois, 2004; Shuwairi et al., 2007). This is thought to be part of a
larger cortical network involved in perceptual completion, motion
perception, and timing estimation. Further, in adults, the prefrontal
cortex has been found to play a critical role in integrating dorsal
and ventral stream information required for action planning and
execution by the dorsal stream as well as for maintaining visual
information in working memory (Rao et al., 1997; Rossetti and
Pisella, 2002; Mohr and Linden, 2005).

These data add to the growing body of research suggesting
that a dorsal stream deficit is present in individuals with FXS,
and extend the existing findings by showing that this deficit is
present during infancy. These results are supported by evidence
from children and adults with FXS demonstrating lower perform-
ance on other tasks mediated by the dorsal stream such as coherent
motion processing, visual-motor coordination, and basic numeri-
cal computation (Cornish et al., 1999; Rivera et al., 2002; Kogan
etal., 2004). Additional studies that disentangle the spatial from
the temporal aspects of visual processing are required in order
to fully understand the observed object tracking impairment in
infants with FXS.

CONCLUSION

Our visual system encounters the constant challenge of encoding,
maintaining, and tracking object information in our dynamic envi-
ronment. Here we show that TD infants can reliably represent and
track an occluded object across changes in time and space, while
infants diagnosed with FXS cannot. These findings provide impor-
tant baseline data from which to understand the developmental tra-
jectory of visual and cognitive processing in both groups of infants.
We conclude that infants with FXS experience disrupted dorsal
stream processing, known to be directly involved in spatiotem-
poral tracking of objects. It is not clear how early in development
this visual processing impairment may arise or if there is a critical
period for the involvement of FMRP in the early development this
network of areas. Future experiments are needed to further examine
the nature of this spatial and/or temporal visual processing deficit,
particularly as it relates to downstream cognitive abilities charac-
teristic of the disorder.
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