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Abstract

Background: Fragile X syndrome (FXS) is the most common cause of inherited intellectual disability and non-idiopathic
autism. Individuals with FXS present with a behavioral phenotype of specific and selective deficits in an array of cognitive
skills. Disruption of number processing and arithmetic abilities in higher-functioning adults and female adolescents with
FXS has been well established. Still, both numerical skills and developmentally antecedent cognitive processes have just
begun to be investigated in toddlers with FXS. The goal of the current study was to assess how very young children
with FXS respond to ordinal relationships among numerical magnitudes.

Methods: Infrared eye-tracking was used to explore infants’ novelty recognition during passive viewing of ordinal
numerical sequences; t-tests were used to analyze group differences in looking time.

Results: Ordinal recognition of numerical magnitudes is significantly impaired in young toddlers with FXS.

Conclusions: This study is the first to experimentally evaluate early number sense and ordinal recognition in toddlers
with FXS, and our findings reveal that ordinal recognition of numerical magnitudes is significantly impaired in young
toddlers with FXS, suggesting that later arithmetic impairments associated with FXS may have their origins in a
developmental impairment of this more basic aspect of numerical cognition.
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Background
Fragile X syndrome (FXS) is a neurodevelopmental dis-
order caused by a single-gene mutation on the X
chromosome. FXS is the most common inherited cause
of intellectual impairment, affecting approximately 1 in
3,600 males and 1 in 4,000 females [1]. It is also the
most common cause of non-idiopathic autism [2,3]. FXS
results from a trinucleotide (CGG) expansion on the 5’
untranslated promoter region of the fragile X mental re-
tardation 1 gene (FMR1), located on a distal tail of the X
chromosome [4]. The gene is normally polymorphic up
to ~44 CGG repeats. The full FXS mutation is character-
ized by >200 repeats and renders the gene highly
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susceptible to DNA methylation and transcriptional si-
lencing, which consequently results in a reduced level or
complete loss of the gene’s protein product, fragile X
mental retardation protein (FMRP) [5]. FMRP is an
RNA binding protein involved in regulation of transla-
tion of multiple dendritic mRNAs important to synaptic
development and plasticity, suggesting that FMRP is in-
tegral to the development of neural networks and func-
tional integration across brain regions [6-8].
There is considerable evidence showing that cognitive

deficits observed in individuals with FXS map onto ab-
normal processing in frontal-parietal neural networks in
the brain. While the predominant end-phenotype of FXS
is characterized by mild to severe intellectual impair-
ment, individuals with FXS do not present with global
deficits, but rather display selective impairments along
with areas of spared skills. Individuals with FXS demon-
strate marked weakness in performance on tasks of in-
hibitory control, selective and sustained attention,
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visual-spatial integration, motor coordination, and nu-
merical processing [9]. The current body of literature
has lead some researchers to suggest that abnormal con-
nectivity between parietal cortex and occipital regions,
as well as disruptions to a purported frontoparietal at-
tentional network, underlie the specific cognitive profile
seen in individuals with FXS [10-14]. Focusing primarily
on the prominent cognitive deficit of mathematical dis-
ability observed in older and higher-functioning indivi-
duals with FXS, in this study we examine whether such
impairments in the domain of numerical processing can
be seen early in development.
Disruption of number processing and arithmetic abil-

ities in higher-functioning adults and female adolescents
with FXS is well established in the empirical literature
[15-19]. In illustration, Rivera et al. [14] tested a group
of adolescent girls with FXS on an arithmetic task and
showed that they performed worse than controls, they
also displayed a different pattern of brain activation
when viewing simple arithmetic problems. Subjects
exhibited less overall activation than did unaffected
individuals during both 2-operand (e.g., 2 + 1 = 3) and
3-operand (e.g., 3 + 2 – 1 = 5) trials [14]. In response to
increasing arithmetic complexity (i.e., going from 2- to
3-operand equations), unaffected subjects showed
increased recruitment in parietal regions known to be
associated with arithmetic processing (including left
angular gyrus and intraparietal sulcus), whereas partici-
pants with FXS did not show this “ramping up” of parietal
activation. Importantly, these researchers demonstrated
that higher levels of serum FMRP were associated with
more typical activation patterns in parietal areas
known to support arithmetic processing [14]. Given
the striking genetic dose-dependent nature of mathem-
atical impairment seen in older individuals with FXS,
the domain of numerical processing provides an im-
portant area for investigation of altered development
and cognitive behavioral deficits in FXS. Still, neither
mathematical skills nor developmentally antecedent
cognitive processes (which presumably underlie more
complex numerical processing), have been investigated
in toddlers with FXS.
Research in typical cognitive development strongly

suggests that human infants are able to represent and
discriminate number at a very young age, long before
verbal counting principles develop. A growing body of
evidence supports the notion that human infants, adults
and non-human primates all share a non-verbal system
for representing quantity, and that this system is both
ontogenetically primitive and is present very early in
human development [20]. The approximate number sys-
tem (ANS) [21] is theoretically and functionally distinct
from that served by the verbally-based counting princi-
ples [22,23], and can be thought of as a mental “number
line” which allows representation of imprecise magni-
tudes in terms of relative spatial relationships along a
continuum [22,24]. The ANS is thought to support rep-
resentation of specifically large, approximate numbers as
non-exact, or “un-counted”, quantities, serving the judg-
ment of “generally, how much”. Research in both adults
and infants suggests that there is a distinct and separate
system for representing small exact number, serving the
judgment of “precisely one, two, three or four”. Evidence
shows that the ANS and exact number systems develop
at different rates [20,25]. In a task of numerical discrim-
ination, Xu [25] demonstrated that typically developing
6-month old infants successfully discriminated between
large numbers (4 vs. 8), but not small numbers (2 vs. 4),
suggesting that ANS develops earlier than exact small
number knowledge.
Studies of typically developing toddlers indicate that

two-year-olds are able to recognize ordinal numerical rela-
tionships before they are able to use verbal counting to de-
scribe these relations, and Brannon [26] demonstrated
that typically developing infants could detect ordinal rela-
tionships between numerical magnitudes by as young as
11 months of age. Implicit in the organization of the ANS
is ordinality (the basic principle of which quantity comes
first, second, third, etc.); the mental number line is
ordered such that magnitude increases in one direction.
Ordinality is also important for more exact numerical
skills, such that stable order is essential to appropriate
enumeration, development of verbal counting skills, and
understanding of the relations among precise cardinal
quantities represented by numerical symbols. Based on
the “continuity hypothesis” [27], ontogenetically and evo-
lutionarily primitive processes that support a general sense
of quantity extend into basic cognitive representations of
magnitude supported by the ANS, which developmentally
precedes and underlies exact numerical representations.
According to this view, perception of ordinal relationships
is an essential skill for both approximate magnitude judg-
ments and precise numerical processing and math abil-
ities. Several researchers have proposed that perception of
ordinal relations serves as the bridge across which exact
numerical representations are mapped onto the more fun-
damental sense of approximate quantity [28,29]. In sup-
port of this perspective Halberda et al. [30], and Lyons
and Beilock [29] demonstrated that individual differences
in approximate magnitude judgments predicted symbolic
math performance in adolescents and adults. Lyons and
Beilock further demonstrated that among college students,
better ability to order symbolic precise numbers signifi-
cantly predicted performance on a mental arithmetic task,
supporting the link between ordinal processing and more
advanced mathematical cognition [29]. Nonetheless, these
studies were conducted with relatively mature subjects
and did not address developmental trajectories. It is
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therefore appropriate to examine ordinal processing in
young individuals with FXS, who as a group, show deficits
in later math ability that are considered hallmarks of the
syndrome.
The goal of the current study was to examine the spe-

cific nature of mathematical deficits reported in indivi-
duals with FXS by investigating how very young children
with FXS respond to ordinal relationships among numer-
ical magnitudes. The tasks were adapted from Brannon
[26] to address the early development of numerical know-
ledge in FXS and to begin to identify the developmental
trajectory of math deficits displayed in older children and
adults with FXS. This is the first empirical study of nu-
merical processing in young toddlers with FXS, and
results could shed light on the nature of math disability in
FXS, as well as contribute to the developmental debate
over the continuity of the ANS and mathematical skills.
For example, if toddlers with FXS demonstrate impaired
perception of ordinal magnitudes (as compared to typic-
ally developing (TD) developmentally age-matched con-
trols), this would support the hypothesis that disruptions
in the mental number line are associated with, and pos-
sibly underlie, dysfunction in higher-level math abilities in
FXS. However, if toddlers with FXS demonstrate intact or-
dinal recognition, this would suggest that later deficits in
precise number representation (e.g., arithmetic calcula-
tions) stem from qualitatively distinct processes in FXS.

Methods
Experiment 1
Participants
The research protocol (#297426-3) was approved by the in-
stitutional review board for human subjects at the University
of California, Davis, USA. Sixteen toddlers (4 girls) with the
FXS full mutation and sixteen developmental age-matched
healthy TD toddlers (5 girls), were included in the final sam-
ple. Mean chronological ages for the FXS and TD groups
were 35.85 months (range, 14.21 to 58.02 months) and
17.71 months (range, 12.02 to 21.11 months), respectively.
Data from an additional six toddlers with FXS and four TD
toddlers were not included because of insufficient gaze data
in the familiarization trials or at least one pair of test trials.
TD toddlers were recruited by means of letters to fam-

ilies in Davis, CA, USA. Toddlers with FXS were recruited
through the UC Davis M.I.N.D. Institute Fragile X Re-
search and Treatment Center, where they were clinically
evaluated and their diagnoses confirmed by molecular
DNA testing.
To control for differences in development between the

experimental groups, toddlers with FXS were assessed
using the Mullen Scales of Early Learning (MSEL) [31]
to determine developmental age. The mean developmen-
tal age in the FXS group was 19.24 months (range, 9.07
to 26.02 months), which matched well with that of
participants in the TD group (17.71 months; range,
11.08 to 35.08 months). An independent-samples t-test
confirmed that developmental level did not differ signifi-
cantly between the two groups (t(30) = −1.12, P >0.20).

Apparatus
Toddlers’ gaze duration during the task was recorded
with a Tobii 17-inch LCD binocular eye tracker. Stimuli
were presented on the Tobii 1024 x 768 pixels resolution
monitor, at a capture rate of 50-Hz, and a 60-Hz refresh
rate. ClearView analysis software (version 2.7.1; Tobii
Technology, Sweden) was used for calibration, allowing
a best accuracy of 0.5 degrees.

Stimuli
Stimuli were created using Adobe Photoshop. Stimuli
consisted of full-screen displays of different quantities of
rainbow-colored squares presented in sets against a grey
background. In accord with the ratios and numerical
values used in Brannon [26], familiarization trials con-
sisted of three sets of numerical sequences; the first set
consisted of 2, 4 and 8 colored squares, the second 4, 8
and 16, and the third of 1, 2 and 4 squares. Test trials
contained only one set of novel numerical values; 3, 6
and 12 squares (Figure 1). Cumulative surface area was
kept constant across all numerical displays so that only
number varied across sets and within sequences, and
configuration of the squares in each display was ran-
domly computer-generated as described previously [26].

Procedure
Informed consent was obtained from a parent of each par-
ticipant before beginning testing. Toddlers were seated on
a parent’s lap, 60 cm away from the eye-tracker monitor.
The experimental session began with a five-point calibra-
tion module, followed by six familiarization and six test
trials while audio sequences of classical music played from
two standard computer speakers situated on either side of
the monitor.

Design
In the interest of minimizing attentional demands on our
FXS infant group, we chose to implement a familiarization
paradigm rather than a strict habituation design. Toddlers
were presented with a fixed familiarization phase of six
trials, followed by the test phase of six trials. The
familiarization phase consisted of either all ascending or
all descending sequences of three numerical displays,
while the test phase consisted of alternating ascending
and descending sequences of novel numerosities (Figure 1).
Half of the toddlers in each group were assigned to the
ascending condition, and half to the descending condition.
Each trial consisted of a five-frame cycle that was pre-
sented three times. The cycle began with a black screen



Figure 1 Examples of the 5 frames of each trial type (for both experiments). Each sequence of 5 frames repeated 3 times before the
subsequent trial began.
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followed by a grey screen and three sequentially-presented
numerical values. After six full familiarization trials, tod-
dlers saw six test trials in which ascending and descending
sequences were presented in counterbalanced order with
the novel direction, relative to familiarization, always pre-
sented first.

Familiarization trials
Familiarization trials begin with a black screen (250 ms)
followed by a grey screen (250 ms), and then a sequence
of three numerical values (1,000 ms each). This cycle
was repeated three times so that a full trial consisted of
three presentations of each numerical sequence and
lasted 10.5 seconds. Since the experiment presented
three different numerical sequences (2-4-8; 4-8-16; 1-2
-4), twice each over the course of six familiarization
trials, the entire familiarization phase lasted 63 seconds.

Test trials
Test trials were similar to familiarization trials except that
they followed a numerically novel sequence (3-6-12) and
alternated in their ordinal direction; i.e., ascending or des-
cending numerical value. Thus, all trials were equally novel
in numerosity compared to the familiarization trials, and
the only net difference between test trials to which toddlers
could respond was their ordinality. Each test trial began
with a black screen (250 ms) followed by a grey screen
(250 ms), and then presentations of 3, 6 and 12 squares in
sequence (1 second each); this cycle was repeated three
times so that a full trial lasted 10.5 seconds. Six test trials
were presented, so this phase of the experiment also lasted
a total of 63 seconds. Thus, it took just over two minutes
to complete both phases of the experiment.
Coding
Eye tracking data were coded using the Area-of-Interest
(AOI) definition tool within ClearView analysis software
(Tobii Technologies, Sweden). AOIs were created by de-
fining each frame (one full-screen numerical display) as an
individual AOI (black and grey screens were not coded).
The primary measure of interest was total looking time
(the summed durations of all fixations) where a fixation
was defined as gaze within the AOI for at least 200 ms.
Coding began as soon as the frame appeared on screen
and ended at the point of transition to the next frame (i.e.,
after 1,000 ms). For analysis purposes AOIs were grouped
by numerical value and trial number, so that total looking
time to all three displays of each numerosity were
summed within a trial, and all looking times across nu-
merical values were summed within a trial to provide the
total cumulative looking time per trial.
We observed a lot of variance in participants’ overall

looking duration to stimuli, both within and between
groups. Therefore, for test trials, percent looking time
was calculated for each participant by dividing their total
looking time to novel and same trials respectively, by
their total cumulative looking time to all test trials, to
derive a measure of the proportion of each participant’s
looking to novel versus familiar.

Experiment 2
Participants
Infant participants in both FXS and TD groups were
recruited in exactly the same manner as described for
Experiment 1. Fourteen male toddlers with the FXS full
mutation and twenty-one developmental age-matched
healthy TD toddlers (5 girls) were included in the final
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sample. Six FXS toddlers (2 girls) were excluded from
analysis due to insufficient looking time during the
familiarization phase, associated with fussiness and ex-
cessive movement. Mean chronological ages for the FXS
and TD groups were 32.13 months (range, 15.09 to
49.21 months) and 16.26 months (range, 12.22 to 21.11
months), respectively. The mean developmental age in
the FXS group was 16.14 months (range, 12.00 to 21.08
months), which matched that of participants in the TD
group (16.26 months; range, 12.22 to 21.11 months). An
independent-samples t-test confirmed that developmen-
tal level did not differ significantly between the two
groups (t(33) = 0.105, P >0.90).
Apparatus
All aspects of hardware apparatus are identical to that
described in Experiment 1, except that participants were
calibrated, and stimuli presented, through Tobii Studio
software version 2.0.8 (Tobii Technologies, Sweden).
Stimuli
All aspects of stimuli are identical to those used in Ex-
periment 1.
Procedure and design
All aspects of the overall procedure were identical to
that in Experiment 1, except that to increase toddlers’
exposure to familiarization stimuli while still avoiding
the greater attentional demands imposed by establishing
habituation criteria, toddlers were presented with a
familiarization phase of twelve trials, followed by the test
phase of six trials. After twelve full familiarization trials,
toddlers saw six test trials with ascending and descend-
ing sequences presented in counterbalanced order, with
the novel direction relative to familiarization always pre-
sented first.
Familiarization trials
Trials were identical to those described in Experiment 1.
As we extended the familiarization phase to twelve trials,
the experiment presented three different numerical
sequences (2-4-8; 4-8-16; 1-2-4) four times each and the
entire familiarization phase constituted 126 seconds.
Test trials
Trials were identical to those described in Experiment 1.
Coding
Eye tracking data was coded using the AOI definition
tool within Tobii Studio. Looking times were calculated
for test trials in the manner described for Experiment 1.
Results
Experiment 1
A Kolmogorov-Smirnov test was run to check the distri-
bution for the percent looking time variable and it was
insignificant for both groups (TD: D(15) = 0.942, P =
0.338); FXS: D(15) = 0.792, P = 0.558), indicating that
our data were normally distributed and therefore that
parametric tests were appropriate. Preliminary analyses
revealed no significant differences between ascending or
descending conditions of the task, nor between males or
females, so data from both conditions and genders were
collapsed within experimental groups to increase power
for subsequent analyses.
TD toddlers and toddlers with FXS did not display dif-

ferent overall looking behavior during the test phase
trials (Figure 2). We conducted one-sample t-tests for
each group, comparing percent looking times to test
trials to chance (50%). Independent t-tests confirmed
that looking times to both types of test trials were statis-
tically equivalent to chance (t(15) = 0.307, P = 0.763).
FXS toddlers spent a larger proportion of their looking
time on the familiar test trials than the novel trials (47%
to novel, 53% to familiar), but independent t-tests
revealed that these looking times were also not signifi-
cantly different from chance (t(15) = 1.250, P = 0.230).
Thus, the FXS group trended towards a familiarity pre-
ference, and both groups failed to detect the novel or-
dinal relationship. We also analyzed the FXS data with
just the male toddlers, taking out the four females who
may, because of their one normally functioning X
chromosome, have performed differently from the males.
Without females in the analysis the males with FXS
showed a slightly stronger trend towards a familiarity
preference, but this difference still failed to reach signifi-
cance (t(11) = 1.860, P = 0.088).
In our sample TD and FXS toddlers displayed no prefer-

ence in their looking behavior for either same or novel trials.
To investigate the level to which participants in both groups
were familiarized to the stimuli in the familiarization phase,
we examined looking behavior during the familiarization
phase and found that paired t-tests indicate a significant de-
crease in the total looking time between the first three and
last three familiarization trials (16.79 s and 13.16 s, respect-
ively) for the TD group (t(15) = 2.78, P = 0.014, 2-tailed).
However, while the FXS group displayed a trend in this dir-
ection, the difference in total looking duration between the
first three and last three familiarization trials (13.59 s and
10.47 s, respectively) failed to reach significance (t(15) =
1.89, P = 0.078, 2-tailed).

Experiment 2
As for Experiment 1, the Kolmogorov-Smirnov test for
goodness of fit was insignificant (TD: D(20) = 0.363, P =
0.999; FXS: D(13)= 0.562, P = 0.910), thus parametric



Figure 2 Group proportion looking time (ms) to test trials (Experiment 1). Average percent looking time to novel and same test trials in TD
and FXS groups; both groups of toddlers showed no preference above chance (TD: t(15) = ±0.307, P = 0.763; FXS: (t(15) = ±1.250, P = 0.230).
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tests were applied to the data. A comparative analysis
revealed no significant differences between ascending or
descending conditions of the task, so data from both
conditions (and gender for the TDs) were collapsed
within experimental groups to increase power for subse-
quent analyses.
Paired t-tests of total looking duration indicated that both

groups significantly decreased their total looking time from
the first three (TD group mean = 20.50 s; FXS group mean =
22.62 s) to the last three familiarization trials (TD group
mean = 15.60 s; FXS group mean = 18.01 s), (TD group:
t(20) = 4.08, P <0.01, 2-tailed; FXS group: t(13) = 4.80,
P <0.01, 2-tailed). Percent looking times to novel test trials
were entered into one-sample t-tests against 0.50, as for
Experiment 1 (Figure 3). Independent t-tests revealed that
these looking times were statistically different from chance
for the TD group only (t(20) = 2.661, P = 0.01). FXS toddlers’
proportion of looking time to novel and test stimuli were not
significantly different from chance (t(13) = 1.806, P = 0.09).
The results from Experiment 2 indicate that toddlers with
FXS differ significantly from developmentally-matched TD
toddlers in their ability to detect the ordinality of a sequence
of numerical magnitudes. Results from this experiment repli-
cate findings from Brannon [26]; specifically, that recognition
of numerical magnitude is a developmentally early skill typic-
ally present by the first year of life. Importantly, our results
extend these findings to young individuals with FXS, demon-
strating that an early disruption of ordinal perception exists
in the fragile X syndrome, and suggesting an association with
the deficits in numerical processing and math abilities seen
in older individuals with FXS.

Discussion
Experiment 1
Brannon notes that in the context of her strict habitu-
ation paradigm, 11-month old toddlers required an aver-
age of eight trials to meet habituation threshold [26]. In
this experiment we only presented six trials, and the tod-
dlers saw the stimuli for much less time, in total, than
did the toddlers in Brannon’s study [26]. Based on the
existing literature regarding infant looking behavior we
reasoned that our experimental design did not allow
enough stimulus exposure for toddlers in either group to
fully familiarize to the initial ordinal pattern. Infant look-
ing behavior follows a general trajectory throughout the
process of stimulus habituation [32]. Toddlers’ prefer-
ence for novel versus familiar stimuli progressively devel-
ops over the course of familiarization, so that toddlers
who are not fully familiarized prefer familiar stimuli, but
reliably demonstrate a preference for novelty once fully
familiarized [33,34]. Our results suggest that neither
group of toddlers were fully familiarized to the stimuli.
Experiment 2 was designed to test our hypothesis that
toddlers require more exposure to stimuli in order to
become familiarized to ordinal sequences in this particu-
lar experimental design.



Figure 3 Group proportion looking time (ms) to test trials (Experiment 1). Average percent looking time to novel and same test trials in TD
and FXS groups; both groups of toddlers showed no preference above chance (TD: t(15) = ±0.307, P = 0.763; FXS: (t(15) = ±1.250, P = 0.230).
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Experiment 2
The experiments reported here were designed to investi-
gate early number sense and ordinal numerical represen-
tation in very young individuals with FXS, in the context
of exploring the developmental trajectory of mathemat-
ical deficits in FXS. Results from Experiment 2 suggest
that within an extended familiarization paradigm,
toddlers with FXS are unable to appropriately represent
and recognize ordinal numerical sequences. These results
suggest that the marked deficits in math ability and numer-
ical processing seen in older individuals with FXS might
stem from a failure to recognize ordinal relations.

Conclusions
The experiments reported here were designed to investi-
gate early number sense and ordinal numerical represen-
tation in very young individuals with FXS. Results from
Experiment 2 suggest that toddlers with FXS are unable
to represent and recognize ordinal relations in compari-
son to typically developing toddlers. Still, in order to
further elucidate the precise nature of the numerical
processing deficits seen in FXS, we will need to directly
test several different aspects of number sense in young
individuals with FXS.
Additionally, it is important to address some limita-

tions of the current study. First, it is important to note
that while we did control for overall cumulative surface
area of our numerical displays (as did Brannon in her
original 2002 task [26]), the spatial density of the differ-
ent numerosities did inevitably vary (e.g., the “2” display
took up the same amount of space as the “8” display, but
2 squares cannot be as distributed around the screen as
can 8 squares). However, given the well-established
visuospatial processing differences seen in individuals
with FXS, one would not necessarily expect this group
to be able to use this information to detect ordinality,
and indeed they did not in our task.
Perhaps most important to address is the issue that

the stimuli used in this task spanned numerosities that
are typically considered to be served by the two distinct
number subsystems; approximate and exact. Specifically,
the exact number system deals with differences between
1, 2 or 3 items, while the approximate system serves the
ability to discriminate between large, un-counted quan-
tities. Our familiarization stimuli consisted of one se-
quence of all small number (1-2-4), all large number
(4-8-16), and a mix of large and small (2-4-8). The test
stimuli presented a mix as well (3-6-12). Still, we used
the exact same numerical sequences as Brannon [26],
and replicated her findings in TD infants. Moreover, we
looked at the cumulative looking time to the different
sequences and found no differences in either our FXS or
TD group in terms of how long they looked at small,
mixed or large sequences, nor to individual small or
large number displays (for example, display of ‘2’ vs. dis-
play of ‘8’) (Table 1). That said, with the present data we
cannot rule out that a prevailing deficit, or developmen-
tal delay, in one or both of these subsystems is respon-
sible for the failure of the FXS group to detect the
overall ordinality of the sequences.



Table 1 Average looking time to small, mixed and large
numerosity sequences (Experiment 1)

1-2-4 (small) 2-4-8 (mixed) 4-8-16 (large)

TD 7782 ms 9353 ms 7724 ms

FXS 5990 ms 6695 ms 6540 ms

Average looking time per sequence type for both groups. There were no
statistically significant differences between looking duration to small, mixed or
large numerosities for either group.
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To address this possibility, it would be necessary to fur-
ther test toddlers with FXS on two similar but diametrically
opposed tasks; one involving only small numbers, and the
other only large, approximate numerosities. While we sup-
port this approach to further elucidate how toddlers with
FXS deal with small and large numbers, we can foresee a
few issues with the interpretation of differential perform-
ance within these ostensibly distinct subsystems. First,
most research on exact and approximate numerical proces-
sing that supports separate subsystems in infants and tod-
dlers employs simple discrimination paradigms, which we
argue are qualitatively different from this task. In a discrim-
ination task one is required to make a “less than” or “more
than” judgment, whereas in this task ordinal relationships
must be detected by a rank order judgment (such as “be-
fore” or “after”), which at least intuitively maps onto the
‘number line’ concept of the ANS. It is certainly possible
that in this context small and large numerosities are not
processed so differently, but rather according to a common
process of relational associations [29,35]. Finally, our tod-
dlers are both developmentally and chronologically much
older than infants who, when tested in laboratory experi-
ments, showed differential performance on small and large
number tasks [25], thus in toddlers of this age, even if they
do have delays, we may not be taxing any one system more
than the other.
More importantly we believe caution must be taken in

making the assumption that there are necessarily two
separate and neurally differentiated number subsystems
operating in toddlers with FXS. Rivera et al. tested
typically-developing school-age children through adulthood
and demonstrated a developmental trajectory of increasing
functional specialization in the inferior parietal lobe for
arithmetic reasoning [36]. Taking a neuroconstructivist per-
spective, this pattern of development suggests that neural
subsystems identified later in development might not be in-
nately pre-specified, but rather reflect experienced-based
developmental trajectories from a relatively domain-general
infant brain towards differentiated and specialized adult cir-
cuitry. In illustration of this point, a recent paper by
Karmiloff-Smith and colleagues discusses the problem with
applying a modular approach to understanding develop-
mental syndromes [37]. They report performance differ-
ences between infants/toddlers with Down Syndrome (DS)
and Williams Syndrome (WS); the DS group showed
impaired discrimination between small numbers but not
large, while the WS group had trouble discriminating large
approximate numbers but performed equal to TDs on a
small number discrimination task. They interpret these
findings not as evidence for different patterns of domain-
specific deficits versus intact subsystems, but rather in
terms of domain-general visual attention problems specific
to each syndrome that likely have downstream conse-
quences across multiple cognitive domains, including the
visual processing of numerical displays. We favor this kind
of interpretation of numerical processing in FXS as well. In-
deed, there is ample evidence that FXS involves abnormal
visual attention in infancy [11,38], and our lab has shown
marked deficits in aspects of spatiotemporal processing and
temporal attention in infants with FXS much younger than
the toddlers tested in this paper [10,39]. Thus, while some
researchers have reported separable subsystems for large
and small number processing in typically developing infants
[25], we consider that early differences in attentional devel-
opment in FXS may well have affected the development
and organization of neural circuitry supporting other cogni-
tive processes such as number processing. It is therefore in-
triguing and developmentally parsimonious to consider
that the very early visual attention deficits associated with
FXS have significant cascading effects that result in the dis-
tributed and seemingly selective pattern of cognitive
strengths and weaknesses characteristic of older individuals
with the syndrome.
Thus, the experiments reported here do not necessarily

allow for a conclusion about purely numerical processing per
se in young individuals with FXS, but rather support the no-
tion that more basic disruption in visual attention affects the
development of other cognitive processes. To meaningfully
examine cascading effects we would have to move away from
cross-sectional methodology and undertake longitudinal
investigations. Indeed, longitudinal approaches to the study
of development are arguably most essential when investigat-
ing the neural change over time and consequent alternative
developmental pathways inherent in developmental disorders
such as FXS. Encouragingly, recent longitudinal studies of
young people with FXS reveal that early attention is a pre-
dictor of later cognitive and behavioral outcomes [40-42],
and that physiological measures of arousal in toddlerhood
predicts autistic symptomology in childhood [43]. The results
from these studies bolster our speculation that early atten-
tional capabilities drive the developmental trajectories of spe-
cific cognitive and behavioral outcomes, and moreover
provide a strong endorsement for the fruits of longitudinal
labor in understanding dynamic change in developmental
disorders.
In conclusion, despite the limitations discussed above,

we have shown that toddlers with FXS failed to discrim-
inate the ordinality of a numerical sequence, while
developmentally-matched TD controls did recognize
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ordinality in this task. This is one of the first studies to
investigate very early numerical processing in FXS and
uniquely informs on the existing body of research on
mathematical abilities in older individuals with FXS. In
particular, we are encouraged that taking a longitudinal
dynamic developmental approach to studying the end
phenotype of the syndrome lends itself to the develop-
ment of early, syndrome-specific and domain-general
interventions that are better positioned to effect broad-
based cognitive outcomes. In the future, we plan to in-
vestigate non-numerical ordinal processing, as well as to
compare large approximate and small exact numerical
recognition, to more directly address this question of
number sense in toddlers with FXS. Most importantly
our future projects will employ longitudinal method-
ology, and do so within a theoretical framework of
visuoattentional processing, to better understand the na-
ture of developmental change and outcomes in FXS.
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