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Abstract

Few studies have investigated developmental strengths and weaknesses within the cognitive profile of children and adolescents with fragile X syndrome (FXS),
a single-gene cause of inherited intellectual impairment. With a prospective longitudinal design and using normalized raw scores (Z scores) to circumvent floor
effects, we measured cognitive functioning of 184 children and adolescents with FXS (ages 6 to 16) using the Wechsler Scale of Intelligence for Children on
one to three occasions for each participant. Participants with FXS received lower raw scores relative to the Wechsler Scale of Intelligence for Children
normative sample across the developmental period. Verbal comprehension, perceptual organization, and processing speed Z scores were marked by a widening
gap from the normative sample, while freedom from distractibility Z scores showed a narrowing gap. Key findings include a relative strength for verbal skills in
comparison with visuospatial–constructive skills arising in adolescence and a discrepancy between working memory (weakness) and processing speed
(strength) in childhood that diminishes in adolescence. Results suggest that the cognitive profile associated with FXS develops dynamically from childhood to
adolescence. Findings are discussed within the context of aberrant brain morphology in childhood and maturation in adolescence. We argue that assessing
disorder-specific cognitive developmental profiles will benefit future disorder-specific treatment research.

Fragile X syndrome (FXS) is a leading single-gene cause of in-
herited intellectual impairment. Individuals with FXS exhibit a
mutation of the fragile X mental retardation 1 gene (FMR1) on
the X chromosome that leads to a decrease in FMR1 protein
(FMRP) levels (Verkerk et al., 1991). FMRP levels are gener-
ally higher in females than in males with FXS because of the
presence of a second X chromosome, which does not carry
the FMR1 mutation. Approximately two-thirds of males and
one-third of females with FXS have intellectual disability
(Hall, Burns, Lightbody, & Reiss, 2008; Loesch et al., 2002;
Rousseau et al., 1994). Intellectual disability is characterized
by “intellectual and adaptive functioning deficits in concep-
tual, social, and practical domains” with onset in childhood
(American Psychiatric Association, 2013).

Although many studies have investigated the cognitive de-
velopment of children with FXS, interpretation of findings is

limited due to the samples, experimental designs, and test
scores used. Methodological limitations have also prevented
a comparison of development across cognitive domains that
could reveal strengths and weaknesses within the cognitive pro-
file associated with FXS. Thus, the aims of the present study are
to (a) assess cognitive trajectories associated with FXS during
childhood and adolescence with a robust longitudinal sample
and novel methodology and (b) compare trajectories of differ-
ent cognitive domains in childhood and adolescence.

For early childhood, Bailey, Hatton, and Skinner (1998)
and Bailey, Hatton, Skinner, and Mesibov (2001) found prog-
ress in overall cognitive and language development before
age 7, although the rate of growth was about half of that of
typically developing children. Studies focused on broader
age ranges reveal less gain in later childhood and adoles-
cence. Over time, children and adolescents with FXS show
slower gains in raw scores than do typically developing peers
on cognitive assessments (Hall et al., 2008), which in turn is
associated with declines in standardized IQ scores (Fisch
et al., 1996, 1999, 2010; Fisch, Simensen, & Schroer,
2002; Kover, Pierpont, Kim, Brown, & Abbeduto, 2013;
Skinner et al., 2005). Specifically, steep declines in standard-
ized IQ scores have been observed in children with FXS be-
fore ages 8 (Skinner et al., 2005), 10 (Dykens et al., 1989),
and 11 (Fisch et al., 1996), followed by potential stabilization
in adolescence until at least age 14 (Skinner et al., 2005).
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However, Skinner et al. (2005) did not include females with
FXS, Fisch et al. (1996) obtained repeated measures on sepa-
rate groups of children with nonoverlapping ages, and Dy-
kens et al. (1989) used a small sample size. Prospective lon-
gitudinal studies with large samples covering broad age
ranges are thus required to track cognitive trajectories through
time with greater precision in this condition. Such experi-
mental designs allow modeling of nonlinear growth that
could reveal potential patterns associated with declines in
IQ scores before age 11 (e.g., sudden or progressive) and
whether there is a potential stabilization from age 11 onward.

However, our ability to track cognitive trajectories of indi-
viduals with FXS is limited by the presence of floor effects
when standardized IQ scores are employed. Standardized
scores lack sensitivity in the low ranges where scores of chil-
dren with FXS often fall. For instance, Hessl et al. (2009) noted
that 40 is the lowest possible standard IQ score on the Wechsler
Intelligence Scale for Children—Third Edition (WISC-III),
and a wide range of raw scores (0 to 37 depending on the sub-
test) are associated with a scaled score of 1, the lowest possible
scaled score (Wechsler, 1991). To circumvent this issue, Bailey
et al. (1998, 2001) used developmental ages from the Battelle
Developmental Inventory instead of standardized scores, but
this option is only possible for children younger than 7 years
old. Skinner et al. (2005) and Kover et al. (2013) used growth
scores of the Leiter IQ scale, but this test does not give a mea-
sure of verbal IQ. In a previous study conducted by our group,
we tracked the cognitive development of 90 boys and 55 girls
with FXS, aged 6 to 16 years, on the WISC-III (Hall et al.,
2008). To avoid potential floor effects, we used raw scores in
our analyses, and compared the rate of cognitive development
in participants with FXS to a group of same-gender unaffected
siblings who were also administered the WISC-III during the
same visit. Results showed that the rate of cognitive develop-
ment was 2.2 times slower in individuals with FXS compared
to their unaffected siblings (Hall et al., 2008). However, in that
study, we did not report whether cognitive development was
differentially affected on the different subtests or indexes.

Another approach to avoid the confound of possible floor
effects is to use normalized raw scores (i.e., compare the par-
ticipant’s raw score to the average raw score of the normative
sample in a particular age band of the test). This method also
allows performance on various subtests to be compared to
one another (Hessl et al. 2009). To date, this method has
been applied to cross-sectional data in individuals with FXS
(Hessl et al. 2009). Here we use the same approach to track
cognitive trajectories of children with FXS from 6 to 16 years
of age in the context of a longitudinal design. Accordingly, our
first overarching aim was to produce more specific information
about cognitive development in FXS at particular points in
time over a critical period of childhood development.

The second aim of this study was to compare the trajectories
of specific cognitive domains to one another to assess potential
strengths and weaknesses within the cognitive profile of chil-
dren and adolescents with FXS. In particular, we sought to
evaluate whether the profile of strengths and weaknesses asso-

ciated with FXS changes during development. Specifically, we
investigated the following cognitive domains: verbal skills, vi-
suospatial–constructive processing, short-term working mem-
ory, and processing speed. Findings from cross-sectional stud-
ies suggest a potential strength for verbal skills in comparison
with visuospatial–constructive and quantitative reasoning, and
impairments in short-term working memory skills. Lachie-
wicz, Dawson, Spiridigliozzi, and McConkie-Rosell (2006)
found that females with FXS have higher verbal abilities
than quantitative skills, but Fisch (2006) failed to replicate
this finding with a larger sample. Cornish, Munir, and Cross
(1998, 1999) documented deficits in visuoconstructive pro-
cessing ability but did not provide a direct comparison with
verbal skills. Mental arithmetic, a skill often associated with vi-
suospatial–constructive abilities, is problematic for males and
females with FXS (Hessl et al., 2009; Mazzocco, 2001; Rivera,
Menon, White, Glasser, & Reiss, 2002). Mental arithmetic re-
quires attention and short-term working memory, which are
also impaired in individuals with FXS (Cornish, Cole, Longhi,
Karmiloff-Smith, & Scerif, 2013; Cornish, Scerif, & Karmil-
off-Smith, 2007; Munir, Cornish, & Wilding, 2000; Ornstein
et al., 2008; van der Molen et al., 2010). However, others
have reported a lack of strengths and weaknesses within the
cognitive profile associated with FXS (Curfs, Schreppers-Tij-
din, Wiegers, Borghgraef, & Fryns, 1989; Simon, Rappaport,
Papka, & Wodruff-Pak, 1995). Given mixed findings concern-
ing the presence or absence of a discrepancy between verbal
and visuospatial–constructive skills in prior cross-sectional
studies, we compared the trajectories of these two cognitive do-
mains during childhood and adolescence in the context of a
longitudinal design. We also investigated whether impairments
in mental arithmetic and working memory observed in cross-
sectional studies are present throughout development. Specifi-
cally, we contrasted mental arithmetic and working memory to
processing speed. Given that all three cognitive domains re-
quire attention, this comparison would enable us to identify
idiosyncratic difficulties with mental arithmetic and working
memory associated with FXS that cannot be solely accounted
for by attentional impairments.

In a previous study by our group (Hall et al., 2008), we
tracked cognitive development in males and females with FXS
on the WISC-III over two time points and used raw scores to
compare the rate of cognitive development in participants
with FXS to their typically developing siblings. In the present
study, we increased our sample size, added a third time point,
and compared the cognitive development of our group of par-
ticipants with FXS to the WISC-III normative sample. We also
compared cognitive development in FXS between cognitive
domains.

Method

Participants

The sample included 184 participants (114 males, 70 females)
with FXS enrolled in a prospective longitudinal study. FXS full
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mutation status was confirmed with DNA testing. Participants
were between 6 and 16 years of age (mean + SD at first assess-
ment; males: 11.38 + 2.71; females 11.27 + 3.11). Participants
were assessed one to three times, with 1 to 6 years between
assessments (mean + SD¼ 3.37 + 1.47). Of the male partic-
ipants, 72 had only 1 data point, 34 had 2 data points, and 8
had 3 data points (for a total of 114 participants and 164 data
points). Of the female participants, 40 had only 1 data point,
19 had 2 data points, and 11 had 3 data points (for a total of 70
participants and 111 data points). Data and analyses are pre-
sented separately for males and females because males with
FXS typically show much greater cognitive impairment
than females with FXS (Hall et al., 2008; Loesch et al.,
2002; Rousseau et al., 1994).

Data presented here were collected as part of a prospective
longitudinal study of FXS. A subset of these data (145/184
participants with one data point and all participants with
two data points) have been presented elsewhere (Hall et al.,
2008). In comparison with Hall et al.’s study, the current
study includes an additional third data point for 19 partici-
pants and 39 participants with one data point. Mean full scale
IQ scores were 47 for males with FXS (SD¼ 10, range¼ 40–
101) and 76 for females with FXS (SD ¼ 20, range ¼ 40–
123). Given that a large proportion of participants obtained
full scale IQ scores at or close to the floor score (40) of the
test (males: 33% with a score of 40 and 79% � 50; females:
1.4% with a score of 40 and 13% � 50), we used normalized
raw scores (Z scores), calculated from the WISC-III norma-
tive data in the current study. Standard (scaled) scores for
each index are presented in Table 1. (Note that the floor of
each index is 50 and the floor for the full scale IQ is 40.) As-
sessments took place in the participants’ homes or at our re-
search center. Participants were recruited throughout the
United States and Canada via advertisements through the Na-
tional Fragile X Foundation and genetic clinics. Median and
mean household income based on 2006–2010 US Census
data for the participants’ zip codes (Population Studies Cen-
ter, 2015) were greater than the nationwide average (all
ps , .05; mean + SD household income per zip code for
our sample: median income ¼ $67,125 + $23,921, mean in-
come ¼ $81,752 + $30,994). Participants and their parents
gave written informed assent and consent to participate in

the study at each assessment. Stanford University’s Research
Ethics Board approved the study.

Measurement and data transformation into normalized
scores

Participants completed the WISC-III (Wechsler, 1991) one to
three times between the ages of 6 and 16 years old. The study
started in 1997 before publication of the WISC-IV or WISC-V,
hence the use of the WISC-III. The WISC-III is divided into
four indexes that correspond to the four cognitive domains
under investigation. The verbal comprehension index is a
measure of verbal skills that taps into a range of knowledge
base including word and practical knowledge retrieval from
long-term verbal memory, concept formation, and verbal ab-
stract reasoning. The Perceptual Organization Index examines
visual perception, attention to detail, visual abstract reasoning,
and visuospatial–constructive processing. The Freedom From
Distractibility Index evaluates attention, short-term auditory
working memory, numerical reasoning, and mental arithmetic.
The Processing Speed Index taps attention, visual-motor coor-
dination, and processing speed. The last two indexes both assess
attention but the Processing Speed Index is less taxing on work-
ing memory than is the Freedom From Distractibility Index.

To reach our first aim, we modeled quadratic growth to as-
sess the trajectory of performance on each index from 6 to 16
years for this longitudinal study sample. To address our second
aim, we compared the trajectories of quadratic growth of the fol-
lowing WISC-III indexes: Verbal Comprehension Index versus
Perceptual Organization Index; and Freedom From Distractibil-
ity Index versus Processing Speed Index, respectively.

For each index, we calculated normalized scores (Z scores)
based on procedures described by Hessl et al. (2009). We ob-
tained raw score means and standard deviations from the
WISC-III normative sample to calculate Z scores for each da-
tum of each participant.1 After consultation with the test
developers, we used raw score means and standard deviations
for each 1-year age band because they include an equal distri-

Table 1. WISC-III index standard scores and full scale IQ for males and females with FXS

Males With FXS Females With FXS
(N ¼ 114)a (N ¼ 70)

WISC-III Index Mean SD Range Mean SD Range

Verbal comprehension 56 10 50–103 83 20 50–120
Perceptual organization 55 9 50–111 78 19 50–124
Processing speed 55 10 50–96 83 18 50–134
Freedom from distractibility 51 5 50–81 71 17 50–112
Full scale IQ 47 10 40–101 76 20 40–123

Note: WISC-III, Wechsler Intelligence Scale for Children—Third Edition; FXS, fragile X syndrome.
aN ¼113 males for processing speed.

1. Standardization data from the Wechsler Intelligence Scale, Third Edition
(WISC-III). Copyright 1990 NCS Pearson, Inc. Used with permission. All
rights reserved.
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bution of males and females and a proportional representation
of ethnicity based on US Census data, which is not the case for
all 3-month age bands used by Hessl et al. We calculated a nor-
malized Z score for each subtest for each participant as such:

zij ¼ ðrij � mjÞ=sj;

where zij is the z score for ith individual in the jth age band
(we used 1-year age bands from 6 to 16, i.e., 11 age bands),
rij is the raw score for the ith individual in the jth age band,
and mj and sj are the raw score mean and standard deviation
of the normalization sample within the jth age band.

We then obtained a Z score for each WISC-III index by cal-
culating the mean of the Z scores for the subtests included in
each index. The Verbal Comprehension Index includes the in-
formation, similarities, vocabulary, and comprehension subt-
ests; the Perceptual Organization Index includes the picture
completion, picture arrangement, block design, and object as-
sembly subtests; the Freedom From Distractibility Index in-
cludes the arithmetic and digit span subtests; and the Processing
Speed Index includes the coding and symbol search subtests.
WISC-III subtests were divided into four indexes based on re-
sults of a factor analysis (Wechsler, 1991). The subtests included
in the Verbal Comprehension Index include orally presented
questions and answers that test knowledge of commonly known
facts (information) and community and social rules (compre-
hension), as well as the ability to find a concept unifying two
given words (similarities) and to define words (vocabulary).
Subtests in the Perceptual Organization Index include illustra-
tions of everyday scenes where the participants must identify
missing items (picture completion) or order the scenes in a
logical sequence (picture arrangement); this index also requires
participants to reproduce visual designs with blocks (block de-
sign) and solve puzzles representing common images (object as-
sembly). The Freedom From Distractibility Index includes one
subtest where participants perform mental calculations (arith-
metic) and another where they repeat sequences of numbers
in forward and backward order (digit span). For the Processing
Speed Index, participants fill out a grid of symbols according to
a legend (coding) and identify the presence or absence of target
symbols (symbol search) as quickly as possible.

According to WISC-III standardized administration proce-
dures (Wechsler, 1991), a raw score of 0 was given for subtests
that were attempted but could not be completed due to behav-
iors preventing test administration (e.g., minimal expressive
language or limited attention span) or the participant’s inabil-
ity to provide an accurate response or to understand the task.
Trained research assistants with experience working with par-
ticipants with FXS administered the WISC-III and used be-
havior reinforcement techniques when appropriate to encour-
age compliance. Despite these efforts, a variable number of
participants received raw scores of 0 across the 10 subtests
(mean + SD participants per subtest: males: 25 + 15; females:
1.8 + 1.8) as is often the case with participants with FXS. For
males, the object assembly subtest had the smallest number of

raw scores of 0 (7 participants) and the symbol search subtest
had the largest (55 participants). None of the female partici-
pants obtained a raw score of 0 on the information, arithmetic,
and digit span subtests, and 1 to 6 female participants obtained
a raw score of 0 on the other subtests. Subtests with a raw score
of 0 were included in the calculation of Z scores.

If a subtest was not administered for reasons other than the
participant’s inability to complete the subtest (e.g., lack of
time), the mean of the Z scores for the remaining subtests
was calculated to obtain the index Z score. For example, if
scores were missing for the comprehension subtest, the Z
score for verbal comprehension was calculated based on the
mean of the remaining verbal subtests (information, similari-
ties, and vocabulary). Data were missing for five subtests:
comprehension (1 participant), digit span (14 participants),
coding (4 participants), symbol search (19 participants), and
object assembly (1 participant). The data for the current study
were obtained from several research protocols including one
in which digit span and symbol search were not administered
(these subtests are optional in the WISC-III); hence, a higher
number of missing data occurred for these subtests.

Statistical analysis procedures

Longitudinal analyses were performed with MPlus 7.2 (Mu-
thén & Muthén, 1998–2012). We used longitudinal mixed ef-
fects modeling with maximum likelihood estimation to model
trajectories of WISC-III normalized index scores for males and
females with FXS as a function of age. We treated missing data
as missing at random conditional on observed information
(Little & Rubin, 2002). Mixed effects modeling using maxi-
mum likelihood holds the advantage that we can include partic-
ipants with both single and multiple time points in our analyses
and with individually varying time elapsed between time points.

To accomplish our first aim, we obtained estimated trajec-
tories for each of the four WISC-III index Z scores for males
and females with FXS, for a total of 8 trajectories. A quadratic
growth model was chosen to properly capture nonlinear de-
velopments over time. WISC-III indexes were entered as
within-subjects random-effects variables and age and age2

(age squared) were entered as fixed-effect variables to allow
modeling of quadratic growth. The estimated trajectories of
quadratic growth are shown in Figure 1, overlaid onto the ob-
served data. Model equations for each trajectory are as fol-
lows: estimated Z score ¼ intercept þ S1(age) þ S2(age2)
þ error, where x is the age used for estimation and the error
term includes both random effect and residual error. The pa-
rameter estimates of each trajectory are shown in Appendix
A. For each index, we estimated Z scores at ages 6, 11, and
16 years and then calculated the change from 6 to 11 years
and 11 to 16 years by subtracting the estimated Z score at
11 years from the estimated Z score at 6 years, and at 16 years
from 11 years (see change scores from 6 to 11 and 11 to 16 in
Table 2). We assessed whether the change over time in Z
score (from 6 to 11 years and 11 to 16 years) for each index
was statistically significant to identify potential critical cog-
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Figure 1. (Color online) Observed data and estimated trajectories of the Wechsler Intelligence Scale for Children—Third Edition Z scores based
on mixed effects modeling for (a) males and (b) females with fragile X syndrome. The estimated trajectories of quadratic growth for each Wechs-
ler Intelligence Scale for Children index Z score according to age (years) are shown (dark blue lines online only), overlaid onto the observed data
(light blue dots and lines online only). Overall, verbal comprehension, perceptual organization, and processing speed Z scores were marked by a
widening gap from the normative sample; while freedom from distractibility Z scores showed a narrowing gap.
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nitive developmental periods for each WISC-III index. We
chose 6 and 16 years because they are the minimum and
maximum ages for administration of the WISC-III, and 11
years given previous studies reporting declines in IQ scores
in childhood before age 11 years followed by potential sta-
bilization in adolescence until at least 14 years (Dykens
et al., 1989; Fisch et al., 1996; Skinner et al., 2005). For
brevity, we henceforth refer to the developmental period be-
fore age 11 years and childhood and from 11 years onward
as adolescence.

To address our second aim, additional analyses were per-
formed to compare trajectories of quadratic growth of differ-
ent WISC-III indexes. We first compared the trajectories of
quadratic growth of verbal comprehension with perceptual
organization and freedom from distractibility with processing
speed (Figure 2). These two trajectories were simultaneously
modeled in a multiple group analysis environment in MPlus
(group: males and females). We estimated Z scores at ages 6,
11, and 16 years and assessed whether Z scores differed be-
tween indexes at specific ages (6, 11, and 16 years). For ex-
ample, we subtracted the estimated Z score for verbal compre-
hension at age 6 years from the estimated Z score for
perceptual organization at age 6 years (see all comparisons
at ages 6, 11, and 16 in Table 3). We also assessed whether
the change over time in Z score differed between indexes
(e.g., change from 6 to 11 years for verbal comprehension
vs. change from 6 to 11 years for perceptual organization).
For example, we obtained a change score A by subtracting
the estimated Z scores for verbal comprehension at age 11
years from age 6 years; and a change score B by subtracting
the estimated Z scores for perceptual organization at age 11
years from age 6 years. We then subtracted change score B
from change score A (see all comparisons in absolute values
for changes from 6 to 11 and 11 to 16 in Table 3).

Results

For the first set of analyses, trajectories of Z scores were esti-
mated separately for each WISC-III index for males and for
females. Estimated trajectories are overlaid onto observed
data in Figure 1. The trajectories for the normative sample
would correspond to a horizontal line at Z ¼ 0. In typical de-
velopment, raw scores increase with age but the standard
scaled scores or normative Z scores remain the same.

For participants with FXS, all trajectories were associated
with negative Z score values, which indicate that our group
of participants with FXS received lower raw scores relative
to the WISC-III normative sample across the developmental
period. Three scenarios were observed: Z score trajectories
decreased, increased, or stabilized, corresponding to a
widening, narrowing, or steady gap between participants
with FXS in comparison with the WISC-III normative sam-
ple, respectively. A widening gap between participants with
FXS and the normative sample (i.e., a decreasing trajectory
of Z scores for participants with FXS) reveals an increasing
disparity from the normative sample, indicating that partic-
ipants with FXS did not keep pace with the typical rate of
development. A narrowing gap between participants with
FXS and the normative sample (i.e., an increasing Z score
trajectory for participants with FXS) reveals that skills of
participants with FXS were improving at a rate above that
of the normative sample. A narrowing gap could be attrib-
uted to delayed onset or delayed mastery of a skill for partic-
ipants with FXS. A stable gap between the two groups (i.e.,
a stable trajectory of Z scores for participants with FXS) in-
dicates that the groups are developing at the same rate over a
period of time.

We followed the developmental trajectory of our group of
participants with FXS relative to the WISC-III normative sam-

Table 2. Estimated longitudinal changes in WISC-III index Z scores based on mixed
effects modeling

Males With FXS Females With FXS
(N ¼ 114) (N ¼ 70)

WISC-III Index Estimate p Estimate p

Verbal comprehension
Change from 6 to 11 20.677 ,.001 20.726 .015
Change from 11 to 16 20.397 .002 20.088 .633

Perceptual organization
Change from 6 to 11 21.497 ,.001 20.918 ,.001
Change from 11 to 16 20.567 ,.001 20.261 .077

Processing speed
Change from 6 to 11 20.977 ,.001 20.669 .008
Change from 11 to 16 20.073 .649 20.328 .034

Freedom from distractibility
Change from 6 to 11 20.101 .661 20.256 .399
Change from 11 to 16 0.811 ,.001 0.314 .032

Note: WISC-III, Wechsler Intelligence Scale for Children—Third Edition; FXS, fragile X syndrome.

E.-M. Quintin et al.1462

https://doi.org/10.1017/S0954579415001200 Published online by Cambridge University Press

https://doi.org/10.1017/S0954579415001200


ple from age 6 to 11 years and age 11 to 16 years based on es-
timated Z scores trajectories (see change scores from 6 to 11 and
11 to 16 in Table 2). Overall, verbal comprehension, perceptual
organization, and processing speed Z scores were marked by a
widening gap from the normative sample, while the freedom
from distractibility Z scores showed a narrowing gap. Specifi-
cally significant p values in Table 2 indicate that, for males, ver-
bal comprehension and perceptual organization Z scores re-
vealed a widening gap from the normative sample from 6 to
16 years. For females, these two indexes showed an increasing
gap from the normative sample from 6 to 11 years that remained

wide but stable from 11 to 16 years. The processing speed
Z scores also showed an increasing gap from the normative sam-
ple from 6 to 11 years for males that remained wide but stable
from 11 to 16 years. For females, this index showed a widening
gap from the normative sample from 6 to 16 years. The freedom
from distractibility Z scores showed a markedly different trajec-
tory compared with the other three indexes. For both males and
females, the freedom from distractibility Z scores showed a wide
but steady gap from the normative sample that narrowed from
11 to 16 years. This was the only index showing a narrowing
gap from the normative sample in adolescence.

Figure 2. (Color online) Estimated trajectories of the four Wechsler Intelligence Scale for Children—Third Edition Z scores according to age (years)
based on mixed effects modeling for (a) males and (b) females with fragile X syndrome. The estimated trajectory of quadratic growth for verbal
comprehension is compared to that of perceptual organization, and the estimated trajectory of freedom from distractibility is compared to that of
processing speed. Key findings include a relative strength for verbal skills in comparison with visuospatial–constructive skills arising in adolescence
and a discrepancy between working memory (weakness) and processing speed (strength) in childhood that diminishes in adolescence.
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For the second set of analyses, trajectories of two WISC-III
indexes were modeled simultaneously for direct comparisons
across domains (Figure 2). We compared Z scores at ages 6,
11, and 16 years (see comparisons at ages 6, 11, and 16 in
Table 3) and change in Z score from ages 6 to 11 years and
from 11 to 16 years for verbal comprehension Z scores versus
perceptual organization Z scores, and processing speed Z scores
versus freedom from distractibility Z scores (see comparisons
in absolute values for changes from 6 to 11 and 11 to 16 in
Table 3). Overall, the perceptual organization Z scores were
lower than the verbal comprehension scores in adolescence;
and freedom from distractibility scores were lower than pro-
cessing speed scores in childhood, but no difference was ob-
served in adolescence. Specifically, significant p values in
Table 3 indicate that, for males, perceptual organization Z
scores and verbal comprehension Z scores were not signifi-
cantly different at ages 6 and 11 years; perceptual organiza-
tion Z scores decreased more than verbal comprehension Z
scores from 11 to 16 years, and by age 16 years, perceptual
organization Z scores were significantly lower than verbal
comprehension Z scores. For females, perceptual organiza-
tion Z scores were significantly lower than verbal comprehen-
sion Z scores at ages 11 and 16 years, but the two indexes did
not differ significantly in terms of change over time. For both
males and females, freedom from distractibility Z scores were
significantly lower than processing speed Z scores at ages 6
and 11 years; from 11 to 16 years, freedom from distractibility
Z scores showed a narrowing gap relative to the normative
sample, while processing speed Z scores showed a wide but
stable (males) or widening gap (females) relative to the nor-

mative sample, and by age 16 years, there was no significant
difference between the two indexes.

Discussion

The aims of this study were to (a) assess the development of
specific cognitive domains during childhood and adolescence
and (b) investigate potential strengths and weaknesses in cog-
nitive development of individuals with FXS. Specifically, we
sought to compare verbal versus visuospatial–constructive
processing and mental arithmetic/working memory with pro-
cessing speed. With a longitudinal design, we employed the
indexes of the WISC-III to measure these four cognitive do-
mains and used Z scores to overcome floor effects associated
with standard scores. Z scores also allow for direct compari-
son of cognitive domains to one another.

With respect to our first aim, overall, verbal comprehension,
perceptual organization (visuospatial–constructive skills), and
processing speed indexes were marked by a widening gap
from the normative sample, while freedom from distractibility
(working memory) showed a narrowing gap. Specifically, trajec-
tories of Z scores indicated a widening gap between individuals
with FXS relative to the WISC-III normative sample in child-
hood (from age 6 to 11) for verbal comprehension, perceptual
organization, and processing speed indexes. In adolescence
(from ages 11 to 16), a widening gap from the normative sample
was observed for verbal comprehension and perceptual organi-
zation (males) and processing speed (females), while a wide but
stable gap was observed for verbal comprehension and percep-
tual organization (females) and processing speed (males). We

Table 3. Comparing Z scores between WISC-III indexes among individuals with FXS based
on estimated trajectories using mixed effects modeling

Males With FXS Females With FXS
(N ¼ 114) (N ¼ 70)

WISC-III Indexes Estimate p Estimate p

Verbal comprehension vs.
perceptual organization

Age 6a 20.398 .099 0.300 .144
Age 11a 0.019 .779 0.456 ,.001
Age 16a 0.351 .003 0.679 ,.001
Change from 6 to 11b 0.417 .083 0.156 .516
Change from 11 to 16b 0.332 .011 0.223 .117

Processing speed vs. freedom from
distractibility

Age 6a 1.378 ,.001 1.253 ,.001
Age 11a 1.042 ,.001 0.808 ,.001
Age 16a 20.027 .860 0.246 .058
Change from 6 to 11b 0.337 .271 0.446 .221
Change from 11 to 16b 1.069 ,.001 0.562 .009

Note: WISC-III, Wechsler Intelligence Scale for Children—Third Edition; FXS, fragile X syndrome.
aDifference at age 6, 11, and 16 years: positive scores indicate that verbal comprehension . perceptual organization or
processing speed . freedom from distractibility; negative scores indicate the opposite pattern.
bAbsolute values are reported. For significant changes, refer to Figure 2 (and absolute values of estimates in Table 3) to
interpret which index is changing more than the other.
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observed a different trajectory for freedom from distractibility,
which showed a wide but stable gap from the normative sample
in childhood and a narrowing gap in adolescence. Key findings
related to our second aim include a relative strength for verbal
skills in comparison with visuospatial–constructive skills arising
in adolescence and a discrepancy between working memory and
processing speed in childhood that fades in adolescence.

Development within cognitive domains

Our findings that Z scores for verbal comprehension, perceptual
organization, and processing speed showed a widening gap
from the normative sample in childhood, specifically from
ages 6 to 11, support results from previous studies (Dykens
et al., 1989; Fisch et al., 1996, 1999, 2002, 2010; Kover
et al., 2013; Skinner et al., 2005). Our results concerning ado-
lescence differ from previous studies that observed declines in
standardized IQ scores in adolescence (Fisch et al., 1996, 1999,
2002, 2010) that should be analogous to a widening gap in
Z scores between FXS relative to the normative sample. How-
ever, we found that the disparity from the normative sample sta-
bilized or faded in adolescence. Specifically, we found a steady
(males: processing speed, females: verbal comprehension and
perceptual organization) or narrowing gap (males and females:
freedom from distractibility) between our group of participants
with FXS and the WISC-III normative sample. Fitting our data
to nonlinear trends instead of linear trends made it possible to
detect changes in Z score trajectories from a widening gap in
childhood to a narrowing or stable gap in adolescence. Studies
to date have predominantly used test–retests or cross-sectional
designs that could only be examined with discrepancy scores
assuming linear trends. In addition, many studies have lacked
data covering the entire childhood and adolescence age range,
which can impede detection of nonlinear trends. Thus, method-
ological issues preventing the modeling of nonlinear trends in
cognitive development may have artificially inflated declines
that were stabilization of scores or plateauing.

Finding a widening gap between our group of participants
with FXS relative to the WISC-III normative sample in child-
hood followed by stabilization or narrowing of that gap in
adolescence supports the notion that cognitive development
of individuals with FXS is dynamic and may not follow a pre-
dictable course from childhood to adolescence in many with
this condition (Cornish et al., 2013). Underconnectivity of
large-scale brain networks, including decreased functional
connectivity in the salience network, left executive control
network, language network, and visuospatial network, may
underlie the cognitive deficits observed throughout childhood
and adolescence in FXS (Hall et al., 2013).

Developmental profiles: Comparison between cognitive
domains

Our second aim was to assess the presence of strengths and
weaknesses within the cognitive profile of individuals with
FXS within the context of a longitudinal study, a comparison

that has yet to be established. Overall, our results suggest that
the pattern of strengths and weaknesses is dynamic through-
out childhood and adolescence. Specifically, we found a rel-
ative strength for verbal skills in comparison with visuocon-
structive skills and improvements in working memory
compared with processing speed, all arising in adolescence.

Our results shed light on the mixed findings present in the
literature regarding relative strengths for verbal skills versus a
weakness for visuospatial–constructive skills (Cornish et al.,
1998; Curfs et al., 1989; Fisch, 2006; Lachiewicz et al., 2006;
Simon et al., 1995). For males, these two cognitive domains
were similar in childhood, followed by the emergence of a
relative strength for verbal skills in comparison with visuo-
spatial–constructive skills in adolescence. This discrepancy
appeared in adolescence because perceptual organization
Z scores decreased more than verbal comprehension Z scores.
For females, verbal skills were also a relative strength. The
trajectory for verbal comprehension was above that of percep-
tual organization throughout development, although the dis-
crepancy was only statistically significant in adolescence. Im-
paired visuospatial–constructive processing may stem from
functional abnormalities in the magnocellular/dorsal pathway
(the “where” stream of visual processing) of individuals with
FXS (Kogan, Bertone, et al., 2004; Kogan, Boutet, et al.,
2004). Structural and functional abnormalities of the inferior
parietal lobe (Gothelf et al., 2008; Hallahan et al., 2011;
Kwon et al., 2001) and superior parietal lobe (Kwon et al.,
2001) and reduced white matter connectivity within the post-
central gyrus (Barnea-Goraly et al., 2003) may also contribute
to visuospatial impairments associated with FXS.

We also found improvements in working memory during
adolescence, as measured by the Freedom From Distractibil-
ity Index, which was the only index to show a narrowing gap
between our group of participants with FXS and the WISC-III
normative sample for males and females. Like previous stud-
ies (Hessl et al., 2009; Mazzocco, 2001; Munir et al., 2000;
Ornstein et al., 2008; Rivera et al., 2002; van der Molen
et al., 2010), we found overall negative Z scores on the Free-
dom From Distractibility Index, which measures mental arith-
metic and working memory skills. In contrast with previous
cross-sectional studies, our longitudinal design revealed a
wide but stable gap between our group of participants with
FXS relative to the normative sample in childhood followed
by a narrowing of that gap in adolescence for both males
and females with FXS. Freedom from distractibility was a rel-
ative weakness in comparison with processing speed in child-
hood, but these domains were comparable by age 16 years.
The initial discrepancy faded by age 16 because, during ado-
lescence, freedom from distractibility Z scores increased for
males and females while processing speed Z scores stabilized
for males and decreased for females. Distinct trajectories for
freedom from distractibility compared with processing speed
suggest that working memory/mental manipulation of audi-
tory information and attention/processing speed skills seem
more independent for children with FXS than in the typical
population. In the WISC-III normative sample, Z scores for
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these two cognitive domains are equal to 0 at all ages by def-
inition, which presumably translates to Z scores trajectories of
overlapping flat lines. In our sample, the Z scores trajectories
of these two cognitive domains are in opposite directions and
almost cross over in adolescence. In a sample of children with
FXS who were younger than our participants, Cornish et al.
(2013) also found greater improvements in working memory
compared with attention skills in a longitudinal study. Thus,
the discrepant developmental trajectories of working memory
and attention may be a hallmark of the cognitive develop-
mental profile of children and adolescent with FXS.

The unique trajectory of the Freedom From Distractibility
Index could be related to atypical brain development associ-
ated with FXS. In childhood, freedom from distractibility was
the index with the lowest Z scores, possibly because solving
the tasks included in this index (arithmetic and digit span) re-
quires involvement of frontostriatal circuits known to be atyp-
ical in FXS (Haas et al., 2009; Hoeft et al., 2010). Specifi-
cally, atypical activation of middle frontal gyri (Kwon
et al., 2001) of individuals with FXS has been reported during
spatial working-memory tasks and greater enlargement of this
area during early childhood (Hoeft et al., 2010). However, in
adolescence, freedom from distractibility Z scores increased
(narrowing gap compared with the normative sample), which
is surprising given that FXS is associated with aberrant ma-
turation of the middle frontal gyri during adolescence (Bray
et al., 2011). Alternatively, a narrowing gap from the norma-
tive sample in adolescence for this index could be related to
the development of the caudate nucleus, a structure also in-
volved in spatial working memory. Although the caudate nu-
cleus is enlarged in individuals with FXS, its rate of growth
during adolescence is similar for individuals with FXS and
typical development (Bray et al., 2011).

Moving toward disorder-specific cognitive developmental
profiles

Previous research has shown that the strengths and weak-
nesses within the cognitive profile of individuals with FXS
are different than individuals with other neurodevelopmental
disorders such as Down syndrome (Kogan et al., 2009) or
Williams syndrome (Fisch et al., 2010). Recently, Sansone
et al. (2014) described strengths and weaknesses within the
cognitive profile of individuals with FXS and individuals
with autism spectrum disorders (ASD) using the Z score
method. They found that individuals in both groups (FXS or
ASD) showed a relative weakness in verbal working memory.
However, individuals with FXS showed a relative strength in
perceptual knowledge, whereas individuals with ASD showed
a relative strength in spatial reasoning and verbal quantitative
reasoning. Comparison of individuals with FXS and indi-
viduals with idiopathic intellectual disabilities and develop-
mental delays has shown neural correlates of FXS that are in-
dependent of level of intellectual functioning, including
aberrant morphology of the caudate nucleus (Peng et al.,
2013) and white matter microstructure (Green et al., 2015),

atypical resting state functional connectivity (Hall, Jiang, Re-
iss, & Greicius, 2013), and metabolite differences in the cau-
date nucleus (Bruno et al., 2013). These results taken together
with our findings support further investigation of a potential
disorder-specific effect on cognition associated with FXS. Fu-
ture research should include appropriate comparison groups of
individuals with intellectual and developmental disabilities in
order to determine whether the cognitive strengths and weak-
nesses identified with Z scores are specific to FXS, or are also
present in those with intellectual disabilities in general.

Further, we argue that it is important to consider disorder-
specific cognitive development in addition to disorder-specific
cognitive profile. Future research should aim to compare
disorder-specific cognitive developmental profiles across dif-
ferent disorders with longitudinal designs and metrics allow-
ing direct comparison of cognitive domains. For example,
Cornish et al. (2007) found that for children with FXS, selec-
tive and sustained attention increased more with age com-
pared to inhibition skills, while inhibition skills increased
more than selective and sustained attention for children with
Down syndrome, which indicates potential disorder-specific
developmental profiles (Cornish et al., 2007).

Cognitive developmental profiles could also be explored
within the population of FXS, that is, subgroup-specific cog-
nitive developmental profile. Romano et al. (2014) identified
subgroups within a sample of children with FXS that differ on
neuroanatomy, IQ, and autism symptomatology. These sub-
groups may also differ in terms of cognitive developmental
profile. The impact of FMRP methylation on cognitive devel-
opmental profiles also deserves further attention because the
effects of methylation change throughout development, spe-
cifically until puberty (Golder et al., 2013), and may have an
age-specific impact on cognitive developmental profiles.

Understanding the strengths and weaknesses within the
cognitive developmental profile of individuals with intellectual
disabilities has important clinical implications for academic
and vocational planning (American Psychiatric Association,
2013). It is often challenging for clinicians and caregivers to
identify strengths and weaknesses within the cognitive profile
of individuals with intellectual impairments or disabilities. Our
findings support the need for additional research on cognitive
developmental profiles of individuals with intellectual disabil-
ities, which could translate to disorder- and age-specific inter-
ventions based on developmental variation in the pattern of
these cognitive strengths and weaknesses. It is possible that
cognitive domains identified here as strengths could be more
amenable to improvements with interventions. Alternatively,
early interventions focused on weaknesses could alter develop-
mental trajectories and change the profile of cognitive strengths
and weaknesses throughout childhood and adolescence.

Methodological challenges for comparison of cognitive
domains

The pattern of strengths and weaknesses that we identified
within the cognitive profile of individuals with FXS in the
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present study would have been missed with standardized IQ
scores due to floor effects. We do not wish to imply that
the WISC-III and similar tests should not be used as diagnos-
tic tools to assess intellectual disability. However, we argue,
like Hessl et al. (2009), that standard scores may obscure po-
tential strengths and weaknesses within the cognitive profile
of individuals with FXS. Our findings underscore the impor-
tance of measuring two processes simultaneously and con-
trasting them on a comparable metric, such as Z scores, to ob-
tain an accurate description of the cognitive developmental
profile of individuals with FXS. This practice is common
within the field of clinical neuropsychology (Strauss, Spreen,
& Spreen, 2006).

We note that the interpretation of our Z-score data is lim-
ited by the use of the WISC-III. Given that data collection
started in 1997 before publication of the WISC-IV in 2003
(Wechsler, 2003), we were constrained to the use of the
WISC-III throughout the duration of the study. We recognize
that the normative data published in the WISC-III is some-
what outdated, given that our study continued until 2011. In-
terpretation of our findings is also limited by the inclusion of
several raw scores of 0 to calculate Z scores. As explained in
the methods, raw scores of 0 were included as per WISC-III

standard administration procedure for subtests that were at-
tempted but could not be completed due to behaviors prevent-
ing test administration (e.g., minimal expressive language or
limited attention span) or the participant’s inability to provide
an accurate response or to understand the task. Alternatively,
the scores could have been treated as missing or the partici-
pants could have been removed from the sample, both of
which would have resulted in higher mean Z scores
(Z scores closer to 0). Finally, interpretation of our findings is
also limited by a participation bias in favor of families with
median and mean household income above the nationwide
average.

Conclusion

In conclusion, our findings reveal a dynamic cognitive devel-
opmental profile associated with FXS. The use of Z scores
and a longitudinal design revealed nonlinear trajectories for
verbal comprehension, perceptual organization, processing
speed/attention, and working memory relative to a normative
sample. Comparing these trajectories showed that strengths
and weaknesses within the cognitive profile of individuals
with FXS change during childhood and adolescence.
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Appendix A

Parameter estimates of quadratic growth trajectories

WISC-III Index and
Parameter Estimate

Males With FXS Females With FXS

b SE p b SE p

Verbal comprehension
Intercept 22.349 0.149 ,.001 20.478 0.259 .065
Age 20.164 0.059 .006 20.209 0.099 .036
Age2 0.006 0.005 .280 0.013 0.008 .127

Perceptual organization
Intercept 21.608 0.104 ,.001 21.608 0.104 ,.001
Age 20.392 0.053 ,.001 20.392 0.053 ,.001
Age2 0.019 0.005 ,.001 0.019 0.005 ,.001

Freedom from distractibility
Intercept 24.459 0.212 ,.001 21.902 0.317 .000
Age 20.111 0.076 .143 20.104 0.097 .283
Age2 0.018 0.006 .005 0.011 0.008 .143

Processing speed
Intercept 22.639 0.249 ,.001 20.579 0.250 .020
Age 20.286 0.092 .002 20.168 0.079 .033
Age2 0.018 0.007 .013 0.007 0.006 .264

Note: WISC-III, Wechsler Intelligence Scale for Children—Third Edition; FXS, fragile X syndrome.
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