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Emergence of Developmental Delay in
Infants and Toddlers With an
FMR1 Mutation

Anne C. Wheeler, PhD,? Angela Gwaltney, PhD,? Melissa Raspa, PhD,® Katherine C. Okoniewski, PhD,?
Elizabeth Berry-Kravis, MD, PhD, Kelly N. Botteron, MD,¢ Dejan Budimirovic, MD,¢ Heather Cody Hazlett, PhD,® David Hessl, PhD,
Molly Losh, PhD,¢ Gary E. Martin, PhD," Susan M. Rivera, PhD,% Jane E. Roberts, PhD; Donald B. Bailey, Jr, PhD?

BACKGROUND: Children with FMR1 gene expansions are known to experience a range of
developmental challenges, including fragile X syndrome. However, little is known about early
development and symptom onset, information that is critical to guide earlier identification,
more accurate prognoses, and improved treatment options.

meTHODS: Data from 8 unique studies that used the Mullen Scales of Early Learning to assess
children with an FMR1 gene expansion were combined to create a data set of 1178
observations of >500 young children. Linear mixed modeling was used to explore
developmental trajectories, symptom onset, and unique developmental profiles of children <5
years of age.

RESULTS: Boys with an FMR1 gene full mutation showed delays in early learning, motor skills,
and language development as young as 6 months of age, and both sexes with a full mutation
were delayed on all developmental domains by their second birthday. Boys with a full
mutation continued to gain skills over early childhood at around half the rate of their typically
developing peers; girls with a full mutation showed growth at around three-quarters of the
rate of their typically developing peers. Although children with a premutation were mostly
typical in their developmental profiles and trajectories, mild but significant delays in fine
motor skills by 18 months were detected.

conctusions: Children with the FMR1 gene full mutation demonstrate significant developmental
challenges within the first 2 years of life, suggesting that earlier identification is needed to
facilitate earlier implementation of interventions and therapeutics to maximize effectiveness.
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with a premutation also are at risk for developmental
differences.
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Knowing the early sequelae of

a disorder is essential to determine
the age of symptom onset, identify
early presenting signs, and provide
baseline data against which the
efficacy of new treatments can be
compared. But understanding the
early natural history of rare disorders
is problematic, primarily because of
the challenge of early identification.
Such is the case with fragile X
syndrome (FXS), the most common
inherited form of intellectual
disability and the leading known
single-gene cause of autism spectrum
disorder.’ FXS occurs when the
trinucleotide cytosine-guanine-
guanine (CGG) repeat on the X-linked
FMR1 gene expands to >200 repeats
(full mutation), silencing FMR1
transcription and reducing or
eliminating fragile X mental
retardation protein (FMRP) needed
for normal brain development.2
Although not obvious at birth,
symptoms of FXS have been reported
within the first year of life in children
with a full mutation. In small studies
of infants and toddlers, researchers
have documented developmental
differences in boys with a full
mutation as young as 6 months,* with
a subset demonstrating visual
processing issues,* autistic features,
and atypical physiologic responses®’
by 12 months. Atypical motor
behavior, language delays, and
sensory sensitivities are the most
common first signs reported by
parents in retrospective studies.”

Individuals with an FMR1
premutation have 55 to 200 CGG
repeats on at least 1 allele.
Premutation alleles, particularly at
larger CGG repeat lengths, can cause
subtle but significant FMRP deficits
and elevated FMRI messenger RNA,
resulting in reduced neuronal
function and central nervous system
dysregulation.?”** Adults with

a premutation are at risk for 2 well-
documented adult-onset conditions,
namely, fragile X-associated tremor
ataxia syndrome and fragile

X-associated primary ovarian
insufficiency, along with other
medical (eg, hypertension, thyroid
disease), emotional (eg, anxiety'?),
and cognitive (eg, executive function)
challenges.™® Risks associated with
early development are also apparent
in a subset of children with

a premutation, as evidenced by
parent reports of elevated rates of
mild developmental delays, autistic
features, and anxiety.'*™'® Early signs
of visual processing, social-emotional,
and sensory processing challenges
have been reported in infants with

a premutation.**®> Understanding
the prevalence and impact of these
early developmental differences is
critical to understanding the lifetime
impact of having a premutation. In
addition, although research to date
suggests that only approximately
one-third of individuals with

a premutation will experience =1 of
these fragile X-associated conditions,
biomarkers that can provide a more
definitive prognosis have yet to be
discovered.

Despite these early indicators, the
average age of FXS diagnosis is 3
years for boys.!” Girls with a full
mutation are often diagnosed with
FXS later'® because they typically
have a less severe phenotype.'®
Children with a premutation are
seldom identified except through
cascade testing or family history
studies of an individual with FXS.
Delayed diagnoses can reduce early
access to interventions and
significantly limit the ability to
conduct prospective infant studies
to describe the symptom
progression. Studies of older
children and retrospective parent
reports have aided in a well-
described phenotype for boys with
FXS, but there remains a significant
need for natural history data during
the early years.

To address questions about early
development across the range of
FMR1 gene expansions, we conducted
a secondary data analysis combining

extant data sets using the Mullen
Scales of Early Learning (hereafter
referred to as the Mullen)."® Guiding
research questions are as follows:

1. What is the nature and pace of
development for boys and girls
with an FMR1 gene expansion?

2. At what age do infants and
toddlers with an FMR1 gene
expansion first differ from
typically developing infants?

3. Are there distinct patterns of
developmental strengths and
weaknesses for boys and girls with
a premutation or full mutation?

METHODS

Participants

Eight research studies across the
United States contributed 1178
observations from 508 individuals
with an FMR1 premutation or full
mutation. Objectives of the studies
varied, but all researchers focused on
describing developmental or
behavioral outcomes for children
with FMR1 expansions. Studies that
enrolled children with a premutation
included a pilot newborn screening
study for FXS that also identified
infants with a premutation, as well as
several studies that included
premutation siblings of children with
FXS. Most studies required an existing
diagnosis, with confirmation via
genetic report; for those without
genetic confirmation, studies
provided molecular testing to
confirm. Participant characteristics
are shown in Table 1. Most (86%)
had a full mutation. On average,
children with a premutation were 23
months old, and children with a full
mutation were 34 months old at the
initial evaluation. There were similar
numbers of girls and boys in the
premutation group, but there were
more boys than girls (78% vs 22%) in
the full mutation group. Although
current prevalence numbers suggest
the full mutation is more common in
boys, because of the fact that several
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TABLE 1 Sample Description (N = 508; Observations = 1178)

Premutation Full Mutation
No. Children  No. Observations  No. Children  No. Observations
n =69 n =167 n =439 n=1011

Sex, n (%)

Female 34 (49.3) 106 (63.5) 94 (21.4) 226 (22.4)

Male 35 (50.7) 61 (36.5) 345 (78.6) 785 (77.6)
Race, n (%)

White 26 (37.7) 77 (46.1) 171 (39.0) 459 (45.4)

Black 6 (8.7) 19 (11.4) 11 (2.5) (31 (3.1)

Asian 1(1.4) 1(0.6) 5 (1.1) 13 (1.3)

Hispanic 2 (29) 9 (5.4) 4 (0.9) 5 (0.5)

Other 3 (4.3) 9 (5.4) 16 (3.6) 54 (5.3)

Missing 31 (44.9) 52 (31.1) 232 (52.8) 449 (44.4)
Age at baseline, mo, mean (SD)  23.0 (14.2) 23.4 (16.1) 34.8 (14.5) 33.7 (17.9)
No. observations, mean (SD) 24 (1.6) — 23 (1.4) —
No. with 1 visit, n (%) 29 (42.0) — 163 (37.1) —
Test-retest interval, in mo

Mean (SD) — 9.9 (84) — 12.1 (7.6)

Minimum—maximum — 1-49 — 1-45

—, not applicable.

of the contributing studies focused
exclusively on boys with a full
mutation, the male-to-female ratio in
this data set is larger than would be
expected, likely because FXS is most
often clinically ascertained. In
contrast, none of the studies that
included children with a premutation
were sex specific. Approximately half
of all children had missing data for
race. For those that were reported,
most were white.

Measure

All participants were administered
the Mullen at least once, and up to 8
times, between 2 and 68 months of
age. The Mullen is a standardized
direct assessment of early verbal,
nonverbal, visual reception, and
motor functioning for children birth
through 68 months of age.'® Five
scales are available for children up
through 38 months of age: gross
motor, fine motor, receptive language,
expressive language, and visual
reception. For participants >38
months, the gross motor scale is not
administered. Raw scores, age-
normed t scores (X = 50; SD = 10),
and age equivalents are obtained to
describe individual performance.
Individual scale scores are combined
to determine a standard score for the
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early learning composite (ELC) (X =
100; SD = 15). The Mullen has well-
established internal consistency, test-
retest reliability (gross motor = 0.96,
cognitive scales = 0.76-0.84),
interscorer reliability (0.91-0.99),
construct validity, and concurrent
validity'® with other measurements
of early development.?°

Procedures

Data from 8 sites were combined,
with the following requirements for
inclusion: (1) administration of the
Mullen at least once between birth
through 68 months of age in
individuals with confirmed
premutation or full mutation, (2)
access to the raw scores across
Mullen scales, and (3) known
information on age and sex for all
participants. Confirmation of
premutation or full mutation was
obtained through review of genetic
reports. Duplicates were removed
whenever possible and are believed
to be minimal on the basis of
participant demographics from the
studies included; however, given that
the data were deidentified per ethics
board requirements, including
removal of date of birth information,
duplicates in the sample are possible.

Statistical Analyses

Descriptive analyses used
frequencies for categorical
descriptive variables, whereas means
and SDs were used for continuous
variables. Individual growth curves
based on the standard scores for the
ELC, along with age-equivalent scores
and t scores of the 5 domains, were
plotted to characterize growth
patterns by sex and mutation status.
Although standard scores and t
scores based on the norming sample
are used for some analyses, these had
a strong floor effect, especially for the
full mutation samples. For example,
the majority of boys with a full
mutation scored at the floor of the
test on all domains by age 3. We
considered calculating
developmental quotients, as has been
done in other studies using the
Mullen.?>** However, this approach
does not account for varying levels of
functional significance across
different ages of early development.
For example, a 12-month-old child
with a 6-month delay would receive
the same developmental quotient as
a 48-month-old child with a 2-year
delay. In contrast, age-equivalent
scores provide a metric by which to
compare a given child’s score on

a domain to the expected
performance for a child that same age
and have been used to characterize
development in children with severe
developmental delays.?® Therefore,
age equivalents were used in the
regression models to describe the
extent of delay as well as trajectories
of development. To ensure each unit
of age had adequate information (and
aid in model convergence), age was
collapsed into 3-month groupings. A
sensitivity test was then conducted
by running the model after excluding
those with only 1 observation and
found that the results of the
significance tests were the same with
the exception of the gross motor
domain; therefore, the full sample
was used for all domains except for
gross motor.



TABLE 2 Parameter Estimates (and SE) Comparing Age-Equivalent Scores to the Norming Sample Within Domain by Group

ELC Gross Motor  Visual Receptive Fine Motor Receptive Language  Expressive Language
Fixed effects
Initial status
Intercept (centered, ref) 100.00 (0.22)* 18.00 (0.06) 36.00 (0.11)* 36.00 (0.08)* 36.00 (0.12)* 36.00 (0.11)*
Girl with a premutation —1.50 (1.17) —0.36 (0.21) 0.63 (0.57) —0.45 (0.46) —0.00 (0.63) —1.21 (0.63)
Boy with a premutation —2.24 (1.47) —0.24 (0.38) —0.08 (0.72) —1.84 (0.58)* 0.43 (0.81) —0.20 (0.80)
Girl with an FM —23.00 (0.69)* —2.54 (0.16)* —5.67 (0.34)* —8.28 (0.27)* —7.86 (0.38)* —8.75 (0.38)*
Boy with an FM —43.01 (041)*  —567 (0.11)* —14.93 (0.200* —16.05 (0.16)* —16.40 (0.22)* —18.87 (0.22)*
Rate of change, mo, centered
Time (ref) —0.00 (0.05) 1.00 (0.00)* 1.00 (0.03)* 1.00 (0.03)* 1.00 (0.03)* 1.00 (0.04)*
Time by girl with a premutation 0.11 (0.10) —0.05 (0.02) —0.01 (0.06) —0.07 (0.05) —0.01 (0.06) —0.01 (0.07)
Time by boy with a premutation —0.04 (0.11) —0.03 (0.05) —0.05 (0.08) —0.10 (0.06) —0.03 (0.07) —0.05 (0.08)
Time by girl with an FM —0.33 (0.07)* —0.20 (0.02)* —0.27 (0.04)* —0.41 (0.04)* —0.28 (0.05)* —0.32 (0.09)*
Time by boy with an FM —0.34 (0.06)* —0.44 (0.01)* —0.54 (0.03)* —0.64 (0.03)* —0.53 (0.04)* —0.56 (0.04)*
Random effects
Time, mo 0.13 (0.02)* — 0.05 (0.01)* 0.05 (0.00)* 0.07 (0.01)* 0.09 (0.01)*
Residual 66.25 (2.18)* 2.40 (0.08)* 15.37 (0.51)* 9.64 (0.32)* 18.67 (0.63)* 18.07 (0.61)*
Age is centered at 36 mo for each domain except for gross motor, which is centered at 18 mo for interpretation of the intercept. Cells that share the same alphabetic superscript within
domains are not statistically different from each other. Data are presented as parameter estimates (SE). FM, full mutation; ref, reference group (norming sample); —, not applicable.
* P < 001

Linear mixed modeling was used to
examine fixed and random effects of
growth by group. Four groups based
on sex and mutation status were
compared with the Mullen norming
sample: girls with a premutation,
boys with a premutation, girls with

a full mutation, and boys with a full
mutation. A series of nested models
were tested for each domain on the
Mullen, and the Akaike information
criterion and Bayesian information
criterion®* were used to determine
the best fit. Results were plotted for
a visual presentation of group
differences. Although a curvilinear
function of time may be apparent for
some plots (eg, fine motor
development among boys with a full
mutation), we tested only for a linear
function because of insufficient
repeated measurements per group to
justify a higher-order transformation
of time.

To test group differences in overall
mean ELC score and slope, pairwise
testing was conducted by using least-
squares means of group and slope
interaction fixed effects, with
Bonferroni adjustment for multiple
comparisons. An identical approach
was conducted to compare relative
domain strengths and weaknesses
across domains within groups. Means
and SEs were plotted by group to

examine relative strengths and
weaknesses across domains within
group. The SAS PROC MIXED
procedure (SAS Institute, Inc, Cary,
NC) was used to fit the linear mixed
model to the data.

RESULTS

Early Developmental Trajectories

Regression models comparing Mullen
scores to the norming sample, by
group, are presented in Table 2, and
results are illustrated in Figs 1 and 2.
Data from the norming sample are
shown with the dotted line in each
figure. Average ELC scores for boys
(97.8; SE = 1.47) and girls (98.5; SE =
1.17) with a premutation were higher
than for those with a full mutation
and not significantly different from
the norming sample at 36 months of
age. Average ELC scores were 57 (SE
= 0.41) for boys with a full mutation
and 77 for girls with a full mutation
(SE = 0.69), which were statistically
lower than the norming sample.
Across all 5 domains, boys and girls
with a full mutation had statistically
lower scores than the norming
sample (see Table 2). Boys with

a premutation had statistically lower
scores only on the fine motor domain
at 36 months of age (x = —1.8; P <
.001).

Similarly, the rate of growth for boys
with a full mutation was significantly
slower on all developmental
domains compared with the norming
sample and all other groups (see
Table 2). Relative to the norming
sample and the premutation groups,
boys with a full mutation
demonstrated growth at half the rate
on all developmental domains. The
rate of growth on the ELC score,
however, was similar between boys
and girls with a full mutation (see
Supplemental Table 5).

For girls with a full mutation, the rate
of growth was approximately three-
quarters of the rate of the norming
sample. Similar trajectories were
found across developmental domains,
with growth estimated at
approximately two-thirds of the rate
of the norming sample on visual
reception, receptive language, and
expressive language and nearly half
that of the norming sample on fine
motor (see Table 2).

Age When Developmental Differences
First Appear

Shown in Table 3 is the age at which
each of the FMR1 groups demonstrate
significant delays across domains on
the basis of standard ELC scores or
domain ¢ scores. Neither boys or girls
with a premutation exhibited

WHEELER et al
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FIGURE 1

ELC score plots. A, Raw ELC line plots. B, Model-based ELC plots.

clinically significant delays at any of
the tested ages on the ELC or any of
the subdomains, with 1 exception.
Boys with a premutation exhibited

PEDIATRICS Volume 147, number 5, May 2021

significant delays in fine motor skills
by 36 months of age, a finding that
persisted through the oldest ages in
this sample.

Girls with a full mutation scored ~11
points lower than the norming
sample on the ELC at 6 months,
which is still considered within the
average range for the test. However,
by 18 months, they were scoring
nearly 17 points lower than the
norming sample, and by 36 months,
the gap was 23 points lower, which
is 1.5 SDs below the average. Boys
with a full mutation showed
significant delays on the ELC by 6
months, with the extent of delays
becoming larger as they got older. At
6 months, boys with a full mutation
scored 29 points lower than the
norming sample on the ELC, and by
36 months, this difference grew to
43 points, which is nearly 3 SDs
below average.

Girls with a full mutation showed
clinically significant delays in gross
motor and expressive language skills
by 12 months of age. Fine motor and
receptive language skills were
significantly delayed by 18 months of
age, and visual reception skills were
delayed by their second birthday
(Table 3). All delays for girls with

a full mutation were between 1 and 2
SDs from average.

Boys with a full mutation showed
significant delays by 6 months of age
on all developmental domains (Table
3) with the extent of delays becoming
larger as they got older. By 3 years of
age, boys with a full mutation had
delays that were 2.5 SDs from average
on all developmental domains.

Patterns of Developmental Strengths
and Weaknesses

Presented in Table 4 are regression
models comparing Mullen scores
across domains, within groups, and
in Fig 3, these scores are depicted
visually. Although age-equivalent
scores were similar across domains
for girls with a premutation,
receptive language had a faster rate
of development than fine motor
skills (b = 1.05 compared with b =
0.94; P < .05) (see Table 4 and
Supplemental Table 6). No
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significant patterns of developmental expressive language and fine motor DISCUSSION

strengths or weaknesses in domain
scores were found for boys with

a premutation at 36 months of age
(see Table 4).

Developmental profiles of girls with
a full mutation suggest significantly
better visual reception than
expressive language scores at 36
months of age (age-equivalent x =
29.2 for visual reception compared
with x = 26.2 for expressive language;
P < .05) (see Table 4 and
Supplemental Table 6). They also
showed better rates of growth in
visual reception skills relative to

skills (b = 0.80 compared with b =
0.70, P <.01; b = 0.63, P <.001), and
better rates of growth in receptive
language than in fine motor skills (b =
0.73 compared with b = 0.63; P <
.01) (see Table 4 and Supplemental
Table 6).

Boys with a full mutation had

a significant weakness relative to all
other domains of development in
expressive language at 36 months of
age (see Supplemental Table 6). Fine
motor skills developed at

a significantly slower rate than other
domains (P < .001).

Our multisite collaboration
represents the largest exploration of
early development in young children
with an FMR1 gene expansion to date.
With data on >500 children and
nearly 1200 observations, our
findings expand and contribute to the
understanding of the natural history
of the FMR1 expansions found in
earlier direct-assessment
studies,>%>2° parent reports,17 and
results from imaging studies.?? Our
findings confirm the emergence of
developmental differences in young
children with a full mutation within

WHEELER et al
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TABLE 3 Age of Significant Negative Deviation From Norming Sample by Using Standardized Scores (ELC and t Scores)

Age, mo
6 12 18 30 36

ELC, mean (SD)

Girl with a premutation —7.60 (1.06) —6.20 (0.93) —4.39 (0.88) —4.54 (0.96) —398 (1.04) —1.50 (1.17)

Boy with a premutation —3.17 (1.34) —3.10 (1.21) —2.47 (1.23) —3.42 (1.25) —3.86 (1.31) —2.24 (1.47)

Girl with an FM —10.76 (0.84) —13.74 (0.74) —16.59 (0.71)° —18.82 (0.72)° —20.96 (0.68)° —23.00 (0.69)°

Boy with an FM —29.27 (0.59)° —32.01 (0.53)° —35.17 (0.49)° —37.39 (0.49)° —39.67 (0.44)° —43.01 (0.41)°
Gross motor

Girl with a premutation —3.71 (1.00) —2.72 (0.72) —1.73 (0.70) —0.74 (0.95) 025 (1.33) —

Boy with a premutation —4.49 (1.58) —321 (1.07) —1.94 (1.25) —0.66 (1.93) 062 (2.77) —

Girl with an FM —9.10 (0.82) —9.51 (0.59)° —992 (0.54) —10.34 (0.70)° —10.75 (0.98)° —

Boy with an FM —15.10 (0.61)° —17.61 (0.44)® —20.12 (0.35)° —2263 (0.40)° —25.14 (0.56)° —
Visual receptive, mean (SD)

Girl with a premutation —190 (0.82) —129 (0.71) —0.60 (0.66) —1.01 (0.70) —093 (0.76) 0.06 (0.87)

Boy with a premutation —1.03 (1.04) —1.05 (0.92) —0.72 (0.90) —1.61 (0.90) —2.13 (0.94) —1.42 (1.07)

Girl with an FM —4.03 (0.65) —524 (0.57) —6.57 (0.53) —797 (052 —9.16 (0.49) —10.33 (0.51)°

Boy with an FM —14.49 (0.46)° —16.18 (0.40)° —18.11 (0.36)° —19.82 (0.36)° —21.46 (0.32)° —23.66 (0.30)°
Fine motor, mean (SD)

Girl with a premutation —1.42 (0.91) —1.15 (0.84) —1.45 (0.72) —1.75 (0.68) —0.36 (0.70) —0.90 (0.80)

Boy with a premutation —396 (1.14) —3.86 (1.08) —4.25 (0.93) —4.64 (0.87) —341 (092 —4.32 (1.00)

Girl with an FM —365 (0.71) —6.70 (0.69) —8.79 (0.58) —10.88 (0.51)° —13.23 (0.47)° —15.38 (0.48)°

Boy with an FM —15.24 (0.50)° —17.99 (0.48)° —19.76 (0.41)° —21.54 (0.35)° —24.47 (0.29)° —26.20 (0.28)°
Receptive language, mean (SD)

Girl with a premutation —478 (0.81) —4.00 (0.70) —3.10 (0.65) —2.85 (0.69) —241 (0.75) —1.29 (0.86)

Boy with a premutation —0.12 (1.02) —051 (0.91) —0.49 (0.90) —0.46 (0.90) —0.70 (0.95) —0.04 (1.08)

Girl with an FM —7.58 (0.64) —9.14 (0.56) —1041 (0.52)° —11.17 (0.52)° —12.02 (0.49)® —12.69 (0.50)°

Boy with an FM —16.12 (0.45)° —17.76 (0.40)° —19.43 (0.36)° —20.59 (0.36)° —21.90 (0.32)° —23.62 (0.30)°
Expressive language, mean (SD)

Girl with a premutation —743 (0.72) —6.30 (0.62) —5.04 (0.58) —4.42 (0.62) —365 (0.67) —2.00 (0.76)

Boy with a premutation —1.70 (0.91) —1.46 (0.81) —1.37 (0.79) —1.76 (0.80) —191 (0.84) —1.05 (0.95)

Girl with an FM —8.69 (0.57) —9.99 (0.50)° —11.19 (0.46)° —11.84 (0.47)° —12.63 (0.44)° —13.30 (0.45)°

Boy with an FM —1861 (0.40)° —19.88 (0.35)° —21.34 (0.32)° —22.36 (0.32)° —23.45 (0.28)° —25.03 (0.27)°

ELC has mean of 100 and SD of 15. t score has mean of 50 and SD of 10. FM, full mutation; —, not applicable.

a tscore <1 SD from mean.
bt score <2 SD from mean.

the first 6 to 12 months of life, and
patterns of performance by 3 years of
age mimic those found in older
children and adults with a full
mutation, a significant contribution to
the holistic understanding of
development in FXS. Additionally, our
findings contribute to the limited
understanding of the early
developmental trajectory and
potential differences observed in

a subsample of those with

a premutation.

Estimated trajectories from this
sample indicate boys with a full
mutation were delayed on all
developmental domains by 6 months
of age. This confirms previous
retrospective reports by parents who
have noted first concerns for their
boys with FXS at ~6 months of age.'”
Imaging studies of infants and
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toddlers with FXS have also
indicated differences in white matter
tracts as young as 6 months of age,
with implications for limbic system
function and visual processing.** The
primary implication of these findings
is that the impact of reduced FMRP
on brain functioning is significant
early in development, manifesting in
observable delays in all areas of
development. However, white matter
is a highly plastic brain target that
can be amenable to intervention,
suggesting intensive early
intervention may reduce the
downstream negative outcomes for
children with FXS.?”

Girls with a full mutation had more
variability in development across
domains, with delays in language and
gross motor skills emerging earlier
(at ~1 year of age) than delays in fine

motor and visual reception skills
(emerging between 18 and 24
months). Both boys and girls with

a full mutation had delays in
expressive language by their first
birthday and demonstrated a relative
weakness in expressive language
relative to other domains at age 3.
This is consistent with previous
retrospective parent-report studies
highlighting language delays as one
of the earliest reported concerns by
parents of children with FXS, with
the average age of first words for
boys nearly a year behind typical
expectations.7'28 Furthermore, Brady
et al?® observed nearly half of the
children with FXS in their sample to
still be nonverbal at age 3,
suggesting language delays may be
one of the most significant and
pervasive developmental challenges



TABLE 4 Parameter Estimates (and SE) Comparing Age-Equivalent Scores to the Norming Sample Within Groups by Domain

Premutation Full Mutation
Girl Boy Girl Boy
Fixed effects
Initial status
Intercept (centered, ref) 36.00 (0.59)""2 36.00 (0.67)""2 36.00 (0.84)""2 36.00 (0.68)""?
Expressive language —1.17 (1.04)° —041 (127)° —9.77 (141)™ —18.86 (0.75)""
Fine motor —1.71 (1.04)° —231 (127)° —899 (1.11)” —16.00 (0.75)"
Receptive language —0.03 (1.04)° —043 (1.29)° —891 (1.11)™ —16.36 (0.75)""
Visual receptive —0.11 (1.04)° —0.54 (1.27)° —6.76 (1.11)™ —14.96 (0.75)™"
Rate of change, mo (centered, ref)
Time 1.00 (0.02)7"2 1.00 (0.03)72 1.00 (0.04)"2 1.00 (0.03)72
Time by expressive language 0.02 (0.04)° —0.04 (0.07)° —0.30 (0.05)"" —0.56 (0.03)™
Time by fine motor —0.06 (0.04)° —0.07 (0.07)° —0.37 (0.05)" —0564 (003
Time by receptive language 0.05 (0.04)° —0.03 (0.07)° —0.27 (005" —052 (003"
Time by visual receptive 0.00 (0.04) —0.12 (0.07)? —0.20 (0.05) —0.52 (0.03)
Random effects
Time, mo 0.01 (.00 0.04 (0.00" 0.08 (0.02) 0.04 (0.00™"
Domain 2081 (235" 27.26 (3.36)" 4177 (364 27.79 (1.30)"
Time x domain 0.01 (.00 0.03 (0.00 0.01 (.00 0.01 (0.00™
Residual 1.65 (0.08)"" 044 (002 340 (0.12™ 473 (0.15)"

ref, reference group (norming sample).

a Gells that share the same alphabetic superscript within domains are not statistically different from each other.

R p <001

for infants and toddlers with a full
mutation.

Our study also confirms previous
reports that infants with

a premutation do not show signs of
significant developmental differences
as measured by standard
developmental measures. However,
we did find that, as a group, boys with
a premutation had significant delays
in fine motor skill development at age
3. Although the delays were mild
relative to those of their counterparts
with a full mutation, this finding is
significant, especially given that in
previous reports of deviations from
typical development in infants with
a premutation, researchers also found
motor-related concerns, specifically
with visual-motor'* and sensory-
motor processing.15 Motor
coordination and sequencing are
considered neurologic soft signs for
neural dysfunction, suggesting
motoric development as an important
potential target of future
premutation-focused research.

Implications for Identification

In our sample, delays were present as
early as 6 months of age in all
domains for boys with a full mutation.

In addition, girls with a full mutation,
who are generally believed to be not
as severely impacted as their male
counterparts, showed delays in
expressive language and gross motor
skills by 12 months and
demonstrated significant delays
across all domains by their second
birthday. Early intervention programs
can be used to address early
difficulties and promote better
developmental outcomes; however, to
receive early intervention, children
must have a delay identified, which
can take many months to document.
Unfortunately, the average age of
diagnosis for boys with a full
mutation is at ~36 months,"” which
suggests that infants with a full
mutation may show signs of a delay
upward of 2.5 years before obtaining
an accurate diagnosis. Without an
established diagnosis, these early
delays may be overlooked or
dismissed until they are more
problematic or major milestones are
missed. Because delays are present
before a formal diagnosis, most
toddlers with FXS, especially boys,
will receive early intervention,
usually by 18 to 24 months of age.
However, this reflects a potential of

up to 2 years of missed therapeutic
intervention, time that would not be
lost with earlier identification and an
“established condition” for early
intervention eligibility.

Facilitation of early identification has
been a goal of FXS researchers and
clinicians for several decades.®* 32
Preconception carrier testing,
newborn screening, and systematic
universal developmental screening of
infants and toddlers are among the
top efforts proposed, with significant
challenges accompanying each of
these options.®* Currently, the most
accessible and common practice
implemented is the recommendation
for a microarray and FXS testing for
those who screen positive for

a developmental delay through
universal screening in pediatric
settings®* Unfortunately,
implementation of screening and
referring to genetic testing are
inconsistently implemented, and even
when delay is identified, families are
often told the child will “catch up,”
resulting in delays in access to
intervention and often a long
diagnostic journey for families. Public
health initiatives like newborn
screening hold great potential for

WHEELER et al
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Differences in means (at 36 months of age) by group across domains.

early identification of genetic
disorders; however, the inclusion of
disorders like FXS, particularly
without actionable medical
intervention, is limited. Although
parents have indicated that they are
willing to consent and engage in this
type of work,> moving these
initiatives forward has proven
challenging. Programs like Early
Check,*® which provides expanded
newborn screening options for FXS
under a research protocol, have the
potential to make a significant change
in this field by simultaneously
contributing further to the natural
history of developmental profiles
from birth and beyond, adding to data
necessary to move consideration for
nomination to the Recommended
Universal Newborn Screening Panel
forward and providing an innovative
model of second-tier screening for
FXS, leading to a more accessible
model of identification.

Implications for Treatment

On the basis of standard scores,
children with a full mutation move
farther away from the developmental
trajectory of their neurotypical peers
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over time. However, similar to
previous reports,>” we found that
children with a full mutation continue
to gain skills over their early
childhood years on the basis of age-
equivalent scores. For boys with a full
mutation, this progress was
approximately half the pace of their
typically developing peers, whereas
girls with a full mutation
demonstrated a gain in skills at
approximately three-quarters of the
pace of expected development. This is
a helpful metric by which to measure
the early natural history of the full
mutation because it provides

a marker by which early treatment
can be shown to have efficacy. For
example, even if standard scores are
not found to change significantly,

a new therapeutic medication or
targeted early intervention program
that was able to shift this trajectory
so that the rate of developmental skill
attainment was more similar to
neurotypical rates would have

a tremendous impact on outcomes for
individuals with FXS.

Disease-modifying therapeutics are
currently being explored for FXS.38

These have the potential to
dramatically change long-term
outcomes for individuals with FXS
and their families. However, to date,
clinical trials in FXS have not
succeeded in significantly altering
cognitive or behavioral outcomes.
Therefore, behavioral interventions
are still the primary treatment
mechanism for FXS. Although we do
not have data to report on the extent
to which children in this sample
received early intervention services,
we can assume on the basis of federal
eligibility criteria, that most children
with FXS would have been eligible for
these services. Therefore, these
findings can be considered to reflect
the natural history of early
development in FXS, including access
to standard care, suggesting a more
targeted set of intervention strategies
may be necessary. Although unlikely
to have a curative effect sought
through medical therapeutics,
targeted behavioral intervention
strategies can make significant
differences, especially when
implemented early and consistently.
Parent-mediated interventions are
especially promising because they
focus on enhancing parental efficacy
and skills, which can then be
implemented within the family’s daily
routines. Several case studies have
shown promise for this
approach®®~*; future intervention
trials are needed to demonstrate true
efficacy.

Limitations

Two key limitations should be noted,
primarily because of the fact that data
had already been collected under
different study protocols at each site.
First, although we could confirm the
diagnosis, we were not able to include
specific genetic information (eg, CGG
repeat, FMRP levels) about each child.
Second, we lack information on co-
occurring diagnoses (eg, autism
spectrum disorder, seizures), family
variables such as race and/or
ethnicity and socioeconomic status,
and treatment history. However,



despite these limitations, we believe
that these data provide a robust and
informative characterization of early
development associated with FMR1
gene expansions.

CONCLUSIONS

With our study, we demonstrate the

developmental patterns and show
that many children with FXS have
significant delays beginning in the
first year of life. These data suggest
that gene therapy or other innovative
therapeutics may be most effective if
administered early in life.

participating in this and other
research studies.

ABBREVIATIONS

CGG: cytosine-guanine-guanine
ELC: early learning composite
FMRP: fragile X mental retardation

power of collaborative efforts in
understanding rare disorders. By
combining multiple data sets, we
were able to characterize early

protein
FXS: fragile X syndrome
NS: norming sample
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