














FIGURE 2

Age-equivalent plots. A, Raw line plots. B, Model-based plots.

significant patterns of developmental
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

expressive language and fine motor
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).

DISCUSSION

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
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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 24 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

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
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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 (0.007"
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 (0.000 0.01 (.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
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FIGURE 3

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

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

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.
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