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RESEARCH Open Access

Developmental divergence: motor
trajectories in children with fragile X
syndrome with and without co-occurring
autism
Elizabeth A. Will1* , Somer L. Bishop2 and Jane E. Roberts1

Abstract

Background: Autism spectrum disorder (ASD) is highly prevalent in fragile X syndrome (FXS), affecting 50–70% of
males. Motor impairments are a shared feature across autism and FXS that may help to better characterize autism
in FXS. As motor skills provide a critical foundation for various language, cognitive, and social outcomes, they may
serve an important mechanistic role for autism in FXS. As such, this study aimed to identify differences in motor
trajectories across direct assessment and parent-report measures of fine and gross motor development between
FXS with and without autism, and typical development, while controlling for cognitive functioning.

Methods: This prospective longitudinal study included 42 children with FXS, 24 of whom also had ASD (FXS +
ASD), as well as 40 typically developing children. The Mullen Scales of Early Learning provided a direct measure of
fine and gross motor skills, and the Vineland Adaptive Behavior Scales provided a measure of parent-reported fine
and gross motor skills. Random slopes and random intercepts multilevel models were tested to determine
divergence in developmental motor trajectories between groups when controlling for cognitive level.

Results: Model results indicated the children with FXS + ASD diverged from TD children by 9-months on all
measures of gross and fine motor skills, even when controlling for cognitive level. Results also indicated an
early divergence in motor trajectories of fine and gross motor skills between the FXS + ASD and FXS groups
when controlling for cognitive level. This divergence was statistically significant by 18 months, with the FXS +
ASD showing decelerated growth in motor skills across direct observation and parent-report measures.

Conclusions: This study is the first to examine longitudinal trends in motor development in children with FXS with
and without comorbid ASD using both direct assessment and parent-report measures of fine and gross motor.
Furthermore, it is among the first to account for nonverbal cognitive delays, a step towards elucidating the isolated
role of motor impairments in FXS with and without ASD. Findings underscore the role of motor impairments as
a possible signal representing greater underlying genetic liability, or as a potential catalyst or consequence, of
co-occurring autism in FXS.
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Background
Autism spectrum disorder (ASD) affects 50–70% of
males with fragile X syndrome [1–4] (FXS), which is the
leading heritable cause of intellectual disability (ID) [5].
FXS is an X-linked disorder caused by a mutation in the
Fragile X Mental Retardation 1 (FMR1) gene [6, 7] that
affects approximately 1 in 4000 to 8000 individuals
[8, 9]. There are many shared features between FXS
and ASD, including impairments in language, social
communication, and adaptive functioning; however,
there is an important phenotypic distinction as well.
For example, virtually all individuals with FXS experi-
ence ID [9], compared to only approximately 30% of
individuals with ASD [10]. Several decades of research
highlight the complex relationships between ASD and
FXS, with some debate as to whether ASD should be
conceptualized as part of the FXS phenotype, versus
distinct comorbidity [11]. Most of this debate has fo-
cused on children and adolescents with FXS and/or
ASD; however, prior work on ASD in young children
with FXS [12, 13] suggests that a subset of children
with FXS do in fact follow a differentiable develop-
mental trajectory consistent with a clinical diagnosis
of ASD. Nevertheless, many questions remain about
the nature of ASD in FXS, particularly during early
development. As such, prospective longitudinal exam-
ination of infants with FXS provides opportunities for
increased understanding of the onset and early devel-
opmental course of ASD among children with in-
creased genetic liability for ASD.
Motor impairments are commonly reported among in-

dividuals with non-syndromic ASD (nsASD, ASD un-
associated with FXS or any other particular syndrome)
[14] as well as in FXS, irrespective of comorbid outcomes
[15]. In typical development, motor skills provide a critical
developmental foundation for many of the abilities that
are impaired in ASD, including language and communica-
tion [16], imitation, attentional control [17], and social
cognition [18–21]. Early motor experiences afford greater
opportunities for interaction with the environment, the
development of representations of the self and others as
agents, and an expansion of one’s attention and communi-
cation repertoire [20–22]. Accordingly, emergent evidence
suggests that early motor impairments in some children
may contribute to the development or enhanced severity
of certain ASD features [19, 21, 23–25].
Gross motor skills are in fact associated with social

communication and language development in ASD and
high-risk populations [23, 26, 27]. For example, high-risk
infants who have acquired independent walking have bet-
ter social communication skills than high-risk infants of
the same age and cognitive level who are not yet walking
[23]. For these infants, motor delays may directly influence
social communication skills; or, alternatively, these infants

may experience a propensity for both motor and social
communication delays resulting from added genetic liabil-
ity [28]. Recent work substantiates a link between motor
impairments and increased genetic liability in some chil-
dren with ASD [29, 30]. Specifically, delayed onset of inde-
pendent walking in children with ASD ascertained via the
Simons Simplex Collection (SSC) is associated with an
increased likelihood of an ASD-associated de novo muta-
tion [29, 30]. Further delineation of motor impairments in
FXS may therefore contribute to an enhanced understand-
ing of the link between genetic liability, motor impair-
ment, and ASD.
Motor impairments emerge during infancy in FXS and,

unlike most cases of ASD, are often one of the first not-
able signs of atypical development, with parents reporting
increased atypical motor behaviors [31] and delayed motor
skill acquisition [15, 32]. Fine motor skills diverge from
typical development as early as 6 [33] and 9 months in
FXS [34], and impairments in fine, as well as gross motor,
persist across development [13, 33, 35, 36]. Motor impair-
ments may be even more pronounced in children with co-
occurring FXS and ASD [12, 32, 35], as parent-report
gross motor skills are significantly more delayed in chil-
dren with FXS with ASD than those with FXS only [32].
In addition, motor impairments have emerged as the most
salient predictor in the infancy of a later diagnosis of ASD
in FXS [12]. On direct assessment measures, fine motor
skills are associated with ASD severity in children with
FXS between 8 and 68months old [34], and motor impair-
ments observed via direct assessment in 12-month-old in-
fants predict ASD outcomes at 24months of age in FXS
[12]. Thus, it is possible that motor impairments may also
serve as an early sign of co-occurring ASD in FXS.
A major challenge in this area of research is that

motor and cognitive development are inextricably
linked, informing one another across development [20,
37–40]. In addition, motor and cognitive ability are
more closely related in populations with ID relative to
typical development [40]. Thus, the role of motor
vulnerabilities as a unique facilitator or indicator of the
development of ASD in FXS, independent of overall
cognitive impairments characteristic of FXS, has not
been firmly established. For example, Zingerevich et al.
[35] (2009) found that differences in directly observed
fine motor skills in children with FXS between 12
and 76 months old with and without co-occurring
ASD were accounted for by differences in visual re-
ception skills. Furthermore, direct assessment of fine
and gross motor skills in younger children (i.e., 21
and 48 months) with FXS indicated no significant
differences as a function of ASD comorbidity, but
both FXS groups showed significantly poorer motor
repertoires than children with ASD without a genetic
diagnosis [13].
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With growing evidence that early trajectories may pro-
vide insights into different etiologies of ASD, it is critical
to understand the role of motor impairments in ASD in
FXS while also considering cognitive abilities. Thus, the
current study aims to identify potential differences in de-
velopmental trajectories in both gross and fine motor skills
between infants and young children with FXS with and
without ASD. In addition, we examine motor impairments
across both direct assessment and parent-report measures
to capture the unique information about motor develop-
ment provided by these two sources. Furthermore, we aim
to isolate motor impairments as a potential mechanism of
ASD by controlling for nonverbal cognitive abilities using
a nonverbal developmental quotient (NVDQ).
Our specific research questions are as follows:

1) At what point do fine and gross motor trajectories
in children with FXS, with and without ASD,
diverge from typical development?

2) Do early trajectories of fine and gross motor
development differ between children with FXS who
do and do not go onto be diagnosed with ASD?

Methods
Participants
This prospective longitudinal study included 42 children
with FXS (mean chronological age (CA) = 15.66months at
initial enrollment), and 40 TD children (M CA= 9.54
months at initial enrollment) between 6 and 60months
old. The FXS group included 24 children with FXS + ASD
(M CA= 19.13 at initial enrollment) and 18 children with
FXS only (M CA =12.20 at initial enrollment). Table 1
presents full participant characteristics. In total, there
were 282 observations across the sample, with 70 in the
FXS only group, 71 in the FXS + ASD group, and 141 in
the TD group. Inclusion in the FXS group was determined
by positive FXS diagnosis (i.e., > 200 repeats of the CGG
sequence on the FMR1 gene) per diagnostic report. TD
participants were included based on the absence of a
developmental delay and autism diagnosis, verified by our
assessment protocol and clinical team, as well as lack of a
first-degree relative with an ASD diagnosis. The groups
were well matched on average chronological age across
assessments (p = .59). Participants were part of a larger
prospective longitudinal study on early development in
FXS at the University of South Carolina.

Measures
Gross and fine motor skills—direct assessment
The Mullen Scales of Early Learning [41] is a standardized
measure of early childhood development normed for ages
0–68months. The MSEL measures development across
the following domains: expressive language, receptive lan-
guage, visual reception, fine motor, and gross motor, each

of which has mean standard scores of 50 and standard
deviation of 10. An early learning composite can also be
derived and has a mean of 100 and a standard deviation of
15. Raw scores from the fine and gross motor domains
were used in all analyses due to the floor effects of stand-
ard scores in ID populations. The gross motor domain
measures skills such as rolling over and independent sit-
ting in infancy, as well as navigating stairs and running
smoothly at preschool ages. The fine motor domain mea-
sures skills including reaching and grasping in infancy, as
well as copying shapes (visuomotor integration) and stack-
ing blocks at preschool ages. Because fine motor scores
factor into the Early Learning Composite (ELC) and non-
verbal mental age derivative, which is typically the
averaged fine motor and visual reception age equivalent
scores, we derived a developmental quotient from the
visual reception (VR) domain to control for cognitive
functioning while avoiding statistical collinearity issues.
The developmental quotient was computed using VR age

equivalent score and the following equation: VR age equivalent
chronological age

�100 . Visual reception developmental quotients were
used in all statistical models to control for the effect of
cognitive development on motor skill acquisition.

Gross and fine motor skills—parent report
The Vineland Adaptive Behavior Scales—2nd Edition
[42] is a semi-structured caregiver interview that mea-
sures adaptive functioning level across four domains:
communication, socialization, daily living skills, and
motor skills. Items are scored on a 0–2 scale indicating
the consistency with which the individual independently
completes the assessed skill: (0) never, (1) sometimes, or
(2) usually. All standard scores have a mean of 100 and
a standard deviation of 15 and each domain standard
score comprises the Adaptive Behavior Composite
(ABC). The gross motor domain includes items such as
pulling to sitting, and independent standing and walking
during infancy and toddlerhood, as well as jumping and
hopping at preschool ages. The fine motor domain mea-
sures items such as transferring items between hands
during infancy, as well as turning pages and doorknobs
at preschool ages. Raw scores from the fine and gross
motor subdomains were used in all analyses.

ASD diagnostic status
Information from the Autism Diagnostic Observation
Schedule-2nd Edition (ADOS-2) [43], a semi-structured
direct observation of ASD symptoms, and the Autism
Diagnostic Interview–Revised [44], a semi-structured
parent interview of ASD symptoms, were used in
conjunction with all other available information to
determine whether a clinical best estimate (CBE) diagno-
sis of ASD was appropriate (see below).
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Procedures
Study approval was obtained at the University of South
Carolina. Participants were recruited through local and
national (FXS) organizations. Participants were assessed
between 6 and 60 months of age. Assessment ages var-
ied, but the majority were assessed at regular intervals of
9, 12, 24, 36, 48, and 60 months. Table 1 presents the
number of participants assessed at each major age
interval.
As part of a larger assessment battery for the longitu-

dinal study, all participants (6-months-old and older)
completed the Mullen Scales of Early Learning [41], as
well as the ADOS-2 [43] beginning at 24 months. Gross
motor direct assessment was added later to the study
protocol, resulting in some Mullen Gross Motor missing
at random. This was accounted for in the analytic
approach. Participants’ parents completed interviews for
the Vineland Adaptive Behavior Scales–Survey Interview
Form–Second Edition [42]. Clinical best estimate (CBE)
procedures were implemented to determine ASD status
across all groups at 36-months or older. CBE diagnosis
was made from a thorough review of scores from the
parent and child assessments, review of ADOS tapes,
and expert clinical judgment by a licensed psychologist
and certified ADOS trainer, as well as trained research
staff reliable in ADOS administration. For the current
study, if ADOS data were not available at a 36-month or
older assessment, 24-month assessment CBE diagnoses
were used (n = 2). Prior work indicates diagnostic
stability in children receiving an ASD diagnosis prior to

36 months [45]. As such, the two participants with
only a 24-month diagnostic outcome were retained in
the FXS + ASD group. Of the overall FXS sample, 24
of 42 participants (57%) met criteria for comorbid
ASD (FXS + ASD).

Analytic approach
Multilevel modeling was used to estimate gross and fine
motor trajectories across groups and test age-by group
interactions to determine a point of divergence between
groups controlling for cognitive level (i.e., VRDQ). The
point in divergence was determined to be the age at
which groups significantly differed in their motor skills.
Because initial individual differences and individual
variation was expected, random intercepts and random
slopes models were used, which also appropriately
account for missing data. Due to floor effects with
standard scores, raw scores were used in all analyses. In
the initial models, age was centered at 9-months, the
approximate age of initial study enrollment of most
participants for primary model testing. We probed age-
by-group interactions within a multilevel framework by re-
centering age at subsequent ages of assessment (e.g., 12 and
18months) to yield predicted points of developmental di-
vergence (i.e., statistically significant difference) between
groups [46]. We probed interactions at an 18-month inter-
val to yield predicted estimates of motor skills at 18-months
as a prototypical value [47]. This approach provides esti-
mates of modeled group comparisons at various ages, with

Table 1 Participant Demographics

FXS-Whole Group
(n=42)

FXS+ASD
(n=24)

FXS-only
(n=18)

TD
(n=40)

Assessment Age (months) - 9 12 18 24 36 48 60 9 12 18 24 36 48 60 9 12 18 24 36 48 60

Participant n - 11 12 2 20 8 9 3 12 15 1 18 11 7 2 37 38 0 32 15 15 4
*M (SD) *M (SD) *M (SD) *M (SD)

Chronological Age (months) 24.31 (14.74) 24.77 (15.19) 23.86 (14.38) 22.20 (14.56)

Nonverbal Dev. Quotient 72.39 (24.84) 61.76 (20.73) 83.02 (24.17) 104.73 (17.99)

Direct Assessment

Gross Motor 16.58 (6.42) 15.78 (5.74) 17.30 (6.96) 18.67 (6.06)

Fine Motor 17.59 (7.87) 15.67 (6.54) 19.51 (8.63) 22.43 (10.60)

Parent Report

Gross Motor 33.91 (19.89) 30.89 (18.89) 37.21 (20.76) 40.35 (20.88)

Fine Motor 16.63 (8.91) 14.56 (7.31) 18.89 (9.97) 21.70 (11.25)

N (%) N (%) N (%) N (%)

Male 30 (71.4) 22 (91.67) 8 (44.44) 32 (80.00)

Caucasian 26 (61.91) 17 (70.83) 9 (50.00) 33 (82.50)

Black 3 (7.14) 1 (4.16) 2 (11.11) 4 (10.00)

Other/Multiracial 13 (30.95) 6 (25.00) 7 (38.89) 3 (7.50)
*Sample grand M (SD) across assessments
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age as a continuous predictor, while accounting for the re-
peated assessments across participants.

Results
Gross motor
Results showed that after controlling for NVDQ, children
with FXS + ASD significantly diverged in their gross motor
trajectories from TD controls by 9-months (b = 2.27;
p < .001), and this divergence became greater over time
(see Fig. 1a). These findings were also consistent across
parent-report measures of gross motor, with FXS + ASD
significantly diverging from TD controls in their motor
trajectories by 9-months (b = 6.52; p = .003), and this di-
vergence became greater over time (see Fig. 1a). Control-
ling for NVDQ, those with FXS without ASD also
significantly diverged from TD controls at 9 months in
direct assessment (b = 1.57; p = .039). However, differences
in parent-report gross motor were trending towards sig-
nificance at 9months (b = 3.60; p = .08) and reached sig-
nificance by 18 months (b = 3.86; p = .027).
Controlling for NVDQ, the FXS + ASD and FXS-only

groups significantly diverged in their gross motor trajec-
tories at 18-months (b = 1.90; p = .02), at which point this
divergence became greater over time. This pattern of
divergence was also consistent across trajectories of
parent-report gross motor development, with statisti-
cally significant differences identified at 18-months
(b = 4.49; p = .022) and becoming more divergent over
time (Fig. 2a).

Fine motor
The FXS +ASD group showed significant divergence in
their direct assessment trajectories of fine motor from TD
controls by 9 months (b = 1.30; p = .049), which became
greater over time (see Fig. 1b). This trend was also evident
in trajectories of parent-report fine motor skills, with sig-
nificant divergence occurring by 9-months (b = 2.65;
p = .004) and growing over time. Controlling for NVDQ,
trajectories in direct assessment fine motor also began to
diverge between the FXS-only and TD controls by
12 months (b = 1.03; p = .065) and was statistically signifi-
cant by 18months (b = 1.95; p < .001). Interestingly,
parent-report fine motor skills in FXS only were signifi-
cantly different from the TD group by 9 months (b =
2.01; p = .02) and these differences became greater
over time (see Fig. 2b).
Controlling for NVDQ, the FXS + ASD and FXS-only

groups demonstrated statistically significant differences
in fine motor skills by 18 months (b = 1.68; p = .006). At
this point in development, the FXS-only group scored
approximately 2-points higher on fine motor relative to
those with FXS + ASD, and this divergence became
greater over time. These trends were also consistent
across trajectories of parent-report fine motor develop-
ment when controlling for NVDQ. Specifically, by
18 months, even controlling for NVDQ, the FXS group
was predicted to perform 2-points higher than the
FXS + ASD group (b = 2.15; p = .021) and divergences
became greater over time.

a b

Fig. 1 Direct assessment motor trajectories
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Summary of findings
Results indicate that fine and gross motor skill acquisition
is impaired in children with FXS + ASD relative to FXS
-only and TD children at early ages. Differences emerged
between the FXS + ASD and FXS-only groups by
18 months. As expected, there was an early divergence
from typical development in both the FXS +ASD and
FXS-only group, though this contrast emerged earlier for
the FXS + ASD group on both direct and parent-report
measures. There was remarkable consistency in patterns
of divergence in motor trajectories across direct assess-
ment and parent-report measures for contrasts between
the FXS + ASD and FXS-only groups, and the FXS + ASD
and typical groups, but less consistency for contrasts
between the FXS-only and TD group. Full model results
are presented in Table 2 (gross motor) and Table 3 (fine
motor).

Discussion
The present study takes an initial step towards character-
izing the role of motor impairments and their implications
for ASD in FXS. This study is the first to examine diver-
gence in motor trajectories between children with FXS
with and without comorbid ASD across direct observation
and parent-report measures of both fine and gross
domains of motor development. Furthermore, this study
is also among the first to account for delays in cognitive
development, a construct closely related to motor devel-
opment, using a measure of nonverbal cognition that is
relatively independent of motor skills.
Trajectories of children with FXS with co-occurring

ASD diverged from those of typically developing children

in both gross and fine motor domains by 9 months old,
and these differences were consistent across direct assess-
ment and parent-report measures (see also ref. [12, 32]).
Interestingly, the FXS-only group began to show
differences by 9months, but only directly assessed gross
motor and parent-report fine motor differences were sta-
tistically significant prior to 12months. We also found sig-
nificant divergence in fine and gross motor trajectories
between FXS +ASD and FXS early in life, even after ac-
counting for general cognitive delays. Infants with FXS +
ASD showed decelerated fine and gross motor develop-
ment compared to those with FXS-only, resulting in lower
skills as early as 12months, differences which reached
statistical significance by 18months and became greater
over time. Trajectories diverged even when controlling for
NVDQ, indicating that motor differences could not be
fully explained by greater cognitive delays in those with
FXS and ASD. These results provide initial insight into
fundamental differences in the motor skills of those with
FXS + ASD and those with FXS-only, indicating a
potential key role of motor in the development of ASD in
children with FXS.
As this is a first step in identifying differences in motor

repertoires of children with FXS who go on to develop
ASD versus those that do not, unanswered questions re-
garding these motor differences remain. Motor may serve
as a catalyst for a disrupted developmental cascade [48],
leading to an enhanced presentation of ASD features for
some children with FXS, who already have an underlying
vulnerability to develop ASD. That is, early motor impair-
ments may place constraints on other developmental
processes, specifically attention, that lead to less optimal

a b

Fig. 2 Parent-report motor trajectories
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Table 3 Fine motor trajectory models

Fine motor direct assessment

9-month models 12-month models 18-month models

b SE(b) p b SE(b) p b SE(b) p

Intercept 5.88 0.78 < .001 7.22 0.74 < .001 9.90 0.69 < .001

VRDQ 0.06 0.01 < .001 0.06 0.01 < .001 0.06 0.01 < .001

Age 0.45 0.03 < .001 0.45 0.03 < .001 0.45 0.03 < .001

FXS 0.73 0.71 .305 1.05 0.64 .107 1.68 0.60 .006

TD 1.30 0.65 .049 2.08 0.61 .001 3.63 0.59 < .001

FXS × age 0.11 0.05 .033 0.11 0.05 .032 0.11 0.05 .032

TD × age 0.26 0.04 < .001 0.26 0.04 < .001 0.26 0.04 < .001

Fine motor parent report

9-month models 12-month models 18-month models

b SE(b) p b SE(b) p b SE(b) p

Intercept 6.93 1.12 < .001 8.19 1.07 < .001 10.71 1.03 < .001

VRDQ 0.03 0.01 .024 0.03 0.01 .024 0.03 0.01 .024

Age 0.42 0.05 < .001 0.42 0.05 < .001 0.42 0.05 < .001

FXS 0.64 0.97 .511 1.14 0.91 .215 2.15 0.92 .022

TD 2.65 0.90 .004 3.39 0.86 < .001 4.86 0.89 < .001

FXS × age 0.17 0.07 .012 0.17 0.07 .012 0.17 0.07 .012

TD × age 0.25 0.06 < .001 0.25 0.06 < .001 0.25 0.06 < .001

Table 2 Gross motor trajectory models

Gross motor direct assessment

9-month models 12-month models 18-month models

b SE(b) p b SE(b) p b SE(b) p

Intercept 8.63 0.98 < .001 10.43 0.90 < .001 14.03 0.81 < .001

VRDQ 0.02 0.01 .017 0.02 0.01 .017 0.02 0.01 .017

Age 0.60 0.06 < .001 0.60 0.06 < .001 0.60 0.06 < .001

FXS 0.71 0.91 .441 1.11 0.80 .169 1.91 0.77 .016

TD 2.21 0.85 .013 2.71 0.76 .001 3.72 0.75 < .001

FXS × age 0.13 0.08 .110 0.13 0.08 .110 0.13 0.08 .110

TD × age 0.17 0.08 .029 0.17 0.08 .029 0.17 0.08 .029

Gross motor parent report

9-month models 12-month models 18-month models

b SE(b) p b SE(b) p b SE(b) p

Intercept 10.97 2.55 < .001 14.39 2.42 < .001 21.24 2.22 < .001

VRDQ 0.05 0.03 .077 0.05 0.03 .077 0.05 0.03 .077

Age 1.14 0.03 < .001 1.14 0.08 < .001 1.14 0.08 < .001

FXS 2.92 2.35 .218 3.45 2.17 .117 4.49 1.92 .022

TD 6.52 2.14 .003 7.13 2.02 .001 8.34 1.89 < .001

FXS × age 0.17 0.11 .122 0.17 0.11 .122 0.17 0.11 .122

TD × age 0.20 0.10 .039 0.20 0.10 .039 0.20 0.10 .039
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social [18, 23] and cognitive [37, 49–51] outcomes evident
in those with FXS and ASD [12, 13]. Given that motor
development is a self-refining process that requires sys-
tem-level organization along with input from one’s
environment [20], motor delays with concurrent ASD and
additional genetic liability may enact a multiplicative effect
[52], resulting in diminished developmental outcomes for
those with FXS and ASD. The disruption in this develop-
mental pathway may account for generally lower cognitive
abilities in those with FXS and ASD compared to those
with FXS-only [13]. The timing and persistence of motor
differences as a function of ASD status across both direct
assessment and parent-report measures suggests that
motor impairments may also play a vital role in devel-
opment for children with FXS and ASD, particularly
related to language [26, 27], social communication
[23], and adaptive outcomes [53]. It is also possible
that poorer motor skills in the FXS + ASD partially
resulted from, or were made even worse by having
ASD. For example, deficits in imitation skills and
reduced motivation to perform certain activities could
have negatively affected the acquisition of more ad-
vanced motor skills for children with FXS and ASD.
There is an additional possibility that motor impair-

ments identified in those with FXS with ASD signal rare
genetic mutations not present in those with FXS only
[29, 30]. Additional damaging de novo mutations are as-
sociated with motor impairments in children with ASD
[29, 30], and these associations are the target of future
research. Thus, it is possible that motor impairments in
those with FXS and ASD reflect an undetected genetic
etiology [30]. Characterizing potential underlying de
novo mutations in the present sample was beyond the
scope of this study and further work is necessary to
determine underlying etiological mechanisms of motor
impairments in FXS, in general, but particularly in those
with FXS and ASD.

Limitations
Although the present study was the first to examine
prospective longitudinal trajectories of both gross and fine
motor development in children with FXS with and with-
out ASD across direct assessment and parent report, it is
not without limitations. One limitation includes the lack
of comparison to another neurogenetic group also at risk
for ASD. Such comparisons can yield better insight into
the role of motor impairments in the development of ASD
by elucidating what impairments may exist as a feature of
neurogenetic etiology versus ASD risk with greater specifi-
city than in FXS alone. Another potential limitation is the
focus on motor development specifically, rather than
other aspects of motor impairments such as motor stereo-
typies, which should be included in future work on FXS
and concurrent ASD as this may also further delineate

these groups [31]. An additional limitation relates to the
measurement of motor skills while accounting for general
cognitive ability. Assessment of motor abilities is some-
what constrained by currently available measures, de-
signed to assess broad development rather than precise
motor skills. While additional work is necessary to more
carefully characterize the nature of motor impairments in
FXS, longitudinal examination of gains in motor abilities
over time contribute to our fundamental understanding of
motor impairments in FXS and their role in the presence
of concurrent FXS and ASD. In addition, although a close
estimate of cognitive functioning, the visual reception
domain of the MSEL is not a comprehensive estimate of
cognitive level and requires motor planning in some
responses. Future work to develop more precise motor
measures may circumvent collinearity issues with other
measures of the cognitive level. Finally, although the
present sample size is quite robust considering the preva-
lence of FXS, it may impose limits on the statistical power
to detect small to medium effects. Furthermore, our sam-
ple was variable across age intervals, and relatively sparse
at some ages. As such, findings related to the timing of
developmental divergence in motor trajectories between
FXS and FXS +ASD identified in the present study are, in
some cases, based on relatively small samples. Future work
should aim for replication in larger samples.

Future directions and conclusions
Increased attention has focused on characterizing the
nature and role of motor impairments in ASD. Examining
prospective longitudinal trajectories of motor development
in an etiologically distinct genetic subgroup of ASD, such
as FXS, can further our understanding of what role motor
impairments serve as a catalyst or consequence of ASD, or
alternatively, a result of additional genetic risk, ID, and/or
ASD. The present study findings suggest that divergence in
motor development may occur independently of cognitive
impairment and therefore contribute to and/or serve as a
marker of concurrent ASD in FXS. Future work should aim
to identify the direction of influence between motor and
other important areas of development, such as cognition,
language, and attention, as well as the underlying mecha-
nisms and long-term consequences of motor impairments
in FXS. These efforts may provide insight into the role of
motor impairments as a catalyst or outcome of ASD-related
risk in FXS.

Abbreviations
ASD: Autism spectrum disorder; CA: Chronological age; FXS: Fragile X
syndrome; M: Mean; MSEL: Mullen Scales of Early Learning; TD: Typically
developing; VABS-II: Vineland Adaptive Behavior Scales–2nd Edition

Acknowledgements
We would like to thank all the families that participated in this research.

Will et al. Journal of Neurodevelopmental Disorders           (2019) 11:23 Page 8 of 10



Authors’ contributions
EW conceptualized the study, analyzed and interpreted data, and wrote the
manuscript. SB was a major contributor to the writing of the manuscript and
theoretical conceptualization of the manuscript. JR was a major contributor
to the writing of the manuscript. All authors read and approved the final
manuscript.

Funding
NICHD 1F32HD097877-01 (PI: Will) NIMH Pediatric-Extramural LRP (PI: Will);
NIMH R01MH90194 (PI: Roberts); NIMH R01MH090194 (PI: Roberts); NIMH
1R01MH107573 (PI: Roberts); NICHD R01HD093012 (PI: Bishop).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Ethics approval was obtained from the University of South Carolina
Institutional Review Board and consent to participate was obtained from
parents of all study participants. Parental consent was obtained due to the
age and intellectual disability status of participants.

Consent for publication
Not applicable

Competing interests
Dr. Bishop receives royalties for publication of the ADOS-2. Royalties
generated from her own clinical, research, or training activities are
donated to charity. The authors have no other competing interests.

Author details
1Department of Psychology, University of South Carolina, 1512 Pendleton
Street, Columbia, SC 29208, USA. 2Department of Psychiatry, University of
California San Francisco, 401 Parnassus Ave., San Francisco, CA 94143, USA.

Received: 17 December 2018 Accepted: 6 August 2019

References
1. Klusek J, Martin GE, Losh M. Consistency between research and clinical

diagnoses of autism among boys and girls with fragile X syndrome. J
Intellect Disabil Res. 2004 Oct;58(10):940–52. https://doi.org/10.1111/
jir.12121.

2. Talisa VB, Boyle L, Crafa D, Kaufmann WE. Autism and anxiety in males
with fragile X syndrome: an exploratory analysis of neurobehavioral
profiles from a parent survey. Am J Med Genet A. 2014 May;164(5):
1198–203. https://doi.org/10.1002/ajmg.a.36468.

3. Hall SS, Lightbody AA, Reiss AL. Compulsive, self-injurious, and autistic
behavior in children and adolescents with fragile X syndrome. Am J Ment
Retard. 2008;113(1):44–53. https://doi.org/10.1352/0895-8017.

4. Harris SW, Hessl D, Goodlin-Jones B, Ferranti J, Bacalman S, Barbato I, et al.
Autism profiles of males with fragile X syndrome. Am J Ment Retard. 2008;
113(6):427–38. https://doi.org/10.1352/2008.

5. Crawford DC, Acuna JM, Sherman SL. FMR1 and the fragile X syndrome:
Human genome epidemiology review. Genet Med. 2001;3(5):359–71. .

6. Loesch DZ, Huggins RM, Hagerman RJ. Phenotypic variation and FMRP
levels in fragile X. Ment Retard Dev Disabil Res Rev. 2004;10(1):31–41.
https://doi.org/10.1002/mrdd.20006.

7. Tassone F, Hagerman RJ, Taylor AK, Gane LW, Godfrey TE, Hagerman PJ.
Elevated levels of FMR1 mRNA in carrier males: a new mechanism of
involvement in the fragile-X syndrome. Am J Hum Genet. 2000;66:6–15.

8. Hagerman PJ. The fragile X prevalence paradox. J Med Genet. 2008 Aug 1;
45(8):498–9.

9. Bailey DB, Raspa M, Bishop E, Holiday D. No change in the age of diagnosis
for fragile X syndrome: findings from a national parent survey. Pediatrics.
2009 Aug;124(2):527–33. https://doi.org/10.1542/peds.2008-2992.

10. Baio J, Wiggins L, Christensen DL, Maenner MJ, Daniels J, Warren Z, Kurzius-
Spencer M, Zahorodny W, Rosenberg CR, White T, Durkin MS. Prevalence of
autism spectrum disorder among children aged 8 years --autism and
developmental disabilities monitoring network, 11 sites, United States, 2014.
MMWR Surveillance Summaries. 2018;67(6):1

11. Abbeduto L, McDuffie A, Thurman AJ. The fragile X syndrome–autism
comorbidity: what do we really know? Front Genet. 2014 Oct 16;5:355.
https://doi.org/10.3389/fgene.201400355.

12. Roberts JE, Tonnsen BL, McCary LM, Caravella KE, Shinkareva SV. Brief
report: autism symptoms in infants with fragile X syndrome. J Autism
Dev Disord. 2016 Dec;46(12):3830–7. https://doi.org/10.1007/s10801-
016-2903-5.

13. Rogers SJ, Wehner EA, Hagerman R. The behavioral phenotype in fragile X:
symptoms of autism in very young children with fragile X syndrome,
idiopathic autism, and other developmental disorders. J Dev Behav Pediatr.
2001;22(6):409–17.

14. Paquet A, Olliac B, Golse B, Vaivre-Douret L. Current knowledge on motor
disorders in children with autism spectrum disorder (ASD). Child
neuropsychology. 2016;22(7):763–94.

15. Baranek GT, Danko CD, Skinner ML, Bailey DB, Hatton DD, Roberts JE, et al.
Video analysis of sensory-motor feature in infants with fragile X syndrome
at 9-12 months of age. J Autism Dev Disord. 2005;35(5):645–56. https://doi.
org/10.1007/s10803-005-0008-7.

16. Libertus K, Violi DA. Sit to talk: relation between motor skills and language
development in infancy. Front Psychol. 2016;7:475.

17. Franchak J, Adolph K. Affordances as probabilistic functions: implications
for development, perception, and decisions for action. Eco Psychol.
2014;26(1–2):109–24. https://doi.org/10.1080/10407413.2014.874923.

18. Gallese V, Rochat M. The evolution of motor cognition: its role in the
development of social cognition and implications for autism spectrum
disorder. In: Legerstee MH, Bornstein MH, editors. The infant mind: origins of
the social brain. New York, NY: Guilford Press; 2013. p. 19–47.

19. Klin A, Jones W, Schultz R, Volkmar F. The enactive mind, or from
actions to cognition: lessons from autism. Philos Trans R Soc Lond Ser
B Biol Sci. 2003 Feb;358(1430):345–60. https://doi.org/10.1098/rstb.2
002.1202.

20. Needham A, Libertus K. Embodiment in early development. Wiley
Interdiscip Rev Cogn Sci. 2011;2(1):117–23. https://doi.org/10.1002/wcs.109.

21. Trevarthen C, Delafield-Butt JT. Autism as a developmental disorder in
intentional movement and affective engagement. Front Integr Neurosci.
2013 Jul;7(49):1–16. https://doi.org/10.3389/fnint.2013.00049.

22. Focaroli V, Iverson JM. Children’s object manipulation: a tool for knowing
the external world and for communicative development. The Hand.
Springer. 2017;38:1-27. https://doi.org/10.1007/978-3-319-66881-9_2.

23. Bradshaw J, Klaiman C, Gillespie S, Brane N, Lewis M, Saulnier C. Walking
ability is associated with social communication skills in infants at high risk
for autism spectrum disorder. Infancy. 2018;23(5):674–91. https://doi.org/1
0.1111/infa.12242.

24. Casartelli L, Molteni M, Ronconi L. So close yet so far: motor anomalies
impacting on social functioning in autism spectrum disorder. Neurosci
Biobehav Rev. 2016;63:98–105. https://doi.org/10.1016/j.neurbiorev.2016.02.001.

25. Hannant P, Cassidy S, Tavassoli T, Mann F. Sensorimotor difficulties are
associated with the severity of autism spectrum conditions. Front Integr
Neurosci. 2016 Aug 17;10(28):1–14. https://doi.org/10.3389/fnint.2016.00028.

26. Bedford R, Pickles A, Lord C. Early gross motor skills predict the subsequent
development of language in children with autism spectrum disorder.
Autism Res. 2016;9(9):993–1001. https://doi.org/10.1002/aur.1587.

27. Leonard HC, Bedford R, Pickles A, Hill EL. Predicting the rate of language
development from early motor skills in at-risk infants who develop autism
spectrum disorder. Res Autism Spectr Disord. 2015;13(14):15–24. https://doi.
org/10.1016/j.rasd.2014.12.012.

28. Pizzo L, Jensen M, Polyak A, Rosenfeld J, Mannik K, Krishnan A, et al. Rare
variants in the genetic background modulate cognitive and developmental
phenotypes in individuals carrying disease-associated variants. Gen Med.
2018 Sep 07;21:816–25.

29. Bishop SL, Farmer C, Bal V, Robinson EB, Willsey AJ, Werling DM, et al.
Identification of developmental and behavioral markers associated with
genetic abnormalities in autism spectrum disorder. Am J Psychiatry. 2017
Jun;174(6):576–85. https://doi.org/10.1176/appi.ajp.2017.16101115.

30. Buja A, Volfovsky N, Krieger AM, Lord C, Lash AE, Wigler M, et al. Damaging
de novo mutations diminish motor skills in children on the autism
spectrum. Proc Natl Acad Sci U S A. 2018;115(8):1859–66. https://doi.org/1
0.1073/pnas.1715427115.

31. Zhang D, Kaufmann WE, Sigafoos J, Bartl-Pokomy KD, Krieber M,
Marschik PB, et al. Parents’ initial concerns about the development of
their children later diagnoses with fragile X syndrome. J Intellect

Will et al. Journal of Neurodevelopmental Disorders           (2019) 11:23 Page 9 of 10

https://doi.org/10.1111/jir.12121
https://doi.org/10.1111/jir.12121
https://doi.org/10.1002/ajmg.a.36468
https://doi.org/10.1352/0895-8017
https://doi.org/10.1352/2008
https://doi.org/10.1002/mrdd.20006
https://doi.org/10.1542/peds.2008-2992
https://doi.org/10.3389/fgene.201400355
https://doi.org/10.1007/s10801-016-2903-5
https://doi.org/10.1007/s10801-016-2903-5
https://doi.org/10.1007/s10803-005-0008-7
https://doi.org/10.1007/s10803-005-0008-7
https://doi.org/10.1080/10407413.2014.874923
https://doi.org/10.1098/rstb.2002.1202
https://doi.org/10.1098/rstb.2002.1202
https://doi.org/10.1002/wcs.109
https://doi.org/10.3389/fnint.2013.00049
https://doi.org/10.1007/978-3-319-66881-9_2
https://doi.org/10.1111/infa.12242
https://doi.org/10.1111/infa.12242
https://doi.org/10.1016/j.neurbiorev.2016.02.001
https://doi.org/10.3389/fnint.2016.00028
https://doi.org/10.1002/aur.1587
https://doi.org/10.1016/j.rasd.2014.12.012
https://doi.org/10.1016/j.rasd.2014.12.012
https://doi.org/10.1176/appi.ajp.2017.16101115
https://doi.org/10.1073/pnas.1715427115
https://doi.org/10.1073/pnas.1715427115


Develop Disabil. 2017;42(2):114–22. https://doi.org/10.3109/13668250.2
016.1228858.

32. Hinton R, Budimirovic DB, Marschik PB, Talisa VB, Einspieler C, Gipson T, et al.
Parental reports on early language and motor milestones in fragile X
syndrome with and without autism spectrum disorders. Dev Neurorehabil.
2013;16(1):58–66. https://doi.org/10.3109/17518423.2012.704414.

33. Roberts JE, McCary LM, Shinkareva SV, Bailey DB. Infant development in
fragile X syndrome: cross-syndrome comparisons. J Autism Dev Disord.
2016;46(6):2088–99. https://doi.org/10.1007/s10803-016-2737-1.

34. Roberts JE, Mankowski JB, Sideris J, Goldman BD, Hatton DD, Mirrett PL, et
al. Trajectories and predictors of the development of very young boys with
fragile X syndrome. J Pediatr Psychology. 2009;34(8):827–36. https://doi.
org/10.1093/jpepsy/jsn129.

35. Zingerevich C, Greiss-Hess L, Lemons-Chitwood K, Harris SW, Hessl D, Cook
K, et al. Motor abilities of children diagnosed with fragile X syndrome with
and without autism. J Intellect Disabil Res. 2009;53(1):11–8. https://doi.org/1
0.1111/j.1365-2788.2008.01107.

36. Will EA, Caravella KE, Hahn LJ, Fidler DJ, Roberts JE. Adaptive behavior in
infants and toddlers with Down syndrome and fragile X syndrome. Am J
Med Genet B Neuropsychiatr Genet. 2018;177(3):358–68. https://doi.org/10.1
002/ajmg.b.32619.

37. Libertus K, Hauf P. Editorial: motor skills and their foundational role for
perceptual, social, and cognitive development. Front Psychol. 2017;8(301):1–
4. https://doi.org/10.3389/fpsyg.2017.00301.

38. Lobo MA, Galloway JC. The onset of reaching significantly impacts how
infants explore both objects and their bodies. Infant Behav Dev. 2013;36(1):
14–24. https://doi.org/10.1016/j.infbeh.2012.09.003.

39. Smith LB. Cognition as a dynamic system: principles from embodiment. Dev
Rev. 2005;25:278–98. https://doi.org/10.1016/j.dr.2005.11.001.

40. Houwen S, Visser L, van der Putten A, Vlaskamp C. The
interrelationships between motor, cognitive, and language
development in children with and without intellectual and
developmental disabilities. Res Dev Disabil. 2016;53(54):19–31. https://
doi.org/10.1016/j.ridd.2016.01.012.

41. Mullen EM. Mullen scales of early learning. Circle Pines, MN: AGS; 1995. p.
58–64.

42. Sparrow SS, Cicchetti DV, Balla DA. Vineland adaptive behavior scales:
(Vineland II). Survey interview form/caregiver rating form. Pearson
Assessments: Livonio, MN; 2005.

43. Lord C, Rutter M, DiLavore P, Risi S, Gotham K, Bishop S, et al. Autism
diagnostic observation schedule second edition (ADOS-2) manual (part 1):
modules 1–4. Torrance: Western Psychological Services; 2012.

44. Rutter M, Le Couteur A, Lord C. Autism diagnostic interview–revised. Los
Angeles: Psychological Services; 2003. p. 29. Report No.: 30

45. Kim SH, Macari S, Koller J, Chawarska K. Examining the phenotypic
heterogeneity of early autism spectrum disorder: Subtypes and short-term
outcomes. J Child Psychol Psychiatry. 2016;57(1):93–102. https://doi.org/1
0.1111/jcpp.12448.

46. Cohen J, Cohen P, West SG, Aiken LS. Applied multiple regression/
correlation analysis for the behavioral sciences 2nd ed. New York:
Psychology Press; 2014. p. 545.

47. Preacher KJ, Curran PJ, Bauer DJ. Computational tools for probing
interactions in multiple linear regression, multilevel modeling, and latent
curve analysis. J Edu Behav Stat. 2006;31(3):437–48.

48. Granic I. Timing is everything: developmental psychopathology from a
dynamic systems perspective. Dev Rev. 2005 Sep;25(3–4):386–407. https://
doi.org/10.1016/j.dr.2005.10.005.

49. Adele Diamond, (2000) Close Interrelation of Motor Development and
Cognitive Development and of the Cerebellum and Prefrontal Cortex. Child
Development 71.(1):44–56.

50. Barrett TM, Traupman E, Needham A. Infants’ visual anticipation of object
structure in grasp planning. Infant Behav Dev. 2008;31(1):1–9. https://doi.
org/10.1016/j.infbeh.2007.05.004.

51. Gallese V, Rochat M, Cossu G, Sinigaglia C. Motor cognition and its role in
the phylogeny and ontogeny of action understanding. Dev Psychol. 2009;
45(1):103–13. https://doi.org/10.1037/a0014436.

52. Livingston LA, Happé F. Conceptualizing compensation in
neurodevelopmental disorders: reflections from autism spectrum disorder.
Neurosci Biobehav Rev. 2017;8:729–42. https://doi.org/10.1016/j.neubiorev.2
017.06.005.

53. Travers BG, Bigler ED, Duffield TC, Prigge MD, Froehlich AL, Lange N, et al.
Longitudinal development of manual motor ability in autism spectrum
disorder from childhood to mid-adulthood relates to adaptive daily living skills.
Dev Sci. 2017;20(4):1–15. https://doi.org/10.1111/desc.12401.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Will et al. Journal of Neurodevelopmental Disorders           (2019) 11:23 Page 10 of 10

https://doi.org/10.3109/13668250.2016.1228858
https://doi.org/10.3109/13668250.2016.1228858
https://doi.org/10.3109/17518423.2012.704414
https://doi.org/10.1007/s10803-016-2737-1
https://doi.org/10.1093/jpepsy/jsn129
https://doi.org/10.1093/jpepsy/jsn129
https://doi.org/10.1111/j.1365-2788.2008.01107
https://doi.org/10.1111/j.1365-2788.2008.01107
https://doi.org/10.1002/ajmg.b.32619
https://doi.org/10.1002/ajmg.b.32619
https://doi.org/10.3389/fpsyg.2017.00301
https://doi.org/10.1016/j.infbeh.2012.09.003
https://doi.org/10.1016/j.dr.2005.11.001
https://doi.org/10.1016/j.ridd.2016.01.012
https://doi.org/10.1016/j.ridd.2016.01.012
https://doi.org/10.1111/jcpp.12448
https://doi.org/10.1111/jcpp.12448
https://doi.org/10.1016/j.dr.2005.10.005
https://doi.org/10.1016/j.dr.2005.10.005
https://doi.org/10.1016/j.infbeh.2007.05.004
https://doi.org/10.1016/j.infbeh.2007.05.004
https://doi.org/10.1037/a0014436
https://doi.org/10.1016/j.neubiorev.2017.06.005
https://doi.org/10.1016/j.neubiorev.2017.06.005
https://doi.org/10.1111/desc.12401

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Participants
	Measures
	Gross and fine motor skills—direct assessment
	Gross and fine motor skills—parent report
	ASD diagnostic status

	Procedures
	Analytic approach

	Results
	Gross motor
	Fine motor
	Summary of findings

	Discussion
	Limitations
	Future directions and conclusions
	Abbreviations

	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note



