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Abstract

IMPORTANCE—Fragile X syndrome (FXS) is a genetic neurodevelopmental disorder and the 

most common inherited cause of intellectual disability in males. However, there are no published 

data on brain development in children with FXS during infancy.

OBJECTIVE—To characterize the development of white matter at ages 6, 12, and 24 months in 

infants with FXS compared with that of typically developing controls.

DESIGN, SETTING, AND PARTICIPANTS—Longitudinal behavioral and brain imaging data 

were collected at 1 or more time points from 27 infants with FXS and 73 typically developing 

controls between August 1, 2008, and June 14, 2016, at 2 academic medical centers. Infants in the 

control group had no first- or second-degree relatives with intellectual or psychiatric disorders, 

including FXS and autism spectrum disorder.

MAIN OUTCOMES AND MEASURES—Nineteen major white matter pathways were defined 

in common atlas space based on anatomically informed methods. Diffusion parameters, including 

fractional anisotropy, were compared between groups using linear mixed effects modeling. Fiber 

pathways showing group differences were subsequently examined in association with direct 

measures of verbal and nonverbal development.

RESULTS—There were significant differences in the development of 12 of 19 fiber tracts 

between the 27 infants with FXS (22 boys and 5 girls) and the 73 infants in the control group (46 

boys and 27 girls), with lower fractional anisotropy in bilateral subcortical-frontal, occipital-

temporal, temporal-frontal, and cerebellar-thalamic pathways, as well as 4 of 6 subdivisions of the 

corpus callosum. For all 12 of these pathways, there were significant main effects between groups 

but not for the interaction of age × group, indicating that lower fractional anisotropy was present 

and stable from age 6 months in infants with FXS. Lower fractional anisotropy values in the 

uncinate fasciculi were correlated with lower nonverbal developmental quotient in the FXS group 

(left uncinate, F = 10.06; false discovery rate–corrected P = .03; right uncinate, F = 21.8; P = .

004).
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CONCLUSIONS AND RELEVANCE—The results substantiate in human infants the essential 

role of fragile X gene expression in the early development of white matter. The findings also 

suggest that the neurodevelopmental effects of FXS are well established at 6 months of age.

Fragile X syndrome (FXS) is a single-gene neurodevelopmental disorder that is the most 

common inherited cause of intellectual disability in males. Its behavioral phenotype includes 

social avoidance and anxiety, language impairment, stereotypic and self-injurious behaviors, 

attentional deficits, hypersensitivity to sensory stimuli, and aggression.1–4 Fragile X 

syndrome results from transcriptional silencing of the FMR1 gene (OMIM 300624), leading 

to a failure to produce the fragile X mental retardation protein (FMRP). In the brain, the loss 

of FMRP impedes neural plasticity through dysregulation of messenger RNA translation.5

In addition to well-characterized effects on dendritic spine growth and plasticity,6,7 a loss of 

FMRP also results in significant effects on the development of white matter through altered 

axon growth, refinement, and myelination.8–10 These effects on white matter maturation 

may be particularly pronounced during the early postnatal period.8,11 Altered axonal 

plasticity contributes to network dysfunction by affecting the development of local and 

global connectivity as well as functional specialization.12 In Fmr1 knockout model mice, 

there is converging evidence from multimodal imaging that both structural and functional 

connectivity is disrupted, with local connections favored vs long-range connections.13

Informed by findings from animal models, structural neuroimaging studies of toddlers and 

preschool-age children with FXS have reported atypical cortical gray matter and subcortical 

white matter volumes14–17 and growth trajectories.18 White matter in temporal regions14 

show the largest lobar differences in children with FXS relative to typically developing and 

developmentally delayed controls. Complementing these volumetric findings in white matter 

are reports of widespread alterations in functional connectivity in individuals with FXS.19,20 

However, only a handful of studies have used diffusion tensor imaging (DTI) to characterize 

the microstructural properties of white matter in individuals with FXS, and most of these 

studies have focused on later childhood and adolescence.21–24 Although findings from this 

limited body of research have been somewhat inconsistent, they provide further evidence 

that white matter connectivity is fundamentally altered in individuals with FXS.

To our knowledge, there are no published data to date on the development of white matter 

fiber tracts in FXS during infancy. It is during this period that the clinical phenotype of FXS 

is typically first observed, when expression of FMRP is most crucial to the development of 

neural architecture,8 and when postnatal alterations in axonal plasticity25 may affect 

connectivity and functional specialization. Our aims in this study were to characterize the 

development of white matter using DTI in a longitudinal sample of infants with and without 

FXS, with the hypothesis that fractional anisotropy (FA) values would be lower in infants 

with FXS compared with control infants, and to perform a preliminary investigation into the 

association of structural connectivity with cognitive and behavioral development in infants 

with FXS.
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Methods

Participants

This study includes data from a longitudinal study of infants with FXS. Participants included 

27 infants with FXS and 73 control infants. Full-mutation FXS (>200 CGG repeats) was 

confirmed via medical records, genetic testing (by polymerase chain reaction and Southern 

blot [eTable 1 in the Supplement]), or in a limited number of cases by parent report (n = 2). 

Infants in the control group had no first- or second-degree relatives with intellectual or 

psychiatric disorders, including FXS and autism spectrum disorder (ASD).26 Further 

information on ascertainment strategies and exclusionary criteria can be found in the 

eAppendix in the Supplement. Parents provided written informed consent prior to 

participation. Procedures were approved by the Institutional Review Boards of the 

University of North Carolina at Chapel Hill and Washington University in St Louis.

Data were collected between August 1, 2008, and June 14, 2016, at the University of North 

Carolina, Chapel Hill and Washington University in St Louis. Infants and their families were 

enrolled and assessed when the infants were aged 6 months, with follow-up assessments at 

ages 12 and 24 months.

Clinical Measures

Cognitive Skills—Cognitive development was measured when the infants were aged 12 

months using standard scores from the Mullen Scales of Early Learning,27 a normed 

developmental assessment applicable to children from birth through 68 months. Nonverbal 

developmental quotients (NVDQs) were calculated from the visual reception and fine motor 

subscales, and verbal developmental quotients were calculated from the receptive and 

expressive language subscales.

Diffusion Tensor–Magnetic Resonance Imaging Data Acquisition, Processing, and Fiber 
Tractography

Pediatric imaging was completed during natural sleep at each clinical site using identical 

3.0-T Siemens MAGNETOM Trio scanners (Siemens Medical Solutions). Infant-specific 

protocols were developed to be age appropriate and were standardized across sites with 

ongoing human and phantom calibration.28 The eAppendix in the Supplement contains 

information on DTI acquisition, preprocessing, quality control procedures, and diffusion 

measures. All corresponding processing tools are publicly available as part of the University 

of North Carolina at Chapel Heill–Utah National Alliance for Medical Imaging Computing 

DTI fiber tract analysis framework (https://www.nitrc.org/projects/namicdtifiber).29

Nineteen white matter fiber tracts were generated using seed label maps in the combined 

atlas space in 3D Slicer according to existing tractography methods (https://www.slicer.org).
29–31 Label maps were created for the following bilateral fiber tracts: inferior longitudinal 

fasciculus, uncinate fasciculus, anterior thalamic radiation, superior cerebellar peduncles 

(SCPs), and anterior and posterior limbs of the internal capsule. Label maps were also 

created for the middle cerebellar peduncles and 6 segments of the corpus callosum based on 

the Hofer and Frahm32 anatomical parcellation method. This method yields corpus callosum 
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segments that project to prefrontal regions (section I), the premotor and supplementary 

motor cortex (section II), the primary motor cortex (section III), the somatosensory cortex 

(section IV), and the parietal, temporal, and occipital regions (section Va and Vb). Spurious, 

incomplete, or anatomically incorrect fibers were removed via FiberViewerLight (University 

of North Carolina at Chapel Hill Neuro Image Research and Analysis Laboratory). Fiber 

profiles of FA, axial diffusivity (AD), and radial diffusivity (RD) were computed and 

averaged along each fiber tract.

Statistical Analysis

As of June 1, 2017, data were available for 100 infants who completed at least 1 DTI scan 

that passed quality control procedures (27 in the FXS group and 73 in the control group). All 

analyses were performed using SAS statistical software, version 9.3 (SAS Institute Inc). P 
< .05 (2-sided) was considered significant.

Longitudinal FA was examined across 3 visits (at age 6, 12, and 24 months) using general 

linear mixed models. For each model, mean FA in a given fiber tract was the dependent 

variable and fixed effects for the model included age, group, and group × age interaction. 

Clinical data collection site was included a priori as a control variable in all models to 

account for potential site differences in acquired magnetic resonance imaging data. The 

intercept term was treated as a random effect with the objective to reduce individual-to-

individual variation. A false discovery rate procedure was used to correct for multiple 

comparisons, with adjusted P values presented as q values. Percentage differences in model-

adjusted FA across all time points are reported relative to the control group.

Model fitting procedures were conducted to determine if sex of the infant or maternal 

education should be included as covariates. The 2 variables were assessed separately using a 

2-step process. The first step included adding the potential covariate as a fixed effect and the 

second step included adding an interaction term with group (sex × group or maternal 

education × group). For both potential covariates across both steps, the base model 

demonstrated better model fit (based on lower Akaike information criterion scores). As such, 

these terms were not included in the final model reported in the main text. The results for 

models including effects for sex and a sex × group interaction are reported in eTable 2 in the 

Supplement, while the results for models with the sex ratios matched in the FXS and control 

groups can be found in eTable 3 in the Supplement.

Secondary analyses investigated group differences in longitudinal RD and AD. These 

general linear mixed models included mean RD or AD in a given fiber tract as the dependent 

variable, and fixed effects included age, group, clinical data collection site, and group × age 

interaction.

Last, exploratory brain × behavior analyses were conducted within the FXS group. Analyses 

focused on tracts for which infants with FXS had significantly lower FA than infants in the 

control group. Linear regression was used to determine if 12-month FA in selected tracts was 

associated with 12-month Mullen Scales of Early Learning NVDQ and verbal 

developmental quotient scores, corrected for multiple comparisons. The 12-month imaging 
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time point was selected, as this was the time point with the most magnetic resonance 

imaging data in infants with FXS (n = 18).

Results

Participant Characteristics

The 2 groups did not differ by proportion of males and females (χ2 = 3.08; P = .07) or by 

racial composition as defined by the parent (χ2 = 1.95; P = .74). The control group had 

mothers with higher levels of educational attainment compared with the FXS group (χ2 = 

16.63; P < .001). Table 1 includes additional participant demographic information as well as 

information on the number of scans at each time point (eTables 4 and 5 in the Supplement 

contain detailed information on data ascertainment).

Longitudinal Brain Development of White Matter Tracts

We examined FA in major white matter pathways across the brain at ages 6, 12, and 24 

months, comparing development in the FXS and control groups. Table 2 presents the full 

fixed effect results. In the left and right anterior limb of internal capsule, inferior 

longitudinal fasciculus, uncinate fasciculus, SCP (Figure 1), and sections I to III and Va of 

the corpus callosum (eFigure 1 in the Supplement), there were significant main effects for 

group, with lower FA in the FXS group compared with controls. There were no significant 

age × group interaction effects in any of these tracts, indicating that group differences in FA 

relative to controls did not significantly change over time. Compared with controls, infants 

with FXS had lower FA by a mean of 3.5% to 7.9% across these tracts. There were no 

significant effects for the midcerebellar peduncle, posterior limb of internal capsule, anterior 

thalamic radiation, and sections IV and Vb of the corpus callosum (eFigure 2 in the 

Supplement).

Results for secondary analyses of RD and AD can be found in eTables 6 and 7 in the 

Supplement. There were significant group main effects for RD in the left and right SCP, left 

anterior limb of internal capsule, left inferior longitudinal fasciculus, left uncinate fasciculus, 

and sections I, II, and Va of the corpus callosum (eFigure 3 in the Supplement). In these 

tracts, the FXS group had higher RD than the control group. There were no significant group 

main effects for AD and there were no significant age × group effects for RD or AD.

Associations With Behavior

Exploratory brain × behavior analyses within the FXS group focused on tracts for which 

infants with FXS had significantly lower FA than control infants. Results indicated a positive 

association between 12-month Mullen Scales of Early Learning NVDQ and 12-month FA in 

the left and right uncinate fasciculi (Figure 2 and Table 3). Follow-up analyses of 12-month 

uncinate FA and 24-month NVDQ scores are presented in the eAppendix in the Supplement.

We next conducted 2 final tests to determine if these results were driven by the visual 

reception or fine motor components of the NVDQ. Results for the left uncinate fasciculus 

indicated that visual reception and fine motor together explained 44.0% of the variance 

(adjusted R2 = 0.366; F2,15 = 5.91; P = .01). Visual reception was significantly associated 
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with FA (β = 5.40 × 10−4; P = .03); however, the fine motor component was not 

significantly associated with FA (β = 5.33 × 10−5; P = .79). A similar pattern emerged for 

the right uncinate fasciculus; the visual reception and fine motor components together 

explained 60.7% of the variance (adjusted R2 = 0.555; F2,15 = 11.62; P < .001). The visual 

reception component was significantly associated with FA (β = 4.31 × 10−4; P = .01); 

however, the fine motor component was not significantly associated with FA (β = 1.38 × 

10−4; P = .32). Nonverbal developmental quotients were not significantly associated with FA 

in any other tracts, nor was 12-month verbal developmental quotient significantly correlated 

with FA in any tract (Table 3).

Discussion

In this longitudinal DTI study, we identified significant differences in the development of 12 

of 19 white matter fiber pathways among infants with FXS. These differences were 

uniformly characterized by lower FA during the 6- to 24-month age interval, relative to 

typically developing infants in the control group. To our knowledge, these findings are the 

first to substantiate in human infants findings from nonhuman animal model studies 

concerning the essential role of FMRP in the early development of white matter 

connectivity.8–10 Furthermore, our findings suggest that alterations to white matter structure 

in FXS are well established and relatively stable from age 6 months, 2 to 3 years prior to the 

mean age of diagnosis.33 The white matter development observed in infants with FXS in our 

study appear to be distinct from those reported in similar studies of nonsyndromic ASD.
26,34,35 Infants and toddlers with ASD are reported to show higher initial FA followed by a 

period of relatively slower white matter development thereafter.26,34 This finding is in 

contrast with the low and stable FA we observed in infants with FXS, and is consistent with 

previous work indicating that the neural signature of FXS may be distinct from that of 

idiopathic ASD.14–16,36

We observed some congruity in the white matter tracts showing significantly lower FA in 

infants with FXS. One set of pathways is predominantly involved in connectivity between 

subcortical regions—including the thalamus, basal ganglia, and cerebellum—and the 

prefrontal cortex (ie, bilateral SCP and anterior limb of internal capsule). Along with corpus 

callosum tracts linking primary and premotor cortices (corpus callosum sections II–III), 

these pathways support the execution and control of motor function and support specific 

brain structures and behaviors known to be altered in FXS.15,16,36 We also identified 

differences in the bilateral uncinate and inferior longitudinal fasciculi. The bilateral uncinate 

fasciculus connects the temporal lobe with the prefrontal lobe, and the inferior longitudinal 

fasciculus connects the temporal lobe with the occipital lobe, and together may constitute an 

indirect frontal-occipital circuit.37 These pathways and the regions they connect have been 

implicated in previous diffusion tensor and structural imaging studies of older individuals 

with FXS,23,38 and may contribute to aspects of the FXS phenotype associated with anxiety, 

language, and social-emotional functioning. This pattern of results suggests that loss of 

FMRP leads to variable outcomes on white matter circuitry, consistent with evidence that the 

protein is expressed differentially across brain regions and over time39 and is pronounced in 

subcortical sensory and motor cells.40
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Findings of lower FA in infants with FXS, together with secondary analyses indicating 

elevated radial diffusivity, may be attributed to underlying differences in structural 

connectivity associated with altered axon growth, refinement, and myelination—all 

processes that are uniquely robust during infancy.41,42 Although the effect of FMRP on 

synaptic plasticity has been the focus of extensive study,43 considerably less is known about 

its effects on axon development or the interrelation of axonal and synaptic plasticity in its 

absence. Fragile X mental retardation protein is expressed by glial cells during early 

development and is necessary for the function of such cells.44,45 Selective suppression of 

FMRP in glial cells only—in this case, astrocytes—is sufficient to bring about a neural and 

behavioral phenotype evocative of FXS in mice.46 There is likewise evidence that the 

population of oligodendrocyte precursor cells is reduced in Fmr1 knockout mice, and this 

reduction may contribute to subsequent myelin deficits arising during early postnatal 

development.8 Moreover, FMRP is also necessary for regulating the growth and refinement 

of axons,9,10 and axonal development absent of FMRP may induce dendritic spine 

dysmorphologic features.9,10,47

To explore the manner in which atypical white matter development may contribute to early 

functional deficits in children with FXS, we conducted a focused set of analyses into the 

association of FA with cognitive development at age 12 months. We found that the uncinate 

fasciculi were significantly positively associated with nonverbal developmental quotient. 

Motor function in FXS gradually diverges from a typical trajectory between infancy and 

toddlerhood48 and atypical motor behaviors, such as stereotypies, are hallmark features of 

FXS from early in life.4,49 We did not find that the SCP or other putative motor pathways 

were associated with NVDQ. Further analysis into this issue revealed that the visual 

reception component appeared to drive the association between uncinate FA and NVDQ. 

Although it is difficult to ascribe a particular function to the uncinate, particularly during 

infancy, it is possible that the brain-behavior association we observed pertains to its role in 

limbic system function, which may be reflected in visual reception scores.50

The results of this study highlight white matter as a potential target for early intervention. 

White matter undergoes robust development from infancy through early adulthood51 and 

remains a highly plastic target for intervention throughout the lifespan.25 There is evidence 

linking the early development of specific white matter regions to cognitive and behavioral 

features relevant to the FXS phenotype, including language, learning, and memory, as well 

as repetitive behaviors.52–54 Although research into the effects of intervention on the 

structural properties of white matter are limited, there is some evidence that axonal circuitry 

is particularly sensitive to treatment effects, and that these may be quantified through 

magnetic resonance imaging approaches such as DTI.55,56 However, most children with 

FXS are not diagnosed in the first year of life.33 Achieving the goal of infant intervention for 

FXS, including intervention targeting early developing white matter, would likely require 

expanded efforts to screen newborns.57,58

Limitations

The results of this study should be considered in light of several limitations. Although DTI 

data describe the general structural properties of white matter, they cannot be used to 
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pinpoint precise attributes, such as myelination or axonal density, contributing to observed 

values.59 Comprehensive family pedigree and genetic data were not available for most 

infants in our study; thus, we cannot discuss associations of FA with FMRP levels. Follow-

up studies should consider direct quantification of FMRP to expand on the present findings. 

We plan to continue following up these children beyond infancy, when the full FXS 

behavioral phenotype can be assessed. Likewise, in later childhood symptoms of ASD may 

be more accurately and reliably assessed, to determine what effect, if any, a comorbid 

diagnosis of ASD has on the early development of structural connectivity. Additional studies 

are also warranted to further elucidate how the development of neural circuitry is associated 

with cognitive and behavioral development, particularly beyond the age of 12 months when 

more stable estimates may be ascertained. This includes more fine-grained cognitive 

measures, as well as other aspects of the FXS behavioral phenotype including social deficits, 

hyperactivity, anxiety, and repetitive behavior. Finally, while this study offers new insights 

into brain development in infants with FXS, replication with a larger number of participants 

and repeated measures is necessary to more accurately characterize developmental 

trajectories.

Conclusions

In this longitudinal DTI study of infants with and without FXS, we identified evidence of 

diminished development of structural connectivity in comparison with typically developing 

infants. In general, white matter circuits showing the largest alterations are integral to 

subcortical and cortical motor regions as well as temporal cortical connectivity. To our 

knowledge, this is the first brain imaging study of children with FXS during infancy, the 

results of which suggest that the neurobiological effects of FMRP loss are strongly 

established well in advance of the mean age of diagnosis and during a time when the first 

behavioral features emerge.33

Supplementary Material
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Key Points

Question

Is white matter development altered in infants with fragile X syndrome?

Findings

In this longitudinal imaging study of 27 infants with fragile X syndrome and 73 typically 

developing control infants, 12 of 19 major white matter tracts investigated were 

significantly diminished in infants with fragile X syndrome compared with controls.

Meaning

The effects of fragile X gene expression on the early development of white matter 

structural connectivity are well established at 6 months of age.
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Figure 1. Fractional Anisotropy (FA) Values in Infants With Fragile X Syndrome (FXS)
A, Infants with FXS have lower FA values than controls in the bilateral anterior limb of the 

internal capsule (left: percentage difference, −6.25%; q = .002; right: percentage difference, 

−6.69%; q = .02). B, Infants with FXS have lower FA values than controls in the inferior 

longitudinal fasciculi (left: percentage difference, −7.44%; q = .001; right: percentage 

difference, −5.14%; q = .001). C, Infants with FXS have lower FA values than controls in the 

superior cerebellar peduncles (left: percentage difference, −6.91%; q = .002; right: 

percentage difference, −7.92%; q = .001). D, Infants with FXS have lower FA values than 

controls in the uncinate fasciculi (left: percentage difference, −3.84%; q = .005; right: 

percentage difference, −3.45%; q = .008). Error bars = ±1 SEM. q Values are false discovery 

rate–corrected P values for the group main effect. Percentage decrease compares least 

squares means in FA across all time points in patients with FXS compared with controls.
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Figure 2. Association Between 12-Month Mullen Scales of Early Learning (MSEL) Nonverbal 
Cognitive Skills (Nonverbal Developmental Quotient [NVDQ]) and 12-Month Fractional 
Anisotropy (FA) Values
A, Left uncinate fasciculus (adjusted R2 = 0.35; q = .04). B, Right uncinate fasciculus 

(adjusted R2 = 0.55; q = .004).
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Table 1

Sample Characteristics by Group

Characteristic FXS (n = 27) Control (n = 73) Test Statistic P Value

Longitudinal visit complement, No.

 At 6-mo visit 14 68 NA NA

 At 12-mo visit 18 50 NA NA

 At 24-mo visit 10 46 NA NA

Age at 6-mo visit, mean (SD), mo   6.5 (0.8)   6.7 (0.7) t80 = −1.05   .29

Age at 12-mo visit, mean (SD), mo 12.6 (0.8) 12.6 (0.6) t80 = 01   .90

Age at 24-mo visit, mean (SD), mo 24.7 (1.0) 24.8 (1.3) t80 = −0.20   .83

Male sex, No. (%) 22 (81.5) 46 (63.0) χ2 = 3.08   .07

Child race, No. (%)

 White 22 (81.5) 59 (80.8)

χ2 = 1.95   .74

 African American   0   3 (4.1)

 Asian   0   1 (1.4)

 >1 Race/ethnicity   3 (11.1)   7 (9.6)

 Not answered   2 (7.4)   3 (4.1)

Maternal educational level, No. (%)

 High school diploma 10 (37.0) 10 (13.7)

χ2 = 16.63 <.001
 College degree 14 (51.9) 30 (41.1)

 Graduate degree   2 (7.4) 33 (45.2)

 Missing   1 (3.7)   0

Abbreviations: FXS, fragile X syndrome; NA, not applicable.
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