
Fragile-X syndrome (FXS), arising from a full mutation in the
fragile-X mental retardation-1 (FMR1) gene,1 is the most common
inherited single-gene cause of intellectual disability2 and an
important risk factor for autistic behaviour.3 White matter micro-
structural differences have been observed between individuals with
FXS and neurotypical controls (individuals without any known
psychological or learning disorder). Individuals with FXS have
lower fractional anisotropy,4 and higher radial diffusivity and
axial diffusivity5 values relative to neurotypical controls. However,
correlations between white matter microstructure and cognitive
abilities indicate that lower fractional anisotropy values are
associated with lower cognitive abilities in general.6 Thus,
differences in white matter microstructure previously found
between FXS and neurotypical controls are potentially
confounded by differences in overall cognitive ability. Our study
was designed specifically to examine the effects of the FMR1 full
mutation without this confound.

FXS is caused by expanded trinucleotide repeats on the
long arm of the X chromosome. These repeats are prone to
hypermethylation and consequent silencing of the FMR1 gene,1

resulting in reduced expression of fragile-X mental retardation
protein (FMRP).7 FMRP plays a central role in synaptic plasticity,
protein translation,8 axonal growth and guidance,9 and
synaptogenesis.10 FMRP has also been implicated in regulation
of myelin basic protein mRNA in oligodendrocytes11 and myelin
formation.12 Studies of the FMR1 knockout mouse model have
shown aberrant axonal growth, synaptogenesis and myelin
formation that may underlie observed white matter structural
differences found in diffusion tensor imaging (DTI) studies of
humans with FXS.4,5,13 Currently, significant effort is being
devoted to the development of disease-specific pharmacological

treatments in humans with FXS, thereby increasing the demand
for sensitive and accurate biomarkers that can be used in clinical
trials, including those derived from human neuroimaging.14 Thus,
elucidation of the specific connection between downstream effects
of the FMR1 mutation and white matter microstructure in FXS
beyond general associations with cognitive ability holds promise
for providing such biomarkers.

In this study we sought to investigate white matter micro-
structural differences between adolescent and young adult males
and females with FXS and gender- and IQ-matched controls
(IQ-CTL) with idiopathic developmental disabilities. In addition
to IQ, the groups were also matched on measures of adaptive
and autistic behaviour. We used voxel-based and tract-based
analytic approaches to compare groups and also performed
within-group correlations between adaptive behaviour as
measured by Vineland Adaptive Behavior Scales15 and white
matter microstructure, and examined between-group interactions
for these brain–behaviour correlations. Our overarching
hypothesis was that measures of white matter microstructure
would yield significant differences between an FXS group and
an IQ-CTL group, further specifying the influence of FXS status
on white matter neuroanatomy.

Method

Participants and testing

Data presented here are part of a prospective, longitudinal study
funded by the National Institute of Mental Health. The study
included the following groups: FXS and IQ-CTL (Table 1). The
diagnosis of FXS was confirmed by Southern blot DNA analysis
(Kimball Genetics, Inc.). All participants in the IQ-CTL group
tested negative for FXS, as identified by a rapid polymerase chain
reaction-based screening method for identification of expanded
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alleles of the FMR1 gene.16 IQ-CTL participants were group-
matched to the FXS participants for gender, general intellectual level
and scores from the Autism Diagnostic Observation Schedule
(ADOS)17 and Vineland Adaptive Behavior Scales, second
edition15 (Table 1). Participant medications were grouped into three
classes: (a) antidepressants, (b) stimulants and (c) antipsychotics,
anticonvulsants and other psychoactive drugs (Table 1).

Exclusion criteria for all groups included premature birth
(gestational age under 34 weeks), low birth weight (less than
2000 g), known diagnosis of a major psychiatric or current
neurological disorder including seizures, and any contra-
indications for a magnetic resonance imaging (MRI) scan. All
participants underwent cognitive evaluation conducted by trained
psychologists, using the age-appropriate versions of either the
Wechsler Intelligence Scale for Children-III or the Abbreviated
Scale of Intelligence.18,19 Autistic symptoms in the FXS and
IQ-CTL groups were assessed using the ADOS.17 Adaptive
behaviour was assessed in the FXS and IQ-CTL groups, using
the Vineland Adaptive Behavior Scales. Participants with FXS
were recruited through the National Fragile-X Foundation, a
local network of physicians, and advertisement on the Stanford
University School of Medicine website. Participants in the
IQ-CTL group were recruited through California regional centres
and community organisations, and by word of mouth. Stanford
University’s research ethics board approved the study and
participants gave their informed written consent. Informed
written consent from guardians as well as written assent from
participants was obtained for minors and for adults under
guardianship.

Diffusion tensor imaging

DTI is a neuroimaging method that assesses white matter micro-
structure by characterising the movement of water molecules. DTI
findings are commonly reported in terms of scalars such as
fractional anisotropy, radial diffusivity, and axial diffusivity.
Fractional anisotropy is thought to reflect fibre diameter and
density, myelination and intravoxel fibre-tract coherence; increases
in these measures would increase the observed fractional
anisotropy. In addition, fractional anisotropy is thought to reflect
extracellular diffusion and intravoxel spacing, and increases in
these measures would decrease observed fractional anisotropy.20

Radial diffusivity, the mean of the diffusivities perpendicular to
the main axis of diffusion, is thought to represent the degree of
myelination; in this measure, more myelin would decrease radial
diffusivity values.21 Axial diffusivity, a measure of water diffusivity
along the main axis of diffusion within a voxel, is thought to
reflect fibre coherence and microstructure of axonal membranes
(increases in which would increase axial diffusivity), as well as
microtubules, neurofilaments and axonal branching (increases in
which would decrease axial diffusivity).21

Image acquisition and processing

All participants were scanned in a 3T GE Signa Excite scanner at
the Lucas Center for Neuroimaging, Stanford University, using
one of the two custom single-channel transmit-receive quadrature
head coils (one head coil was decommissioned midway through
the study). Thirty-five participants (24 FXS, 11 IQ-CTL) were
scanned between 2007 and 2010 with the first head coil (C. Hayes,
PhD, University of Washington, Seattle, USA) and 35 participants
(16 FXS and 19 IQ-CTL) were scanned between 2010 and 2011
with the second head coil (R. Hashoian, Clinical MR Solutions,
Brookfield, Wisconsin, USA).

The diffusion-weighted protocol consisted of six repetitions of
axially acquired images along 23 non-collinear diffusion directions

(B= 850 s/mm2) and one reference image acquired without
diffusion weighting (B= 0). Imaging parameters consisted of an
image matrix of 1286128644 slices, image resolution of
1.875mm61.875mm63.2mm, TR=5400ms, TE=70.3ms, band-
width=3906.25Hz/pixel (TR, repetition time; TE, echo time). In
the same session, structural T1-weighted images were acquired in
the coronal plane, using a 3D volumetric spoiled gradient echo
(SPGR) sequence with slices adjusted to a thickness of 1.5–1.7mm
(in order to accommodate the whole brain) with TR=35ms,
TE= 6ms, flip angle = 458, field of view= 2406240mm2, matrix
size = 25662566124 and in-plane resolution= 0.94mm3.

Diffusion-weighted images (DWIs) were inspected for artefacts,
using DTI studio (www.mristudio.org). Diffusion-weighted scans
were rated as usable if a visual review revealed no artefacts or if
artefacts were small and did not affect surrounding images (in
which case, the images with artefacts were removed from further
calculations). No more than four images (out of the six
repetitions) per direction per slice were excluded.4 There was no
significant difference in the percentage of images removed
between the groups (P40.10).

Tract-Based Spatial Statistics (TBSS) analysis

TBSS is a whole-brain voxel-wise analysis22 that uses non-linear
registration followed by alignment to invariant tract representation
(the mean fractional anisotropy skeleton) as a way to reliably align
fractional anisotropy images from multiple participants.22,23 For
our analysis, all usable DTI scans were processed using DTI studio
(www.mristudio.org) and the Functional MRI Brain (FMRIB)
Software Library (FSL 4.1.8; www.fmrib.ox.ac.uk/fsl/) to generate
whole-brain maps of fractional anisotropy, radial diffusivity and
axial diffusivity.
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Table 1 Demographic and cognitive measures

TBSS analysis

FXS IQ-CTL P

Total, n 40 30

Female, n (%) 25 (62.5) 17 (56.7) NS

Medications (any), n (%) 19 (47.5) 11 (36.7) NS

Antidepressants 7 (17.5) 2 (6.7) NSd

Stimulants 10 (25) 9 (30) NS

Antipsychotics 7 (17.5) 1 (3.3) NSd

Age, mean (s.d.) 21.3 (3.0) 19.3 (2.8) 0.008e

FSIQ, mean (s.d.) 74.2 (20.4) 71.0 (19.5) NSe

PIQ 74.2 (19.8) 73.4 (19.8) NSe

VIQ 78.2 (19.7) 73.2 (18.3) NS

ADOS, mean (s.d.)

Communicationa 1.7 (1.6) 1.6 (1.9) NSe

Sociala 4.3 (3.9) 4.3 (3.2) NSe

Communication-sociala 6.0 (5.0) 6.0 (4.7) NSe

Stereotyped behaviourb 0.3 (0.6) 0.2 (0.5) NSe

Playc 0.8 (0.8) 1.1 (0.9) NSe

Vineland, mean (s.d.)

Communication 64.5 (22.1) 62.5 (16.1) NSe

Socialisation 74.3 (18.8) 70.4 (15.8) NS

Daily living skills 71.5 (14.1) 68.3 (12.4) NS

Total Adaptive Behavior 68.1 (16.1) 65.1 (12.5) NS

FSIQ, full-scale IQ; PIQ, performance IQ; VIQ, verbal IQ; ADOS, Autism Diagnostic
Observation Schedule; Vineland, Vineland Adaptive Behavior Scales, second edition;
NS, not significant.
a. IQ-CTL (n= 23), FXS (n= 33).
b. IQ-CTL (n= 22), FXS (n= 32).
c. IQ-CTL (n= 23), FXS (n= 32).
d. Fisher’s correction for chi-square was used because there were counts fewer
than 5.
e. Data were not normally distributed, a non-parametric Mann-Whitney (Wilcoxon
rank sum) test was used to compare between groups.

https://doi.org/10.1192/bjp.bp.114.151654 Published online by Cambridge University Press

https://doi.org/10.1192/bjp.bp.114.151654


Effect of FMR1 on white matter microstructure

TRActs Constrained by UnderLying Anatomy (TRACULA) analysis

This approach allows for the investigation of group differences
within each major white matter pathway. All slices determined
to be usable in DTI studio were averaged across repetitions to
yield a single 23-direction DWI data-set. DWI was used as the
input for diffusivity analysis in TRACULA for each participant,
as implemented in the FreeSurfer 5.1 suite of software (http://
surfer.nmr.mgh.harvard.edu). T1-weighted images were processed
using the standard cross-sectional FreeSurfer 5.0. The technical
details of the FreeSurfer procedures used are extensively described
in prior publications.24 Briefly, surface definition follows intensity
gradients to optimally place the grey–white and pial surfaces at the
location where the greatest shift in intensity defines the transition
to another tissue class. The grey–white and pial surfaces are then
visually inspected, and when needed, appropriate manual corrections
are performed as per the FreeSurfer Tutorial (http://surfer.nmr.
mgh.harvard.edu/fswiki/FsTutorial). All image editors are trained
to achieve inter-rater reliability of 50.95 (intraclass correlation
coefficient) for volumetric regions of interest, using gold standard
data-sets developed in our laboratory.

DWI images were processed in the TRACULA stream of Free-
Surfer 5.1.25 Briefly, the TRACULA pipeline used for this analysis
included FSL’s eddy current correction, B= 0 image registration to
the cross-sectional T1 image using FMRIB’s Linear Image
Registration Tool (FLIRT) and tensor fitting using DTFIT (fits a
diffusion tensor model at each voxel).26 Once registrations were
completed, 18 major white matter pathways were reconstructed
and labelled.27 For each tract we used weighted average over
the entire support of the tract distribution for the fractional
anisotropy, radial diffusivity and axial diffusivity.

Statistical analyses

Given that the number of participants scanned with each head coil
differed between groups (FXS v. IQ-CTL (w2 = 3.73, P= 0.053),
TRACULA FXS v. IQ-CTL (w2 = 5.43, P= 0.02)) and that the
groups were not fully matched for age (FXS v. IQ-CTL groups;
see Tables 1 and 2), we included head coil type and age as
covariates in all between-group comparisons.

TBSS analyses

Whole-brain voxel-wise analyses were performed in FSL 5.0.5,
using TBSS.28 General linear models were created to investigate
within-group whole-brain associations (regression analyses) with
behavioural measures. General linear models were then created
to investigate between-group differences in brain–behaviour
correlations for regions significantly correlated with behavioural
measurements. Statistical analyses of the data were performed using
Threshold-Free Cluster Enhancement and permutation analyses

implemented in FSL 5.0.5 (‘randomise’, 10 000 permutations).29

All significant statistical analyses are reported for P50.05 and
were individually corrected via family-wise error.

TRACULA analysis

In this confirmatory analysis, we included major white matter
pathways that differed between FXS and IQ-CTL groups in the
TBSS analysis. We performed statistical analyses using SPSS
software version 21 and R (http://www.r-project.org). Statistical
analysis was performed using an analysis of covariance (ANCOVA)
model with group (FXS v. IQ-CTL) as a between-group factor;
TRACULA derived major white matter pathways as the dependent
variable and age and head coil type as covariates. All data were
examined for normality, predictor variable and covariate
independence and homogeneity of variance to confirm the
assumptions of ANCOVA. When the basic assumptions of
ANCOVAwere violated, we used robust ANCOVA30 as implemented
in the R project for statistical computing (http://www.r-project.org).
Significant results for the TRACULA analysis are reported for
P40.05, false discovery rate-corrected.

Results

Between-group TBSS analyses

Of the 78 images acquired, 7 were unusable (FXS=5, IQ-CTL=2).
Final analyses of all usable scans included 40 participants with
FXS (mean age 21.3 (s.d. = 3.0)), 25 females) and 30 IQ-CTL
participants (mean age 19.3 (s.d. = 2.8)), 17 females; Table 1).

Comparison 1: FXS group v. IQ-CTL group

A between-group comparison revealed higher fractional anisotropy
values and lower radial diffusivity values (online Fig. DS1) across
several white matter pathways in the FXS group when compared
with the IQ-CTL group. Both the fractional anisotropy and radial
diffusivity differences were observed bilaterally throughout the
superior and middle temporal gyri portions of the inferior
longitudinal fasciculus (ILF) and in the regions where the ILF
mingles with the inferior fronto-occipital fasciculus (IFOF;
fractional anisotropy, left t= 5.11, right t= 4.81; radial diffusivity,
left t=75.2, right t=74.81; all P50.05 corrected) and the
associate uncinate fasciculus (fractional anisotropy, left t= 5.11,
right t= 4.81; radial diffusivity, left t=75.2, right t=73.57; all
P50.05 corrected). Higher fractional anisotropy values were
detected bilaterally in the frontal regions of the IFOF (left
t= 5.11, right t= 4.81, Ps50.05 corrected), cingulate gyrus and
along the corpus callosum (t= 4.86, P50.05 corrected) including
forceps minor (t= 2.65, P50.05 corrected) and major (t= 4.86,
P<0.05 corrected; Fig. 1) and in the right superior longitudinal
fasciculus (SLF; t= 3.61, P50.05 corrected). We found no
significant differences in axial diffusivity between the groups. In
order to assess the possible effect of medication regimens on our
results, we performed a sub-analysis for which we included head
coil, age and use of any psychoactive medication (Table 1) as
covariates in the between-group comparison. The results for this
analysis were the same as the primary between-group comparison
for fractional anisotropy values. Radial diffusivity values were
lower across the same white matter pathways in the FXS group
when compared with the IQ-CTL group but the differences
between groups only approached significance (P= 0.06).

Given the more severe phenotype in males with FXS compared
with females with FXS,2 we conducted a male-only subgroup
analysis comparing 15 males with FXS to 13 males in the
IQ-CTL group. These male-only groups were matched for
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Table 2 Demographic and cognitive measures

TRACULA analysis

FXS IQ-CTL P

Total, n 35 24

Female, n (%) 23 (65.7) 14 (58.3) NS

Age, mean (s.d.) 21.8 (2.8) 19.3 (2.9) 0.002a

FSIQ, mean (s.d.) 75.0 (21.6) 73.3 (21.2) NSa

PIQ, mean (s.d.) 75.3 (20.6) 75.6 (20.9) NS

VIQ, mean (s.d.) 78.6 (20.9) 75.3 (19.5) NS

FSIQ, full-scale IQ; PIQ, performance IQ; VIQ, verbal IQ.
a. Data were not normally distributed, a non-parametric test (Mann-Whitney (Wilcoxon
rank sum) test) was used to compare between groups.
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full-scale IQ (FSIQ; FXS mean 60.8 (s.d. = 7.2) v. IQ-CTL mean
65.8 (s.d. = 12.1), P= 0.202) and head coil (w2 = 0.51, P=0.48)
but not matched for age (FXS mean 21.4 (s.d.= 2.9) v. IQ-CTLmean
18.8 (s.d. = 2.8), P= 0.024). We found no significant differences in
fractional anisotropy, radial diffusivity or axial diffusivity between
these male subgroups when controlling for age.

Between-group TRACULA analysis

The analysis included 35 participants with FXS (mean age 20.7
(s.d. = 2.5), 15 females) and 24 IQ-CTL participants (mean age
19.3 (s.d. = 2.9), 14 females) matched for gender and IQ
(Table 2). Eleven participants were eliminated from the TRACULA
analysis, eight participants because of artefacts in their T1-weighted
images that precluded adequate structural results from the Free-
Surfer pipeline and three because of artefacts created during the
processing of the DWI average image in the TRACULA stream.
An ANCOVA revealed significant differences in left ILF between
the FXS and IQ-CTL groups for both fractional anisotropy and
radial diffusivity values (P50.05, FDR corrected). Specifically,
within the left ILF, fractional anisotropy values were higher in
the FXS group when compared with the IQ-CTL group
(t= 3.51, P50.001 uncorrected), whereas radial diffusivity values
were lower in the FXS group when compared with the IQ-CTL
group (t=73.89, P50.001 uncorrected).

Behaviour-microstructure correlations

Within the FXS group, the Total Adaptive Behavior Composite
score from the Vineland Adaptive Behavior Scales was positively
correlated with fractional anisotropy values in the left ILF
(t= 5.99, P50.05 corrected), bilateral corona radiata tracts
including the body and splenium of the corpus callosum (left
t= 5.99, right t= 4.36; all P50.05 corrected) and right anterior
thalamic radiation (t= 4.02, P50.05 corrected; Fig. DS2). Total
Adaptive Behavior Composite scores were negatively correlated
with radial diffusivity in corona radiata tracts including the
splenium of the corpus callosum bilaterally (left t=74.62, right
t=74.32, all P50.05 corrected) and left anterior thalamic

radiation (t=74.84, P50.05 corrected; Fig. DS2). There were
no significant correlations with adaptive behaviour and fractional
anisotropy/radial diffusivity in the IQ-CTL group. Significant
differences between FXS and IQ-CTL groups were detected for
fractional anisotropy correlations with Total Adaptive Behavior
Composite score in the left corona radiata (t= 2.9, P50.05
corrected) and splenium of the corpus callosum (t= 4.2,
P50.05 corrected) and in a small cluster in the left ILF (t= 4.2,
P50.05 corrected; Fig. 1).

Discussion

We compared white matter microstructure in adolescents and
young adults with FXS to an IQ-CTL group, using voxel-based
and tract-based analytic approaches. Results showed that, relative
to IQ-CTLs, individuals with FXS exhibited differences in white
matter microstructure as measured by DTI. In contrast to
previous studies using comparisons to neurotypical controls, the
FXS group showed increased fractional anisotropy and reduced
radial diffusivity values in the ILF, IFOF and uncinate fasciculus
and increased fractional anisotropy in the corpus callosum.4,5

In this study, we chose to use TRACULA (tract-based) as a
complementary analysis to TBSS (voxel-based) to corroborate
our findings. The TRACULA analysis showed increased fractional
anisotropy values and reduced radial diffusivity values in the
left ILF, in the FXS group, compared with the IQ-CTL group.
Significant between-group interactions were observed for brain-
behaviour correlations of Total Adaptive Behavior Composite
scores in the left ILF, corona radiata and splenium of the corpus
callosum (fractional anisotropy), such that fractional anisotropy
values were positively associated with Total Adaptive Behavior
Composite scores in the FXS group, whereas fractional
anisotropy values were not associated with Total Adaptive
Behavior Composite scores in the IQ-CTL group (Fig. DS2). An
interaction analysis demonstrated that the relationships between
fractional anisotropy and adaptive behaviour were significantly
different between the groups.

Our results indicate that the downstream effects of the genetic
variation associated with FXS affects white matter microstructure
and are independent of overall IQ effects. The between-group
differences include higher fractional anisotropy and lower radial
diffusivity in the FXS group compared with the IQ-CTL group
in several brain regions. These findings are in contrast with
previous studies where lower fractional anisotropy4 and higher
radial diffusivity and axial diffusivity5 were reported for these
regions in individuals with FXS compared with neurotypical
controls. This discrepancy could be explained, at least in part,
by significant correlations previously reported between white
matter microstructure and cognitive abilities. Specifically, positive
correlations between fractional anisotropy values and IQ scores
were found in adults with intellectual disability,6 children with
very low birth weight,31 neurotypical children32 and gifted
children.33 It is possible that previous observations of lower
fractional anisotropy in individuals with FXS when compared
with neurotypical controls may be partly associated with the
cognitive differences between the groups, leading to the
observation of higher fractional anisotropy values in neurotypical
controls. The results of our study extend knowledge beyond this
observation by indicating that specific genetic influences on
white matter microstructure occur in individuals with FXS, and
that these influences do not appear to be driven by between-group
differences in overall cognitive function.

We observed a combination of higher fractional anisotropy
values and lower radial diffusivity values in the FXS group
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Fig. 1 Relationship between mean fractional anisotropy values
in the left inferior longitudinal fasciculus, corona radiata and
splenium of the corpus callosum and Vineland Adaptive Behavior
scores in FXS and IQ-CTL groups.

A regression line estimating the overall trend of the data was added for illustration
purposes. FXS, fragile-X syndrome; IQ-CTL, IQ-matched controls; rs = Spearman
correlation coefficient.
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compared with the IQ-CTL group (Fig. DS1), using complementary
image analyses methods. Axon growth dysregulation in the FXS
group might lead to increased fibre density, resulting in increased
fractional anisotropy and reduced radial diffusivity compared with
the IQ-CTL group. There is evidence that FMRP is involved in
axon guidance; specifically, FMRP regulates the axon guidance factor
Semaphorin-3A (Sema3A), which is important for establishing
correct pathways in the developing nervous system through
collapse induction of growth cones (extension of a developing
axon).34,35 The collapse of growth cones is attenuated in FMR1
knockout mice because of the absence of FMRP regulatory effects
on Sema3A.9 It is possible that this disturbance in axon growth
regulation leads to increased fibre density in the FXS group. This
hypothesis is consistent with our finding of increase fractional
anisotropy and reduced radial diffusivity in similar locations
across different image analyses methods (namely the ILF). Our
results are also consistent with previous findings of increased fibre
density in male toddlers with FXS compared with controls13 and
with the structural finding of increased white matter in the
temporal lobe in FXS,36 a brain region through which the ILF is
known to traverse.

In addition to our primary analyses, a sub-analysis controlling
for the use of psychotropic medications revealed similar results for
fractional anisotropy values and approached significance for radial
diffusivity values in the same white matter locations. It is possible
that controlling for psychotropic medications, in addition to age
and head coil, reduced our power to reach significance for the
radial diffusivity values. Our follow-up analyses in male-only
subgroups with FXS and IQ-CTLs revealed no significant
between-group differences in fractional anisotropy, radial
diffusivity and axial diffusivity. These results are consistent with
a previous TBSS analysis in very young children with FXS, which
reported no differences between males with FXS relative to a
combined group of IQ-CTLs and neurotypical males.13 However,
it is likely that, in both cases, the sample size of the male groups
resulted in lack of power to detect differences.

Within the FXS group, we found positive correlations between
fractional anisotropy values and the Vineland Adaptive Behavior
Scales’ total score. In addition, this score was negatively correlated
with radial diffusivity values. It is possible that within the FXS
group, the specific influence of FMR1 mutation is more uniform
across participants, leading to detectable correlations between
brain and behaviour. The lack of a comparable uniform
influence in the IQ-CTL group might explain the absence of
brain-behaviour correlations in this group. However, high
fractional anisotropy and low radial diffusivity are usually
interpreted as representing increased and more efficient structural
connectivity (but could also represent other processes such as
fewer crossing fibres).37 Thus, the direction of the brain–behaviour
correlation (positive correlation with fractional anisotropy and
negative with radial diffusivity) was not thematically consistent
with observed white matter differences between groups.

Beyond the specific genetic influence of the FMR1 mutation
on white matter microstructure putatively leading to increased
fractional anisotropy and reduced radial diffusivity in the FXS
group compared with the IQ-CTL group, common environmental
processes can also influence white matter microstructure. In the
mouse model for FXS, there is evidence that environmental
enrichment influences both behaviour and white matter micro-
structures.38,39 Exposure to environmental enrichment reduces
FXS-related behaviours, such as hyperactivity, and synaptic
abnormalities including reduced dendrite length and branching
and immature-appearing cortical spines.38,39 In children with
FXS, advantageous environment leads to higher scores on the
Vineland Adaptive Behavior Scales.40 Thus, increased Vineland

scores might reflect exposure of individuals to an ‘enriched’ home
and family environment. We speculate that within the FXS group,
this ‘enriched’ exposure could influence both Vineland Adaptive
Behavior scores and white matter characteristics.

Limitations and conclusions

The current study has several limitations that should be noted.
The absence of a neurotypical control group limits our ability
to compare samples of FXS and IQ-CTL participants with neuro-
typical participants. This comparison would have allowed us to
test the replicability of previous findings and compare those with
current findings in our sample. Importantly, the IQ-CTL group
consists of individuals with (currently) undifferentiated causes
for their intellectual disability. Though this group provides a good
representation of idiopathic intellectual disability in the general
population, the heterogeneity of neurobiological risk factors
among affected individuals could also affect the group-level white
matter microstructure.

We included individuals with FXS from both genders because
previous DTI studies have examined either females or males only,
although studies within each gender suggest aberrant white matter
microstructure in FXS.4,5,13 Given the presence of a more severe
phenotype in males with FXS relative to females, we also explored
the effects of the FMR1 full mutation in a male-only subgroup. We
did not find significant group differences between males with FXS
(n= 15) and the IQ-CTL group (n= 13). However, it is likely that
the limited sample size of the male subgroups restricted our ability
to draw gender-specific inferences. This underscores the need for
larger neuroimaging studies in this highly affected subgroup of
males with FXS. Finally, as in any DTI study, definitive
conclusions about histology of white matter can only be derived
from direct microscopic examination of biological tissue; thus,
continued efforts should be made to study white matter
microstructure in both humans and animal models with the
FMR1 full mutation.

In conclusion, to the best of our knowledge, this is the largest
DTI study focusing on white matter microstructure in individuals
with FXS and the only one to use a cognitively matched control
group. Our findings demonstrate a consistent pattern of white
matter microstructure aberrations in FXS across complementary
methods of analysis (TBSS and TRACULA).The profile of white
matter microstructure aberrations in FXS included increased
fractional anisotropy and decreased radial diffusivity values
compared with IQ-matched controls. The direction of fractional
anisotropy and radial diffusivity value aberrations in FXS was
opposite to that previously found between FXS and neurotypical
controls (i.e. decreased fractional anisotropy and increased radial
diffusivity and axial diffusivity in FXS4,5). Overall, our new
findings underscore the need to control for cognitive ability when
investigating white matter microstructure in neurodevelopmental
disorders.
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