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Fragile X-associated tremor/ataxia syndrome (FXTAS), a late-onset movement disorder affecting FMR1
premutation carriers, is associated with cerebral and cerebellar lesions. The aim of this study was to test
whether computational anatomy can detect similar patterns in asymptomatic FMR1 premutation carriers
(mean age 46.7 years) with qualitatively normal -appearing grey and white matter on brain MRI. We
used a multimodal imaging protocol to characterize brain anatomy by automated assessment of gray

Keywords: matter volume and white matter properties. Structural changes in the hippocampus and in the cerebellar
FXTAS . : ; :

) motor network with decreased gray matter volume in lobule VI and white matter alterations of the
Premutation . P . .
Genetics corresponding afferent projections through the middle cerebellar peduncles are demonstrated. Diffuse

Volumetric MRI subcortical white matter changes in both hemispheres, without corresponding gray matter alterations,
DTI are only identified through age x group interactions. We interpret the hippocampal fimbria and cere-
bellar changes as early alterations with a possible neurodevelopmental origin. In contrast, progression of
the diffuse cerebral hemispheric white matter changes suggests a neurodegenerative process, leading to

late-onset lesions, which may mark the imminent onset of FXTAS.
© 2013 Elsevier Inc. All rights reserved.

1. Introductions

Fragile X-associated tremor/ataxia syndrome (FXTAS) is an
X-linked late-onset neurodegenerative disorder caused by a CGG
expansion in the 5’ untranslated region of the FMR1 gene. The mean
age of onset is 62 years and the penetrance is incomplete
(Jacquemont et al., 2004; Li and Jin, 2012). Men are more commonly
affected and the clinical symptoms include gait ataxia, intention
tremor, parkinsonism, and peripheral neuropathy. Patients also
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present with cognitive decline and psychiatric symptoms
(Bourgeois et al., 2011; Jacquemont et al., 2003; Sevin et al., 2009).
Neuropathologic studies (Greco et al., 2002; Greco et al., 2006) in
advanced cases of FXTAS have shown white matter abnormalities
ranging from microscopic pallor to severe degeneration, primarily in
the subcortical white matter, with involvement of arcuate fibers and
sparing of periventricular white matter. The areas involved showed
varying degrees of spongiosis with both myelin and axonal loss, but
determining the relative contribution of these 2 alterations to the
pathophysiology of FXTAS has not yet been possible. The knock-in
mouse model has not helped to clarify the pathophysiology because
it does not display white matter lesions (Brouwer et al., 2008).
Although the most characteristic neuroimaging features of
FXTAS are T2 hyperintensities in the middle cerebellar peduncles
(MCP), nonspecific diffuse white matter lesions are also present
throughout the cerebral hemispheres and cerebellum (Brunberg
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et al.,, 2002). Little is currently known about the physiopathology of
these alterations. Anatomic studies based on T1-weighted imaging
data failed to detect gray matter changes in asymptomatic carriers
when using conservative statistical thresholds. The same study
reported conflicting findings in the cerebellum after reducing the
search volume to an a priori defined region of interest (Hashimoto
et al,, 2011a). Two studies reported negative results of a whole-
brain assessment of white matter in asymptomatic carriers
(Hashimoto et al., 2011b; Wang et al., 2012) and 2 tract of interest
(TOI) analyses report conflicting findings in the MCP of older
asymptomatic carriers close to the mean onset of FXTAS (58 years of
age). Age-related changes in the extreme capsule was the only
alteration detected in young asymptomatic carriers (Wang et al.,
2012).

Most brain lesions in patients with FXTAS are likely neurode-
generative in nature, but some may be related to a neuro-
developmental process. Several studies in mice suggest that FMR1
premutation affects CNS functioning during the early stages of
development (Chen et al., 2010; Cunningham et al., 2011). Clinical
studies have also shown that some cognitive tasks are impaired in
premutation carriers without any aging effect (Cornish et al., 2009)
and that a series of behavioral symptoms are present in younger
premutation carriers (Hessl et al., 2005).

In this study, we adopt a multimodal strategy acquiring T1- and
diffusion-weighted images, and magnetization transfer imaging
(MTI) to characterize gray matter volume, white matter integrity,
and myelin status. Diffusion imaging is a widely used technique and
is a sensitive marker of white matter integrity (axonal loss and
demyelination and/or dysmyelination) and structural connectivity
(Dumas et al., 2012; Hagmann et al., 2008; Kloppel et al., 2008; Moll
et al., 2011). The sensitivity of MTI to detect demyelination and/or
dysmyelination, even before volumetric alteration, has been
previously demonstrated in neurodegenerative disorders, such as
Alzheimer’s disease and Parkinson’s disease (Anik et al., 2007;
Fornari et al., 2012; Giulietti et al., 2012; van Es et al., 2006), as well
as in developmental studies (Fornari et al., 2007; Xydis et al., 2006).

The aim of this study was to identify early brain markers in
young asymptomatic premutation carriers and to provide insight
into the relative contribution of both developmental and neuro-
degenerative processes related to the FMRI premutation. We
investigated 27 asymptomatic premutation carriers with normal-
appearing gray and white matter and 35 controls. Alterations in
the motor network of the cerebellum, including lobule VI (anteri-
orly and the corresponding afferent projections), were found in the
group of carriers. A much later involvement of the hemispheric
white matter may signal imminent onset of FXTAS. Some alter-
ations show no acceleration with age and could represent a neu-
rodevelopmental (as opposed to degenerative) effect of the
premutation, highlighting that different disease mechanisms may
be involved in FXTAS.

2. Methods

The study was approved by the local institutional review board
and all participants gave informed consent. All participants were
men with a family member with fragile X syndrome. Thirty
asymptomatic premutation carriers and 37 intrafamilial controls
between 20 and 70 years of age were recruited. FMR1 allele status
and CGG repeat size was confirmed in all participants by DNA
testing. Participants were included in the premutation group when
55 < CGG <200 and in the control group when CGG <55. Exclusion
criteria included the presence of symptoms suggestive of possible
or probable FXTAS (Jacquemont et al., 2003) and white matter
alterations visible on fluid attenuated inversion recovery (FLAIR)
images examined by an experienced neuroradiologist blinded to

the genetic status of the participant. To control for factors influ-
encing white matter lesions, we measured glycosylated hemo-
globin (HbA1.) for diabetes, C-reactive protein for inflammation,
and blood pressure. Drug use, smoking habits, and past medical
history were also assessed. Three premutation carriers were
excluded because of white matter lesions in FLAIR images and 2
controls were excluded because of technical problems during
magnetic resonance imaging (MRI). The final dataset comprised 27
premutation carriers and 35 controls.

2.1. Global cognitive status

The global cognitive status was assessed in a blind fashion with the
Mattis Dementia Rating Scale (MDRS) (Mattis, 1976), a widely used
instrument for screening dementia. The MDRS generates a total
score (maximum 144) and 5 subscale scores for the cognitive domains
of attention, initiation (verbal and motor), constructive praxis,
conceptualization, and memory. Based on a previous study with
a population of male carriers of the FMR1 premutation (Sevin et al.,
2009), we used a cut-off score of 123 for the total score of the MDRS
and a score of 25 for the Mini Mental State Examination (MMSE) to
exclude individuals with cognitive dysfunction (Crum et al., 1993).

2.2. Neurologic evaluation

Participants underwent a thorough neurologic evaluation. They
were assessed using 3 standardized scales: the Clinical Rating Scale
for Tremor (Fahn et al., 1993), the motor section of the Unified
Parkinson’s Disease Scale (Jacquemont et al., 2004; Stebbins and
Goetz, 1998), and the International Cooperative Ataxia Rating
Scale (Trouillas et al.,, 1997). We computed the FXTAS rating scale
(Leehey et al., 2008), a composite score based on the 3 standardized
scales and the tandem test (a sensitive test for cerebellar gait
dysfunction). The neurologic examination was videotaped and
rated by a movement disorder specialist.

2.3. MRI

All premutation carriers and control subjects were scanned in
a 3-T Siemens Trio scanner (Siemens AG, Erlangen, Germany) using
a 32-channel head coil. The protocol included a sagittal T1-
weighted gradient-echo sequence (MPRAGE), 160 contiguous sli-
ces, 1-mm isotropic voxel, repetition time (TR) 2300 milliseconds,
echo time (TE) 2.98 milliseconds, field of view 256 mm as a basis for
segmentation. FLAIR contrast images were acquired with a voxel
size 0f 0.9 x 0.9 x 2.5 mm, flip angle 150, TR 9500 milliseconds, TE
84 milliseconds, 32 axial slices.

Diffusion-weighted images were acquired using a spin-echo echo
planar imaging sequence (64 gradient directions, b value 1000
seconds/mm?, voxel size 2 x 2 x 2.5 mm, 52 axial slices, TR 6700
milliseconds, TE 89 milliseconds, field of view 192 x 192 mm) plus 1
volume without diffusion weighting (b value 0 seconds/mm?) at
the beginning of the sequence as anatomic reference for motion
and eddy current correction.

MTI was performed by running a gradient-echo sequence (flip
angle 20°, 60 axial slices, voxel size 1.3 x 1.3 x 2.5 mm, TR 1750
milliseconds, TE 10 milliseconds, matrix size 192 x 192 mm) twice,
with and without saturation pulse. A Gaussian magnetization
transfer (MT) prepulse with a duration of 7.68 milliseconds and
a frequency offset of 1.5 kHz was used.

2.4. Diffusion analysis

Diffusion tensor imaging (DTI) analyses were performed with
FSL (http://www.fmrib.ox.ac.uk/fsl/index.html). The preprocessing
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of the diffusion dataset (64 gradient directions) involved motion
and eddy current correction. In this step, each diffusion-weighted
image was registered to the b0 image (no diffusion encoding)
using a 12-parameter affine transformation. This transformation
accounts for motion between scans and for residual eddy current
distortions present in the diffusion-weighted images. The diffusion
tensor was then estimated (Mori and Zhang, 2006) and the 3
eigenvalues of the tensor were used to compute the fractional
anisotropy (FA), the mean diffusivity (MD) (Habas, 2004), the radial
(RD) and axial diffusivity maps for each subject on a voxel-by-voxel
basis (Pierpaoli and Basser, 1996). These maps were used as the
basis of the quantitative analysis of the DTI data.

2.5. Voxel-based analysis

Data preprocessing was carried out using SPM8 (Wellcome
Trust Centre for Neuroimaging: http://www.fil.ion.ucl.ac.uk/spm/)
running under Matlab 7.11 (MathWorks Inc, Sherborn, MA, USA). For
automated tissue classification in gray matter, white matter, and
cerebrospinal fluid, the unified segmentation approach was used
(Ashburner and Friston, 2005). Aiming at optimal anatomic precision,
we then applied spatial registration to the MNI (Montreal Neuro-
logical Institute) space using a diffeomorphic registration algorithm
(DARTEL) (Ashburner, 2007) followed by spatial smoothing with
a Gaussian kernel of 6 mm full-width-at-half-maximum.

For voxel-based analysis on white matter, we implemented
a data processing pipeline on the FA, MD, RD, and axial diffusivity
maps using the voxel-based quantification data processing method
(Draganski et al., 2011). FA maps were coregistered (Maes et al.,
1997) to the white matter segments, followed by application of
the same transformation parameters to the MD, RD, axial, and
magnetization transfer ratio (MTR) maps. Normalization of these
maps to the MNI space was performed using the subject-specific
diffeomorphic fields from the DARTEL procedure (resampled
voxel size of 1.5 mm isotropic), but without scaling by the Jacobian
determinants. To enhance the specificity for the white matter tissue
class, we performed a combined weighting and smoothing proce-
dure detailed in the Supplementary material S1.

For voxel-based statistical analysis of regional effects, a multiple
linear regression model embedded in the General Linear Model
framework of SPM8 was used. Group differences were tested
including age and total intracranial volume (TIV, the sum of gray
matter, white matter, and volume of cerebrospinal fluid) as
regressors to control for the effects of these variables. The model
tested is: MRI-measure = a(group) + P(age) + y(TIV). In the
interaction analysis, the CGG repeat length was also added to age
and TIV as a covariate: MRI-measure = a(group) + p(age x group) +
Y(CGG x group) + d(age x CGG[mean corrected] x group) + ¢(TIV).
Each scalar map (FA, MD, RD, and axial diffusivity) was tested
independently creating 1 design matrix per map. A binary mask of
the tissues of interest (gray matter or white matter) was used to
ensure inclusion of the same number of voxels in all analyses.
Statistical thresholds were applied at p < 0.05 after family-wise
error (FWE) correction for multiple comparisons over the whole
volume of the gray matter/white matter and k > 40 for cluster
extent (greater than the minimum voxels expected per cluster). In
addition, the regions that are known to be affected in the late stage
of the disease that showed p < 0.005 uncorrected and k > 40 for
cluster extent (Friston et al., 1994), and survived small volume
correction were considered to be significant.

2.6. MIR

The MTR allows the evaluation of the MT exchange between 2
sets of images, the one acquired without saturation pulse (MO0) and

the other one with saturation pulse (Anik et al., 2007). Dousset et al.
(1992) were the first to use MTI clinically to characterize tissue.
They defined MTR as:

Mo~ M
M,

MTR images were available just for a subsample of our population
(23 controls and 17 carriers). Information derived from these maps
was used to improve the biological interpretation of the results of
the voxel-based analysis on the diffusion data. To this end, the mean
MTR value in the clusters showing an alteration in the MD and in
the RD was calculated for each subject and compared between the
2 cohorts using a nonparametric test.

MTIR = 100

3. Results

The premutation carriers and controls do not differ in age,
educational level, and potential confounding factors such as dia-
betes, hypertension, smoking habits, and drug consumption. Global
cognitive status measured by the MMSE and the MDRS were within
the normal range for all participants (Table 1). A neurologic
examination, performed by a blinded movement disorder
specialist, excluded all signs of possible or probable FXTAS.

3.1. Gray matter voxel-based morphometry

When contrasting the gray matter volume between groups, the
clusters surviving FWE correction and showing a lower gray matter
volume in premutation carriers were located in the anterior lobule
VI of the cerebellum (center of gravity of the clusters in the MNI
space —39, —45, —28.5 and 39, —42, —29) and in the thalamus
(3, —6, 9) bilaterally (Fig. 1). The term center of gravity refers
throughout the article to the voxel with maximum ¢ value or local
maxima. The progression of gray matter atrophy with age in these
regions is similar in the premutation and control group and there
are no interactions with age, CGG, age x CGG between the 2 groups.
Trends are described in Supplementary Table S1. No regions
showed any increase in gray matter volume in the carrier group.

3.2. White matter: radial and mean diffusivity

Group analysis showed increased RD values in carriers in only 4
clusters including the MCPs (20, —31, —33 and —15, —28, —33) and
the hippocampal fimbria/fornix and stria terminalis bilaterally
(prominent band of white matter along the superomedial edge of
the hippocampus; —33, —25.5, —7.5 and 28.5, —27, —4.5, respec-
tively). These regions are significant at p = 0.005 uncorrected and
survive small volume correction (see Section 2). Their symmetry
and known association with FXTAS support the validity of the
findings (Greco et al., 2006; Sevin et al., 2009; Wang et al., 2012)
(Fig. 2, Supplementary Fig. S1). The mean diffusivity maps show the
same alterations (Supplementary Fig. S2). Interaction (age x group)

Table 1
Descriptive statistics of the participants
Parameter Premutation (n = 27)  Control (n = 35) p value
Mean SD  Range Mean SD  Range
Age (y) 46.7 125 20-70 429 118 20-66 ns
FMR1 CGG repeat 854 263 57-156 318 6.7 20-54 <0.001
size
Educational level 22 08 1-3 24 07 1-3 ns

MDRS global score 1403 3
MMSE score 284 1

133-144 1416 2.7 130-144 ns
26-30 289 11 26-30 ns

Key: MDRS, Mattis Dementia Rating Scale; MMSE, Mini Mental State Examination.
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Fig. 1. Voxel-based morphometry results on gray matter. The statistical parametric maps (A) show bilateral clusters in the cerebellum (lobule VI, anteriorly) and in the thalamus
where gray matter volume is lower in premutation carriers compared with controls. Maps are thresholded at p < 0.005 and k > 40 and superposed on a standard brain in the MNI
(Montreal Neurological Institute) space. Hot color bar represents T scores. (B) Correlation between the modulated gray matter intensity at the center of gravity of the significant
clusters and age. Effect of age in gray matter volume is similar in the premutation group compared with controls. Lines represent the fitting of the distribution of the values for the

2 cohorts.

analysis shows significant (p < 0.05, FWE corrected) accelerated
alteration of MD and RD values with age in the premutation group in
3 large clusters centered in the frontal white matter area (42, 32, 9),
and in the corticospinal tracts (centers in the posterior and superior
corona radiata; —27, —28, 31 and 21, —21, 43, respectively). The
latter clusters extend posteriorly into the parietal region (intra-
parietal sulci; —19.5, —51, 45) (Fig. 3) with a slight predominance in
the left hemisphere. These regions seemed to reflect a more diffuse
white matter involvement. The same region also showed interaction
with CGG repeats. The MCPs showed interaction with age, length of
CGG repeats, and age x CGG. Trends observed for additional clusters
identified in the interaction analysis, and visible in Fig. 3, are pre-
sented in Supplementary Table S2.

3.3. White matter: fractional anisotropy and axial diffusivity

These 2 maps identified the same aforementioned clusters, both
in the group (decrease of FA and increase of axial diffusivity in
carriers compared with controls) and interaction analyses, but the
levels of significance were lower overall. These trends are described
in Supplementary Table S3.

3.4. MTR results

Among the 2 regions identified by increased MD and RD values,
the MCPs are characterized by a significant decrease in mean MTR
in carriers (p = 0.05 for both right and left MCP). The diffuse
cerebral white matter region identified through interaction

analyses also shows different distribution of MTR values between
the 2 cohorts (Kolmogorov-Smirnov; p < 0.001) (Supplementary
Fig. S3).

3.5. Correlation with FXTAS score

The total score of the FXTAS rating scale is within the normal
range in carriers and multiple linear regression accounting for age
did not find a correlation between this score and any of the afore-
mentioned regions identified through group effects or interactions.
However, the MD values in the anterior cingulate cortex correlate
negatively with the FXTAS score (Supplementary Fig. S4).

4. Discussion

Our study demonstrates unique anatomic patterns of preclinical
changes in young asymptomatic premutation carriers using
a multimodal imaging approach to characterize brain tissue prop-
erties. We show that among lesions previously characterized in
patients with FXTAS (Brunberg et al., 2002; Hashimoto et al., 20113;
Hashimoto et al., 2011b; Wang et al., 2012), cerebellar and hippo-
campal alterations are present in asymptomatic carriers (mean age
47 years). We interpret the presence of decreased gray matter
volume with normal rates of age-related atrophy (no age x group
interaction) in the cerebellum and thalamus as early alterations.
The white matter changes in the hippocampal fimbria are con-
sistent with the same interpretation. In contrast, the diffuse cere-
bral hemispheric white matter changes identified through an
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age x group interaction are interpreted as late stage lesions, which
may mark the imminent onset of FXTAS.

The whole-brain voxel-based analysis identified alterations in
the cerebellar motor network in presymptomatic carriers compared
with controls (Figs. 1 and 2). The MCP and the corresponding
cerebellar gray matter (anterior part of lobule VI) receiving these
cortical projections are altered early on, suggesting that there may
be a direct causal relationship between these 2 alterations.
Neuropathologic studies have hypothesized that Purkinje cell
dropout in patients with FXTAS is secondary to MCP white matter
lesions (Greco et al., 2006).

However, the decrease in cerebellar gray matter volume is the
most significant finding in these asymptomatic carriers and is
compatible with the opposite hypothesis. Gray matter reduction in
the anterior cerebellum is among the most salient findings in
patients with FXTAS (Hashimoto et al., 2011a). Damage to the
anterior lobe (including lobule VI) has also been correlated with
ataxia scales (International Cooperative Ataxia Rating Scale) in VBM
studies of patients with cerebellar lesions (Schoch et al., 2006).

Late-onset diffuse hemispheric white matter alterations are not
specific, but are systematically present on FLAIR images in patients
with severe forms of FXTAS (Brunberg et al., 2002). Although our
findings do not show a group effect, accelerated age-related
changes in diffuse cerebral white matter clusters (MD and RD
values revealed by age x group interaction analysis), suggest that
these lesions (as opposed to those in the MCP) appear later and
much closer to the mean age of onset of FXTAS (Fig. 3). These
changes, therefore, may potentially serve as markers of an immi-
nent onset of clinical symptoms. Associated diffuse cerebral gray
matter atrophy has been previously demonstrated in patients with
FXTAS (Hashimoto et al., 2011a), but it was not detected in our
premutation group, suggesting that it may manifest later and be
secondary to white matter disease.

Changes in tissue structure seen before the onset of a neurode-
generative disorder are considered to represent a slow degenerative
process (Paulsen et al., 2010). This view is being challenged and
recent studies have shown that neurodevelopmental changes may
be involved in adult late-onset neurodegenerative disorders, such
as Huntington disease (Nopoulos et al., 2011). In our premutation
group, a decrease in gray matter density in the cerebellum and
thalamus is present decades before the onset of FXTAS and does not
show accelerated decline with age, which one would expect in
a neurodegenerative disease (Fig. 2 and Supplementary Table S1).
Although it is unknown if the decrease in thalamus volume has
a direct role in the onset of FXTAS symptoms, cerebellar lesions
are clearly implicated in this movement disorder. This suggests
that certain brain lesions classically observed in FXTAS may be
the result of neurodevelopmental processes. This is consistent
with findings of a recent study showing impaired embryonic
neocortical development in mice expressing premutation alleles
(Cunningham et al., 2011).

We show that changes in the hippocampal fimbria/fornix and
the stria terminalis, a region altered in patients with FXTAS (Wang
etal.,, 2012), are present early on. Hippocampal neurons have one of
the highest rates of intranuclear inclusion density in patients with
FXTAS (Greco et al., 2002; Greco et al., 2006), and developmental
abnormalities were also demonstrated in murin hippocampal
neurons of mice expressing a premutation allele (Chen et al., 2010).

The MTR and DTI-derived quantitative maps are sensitive to
different tissue property changes in the white matter. In the MCP,
an increase in MD and RD and a decrease in MTR support a myelin-
based phenomenon. This pattern was observed in the hemispheric
white matter, where differences in the distribution of MTR values
also support myelin-related alterations (Supplementary Fig. S3). In
contrast to the MCPs, the complex architecture of the hippo-
campus precludes any interpretation of the MD and RD values as
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parietal white matter (C), right superior corona radiata (D), and in the middle cerebellar peduncles (E and F). The diffuse white matter involvement in the cerebral hemispheres is not
associated with a group effect, suggesting a late-onset mechanism. Maps are thresholded at p < 0.005 and k > 40 and superposed on a standard brain in the MNI (Montreal
Neurologic Institute) space. Hot color bar represents T scores. The histograms show the beta values of the age x group interaction for the 2 groups. The scatter plot represents the
adjusted MD values for the contrast of interest (interaction age x group) in the model with respect to age. To avoid redundancy, we included in the figure 1 example corresponding

to the right middle cerebellar peduncle.

myelin-related alterations (Wheeler-Kingshott and Cercignani,
2009). The trends on the FA map reflect the MD and RD results
and suggests that axonal loss may be secondary to myelin sheet
alterations.

Accurate markers are required for the development of future
neuroprotective treatments. An ideal imaging biomarker should
correlate with disease progression and be present many years
before the onset of the disorder (Weir et al., 2011). Although we
identified early markers, our study was not designed to evaluate
disease progression (only asymptomatic carriers were included).
Keeping in mind the constraints due to limited variance in the
FXTAS score of our premutation group, we observed a correlation
between this score and the anterior cingulate cortex. Decrease
in gray matter volume of the latter region has previously been
reported in patients with FXTAS (Hashimoto et al, 2011a).

Longitudinal studies are required to assess the relationship
between these markers and disease progression.

In conclusion, alterations of the cerebellar network, present
decades before the onset of FXTAS, and later diffuse involvement of
the hemispheric white matter may serve as markers of distinct
stages (early vs. imminent onset) of this disorder. Other changes
may reflect a potential neurodevelopmental effect of the pre-
mutation. Although data in the hemispheric region supports
demyelination as a primary mechanism, the robust decrease of
cerebellar gray matter may favor a process in which neuronal
depletion is the primum movens.
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