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Abstract

Mutations of the fragile X mental retardation 1 (FMR1) gene are the genetic cause of fragile X
syndrome (FXS). Expanded CGG trinucleotide repeat (> 200 repeats) result in transcriptional
silencing of the FMRL1 gene and deficiency/absence of the FMRL1 protein (FMRP). Carriers with a
premutation allele (55-200 CGG repeats) are often associated with mildly reduced levels of
FMRP and/or elevated levels of FMRL mRNA, and are associated with the risk of developing a
neurodegenerative disorder known as fragile X-associated tremor/ataxia syndrome (FXTAS).
While impairments in numerical processing have been well documented in FXS, recent behavioral
research suggests that premutation carriers also present with subtle but significant impairments in
numerical processing. Using fMRI, the current study examined whether asymptomatic adults with
the premutation would show aberrant neural correlates of magnitude estimation processing in the
fronto-parietal area. Using a magnitude estimation task, we demonstrated that activity in the
intraparietal sulcus and inferior frontal gyrus, associated with magnitude estimation processing,
was significantly attenuated in premutation carriers compared to their neurotypical counterparts
despite their comparable behavioral performance. Further, multiple regression analysis using CGG
repeat size and FMR1 mRNA indicated that increased CGG repeat size is a primary factor for the
decreased fronto-parietal activity, suggesting that reduced FMRP, rather than a toxic gain-of-
function effect from elevated mMRNA, contributes to altered neural activity of magnitude
estimation processing in premutation carriers. In conclusion, we provide the first evidence on the
aberrant neural correlates of magnitude estimation processing in premutation carriers accounted
for by their FMR1 gene expression.
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1. Introduction

Fragile X syndrome (FXS) is the most common inherited form of intellectual disability,
resulting from a trinucleotide repeat expansion in the 5" untranslated region of the fragile X
mental retardation 1 (FMRL) gene located at Xq27.3, affecting approximately 1 in 2500
individuals (Fernandez-Carvajal et al., 2009). When the CGG expansion exceeds 200
repeats (i.e., full mutation), it results in hypermethylation of the FMR1 gene and subsequent
loss of the gene protein product, fragile X mental retardation protein (FMRP). Individuals
with expanded, but unmethylated, repeats (55-200 repeat) are categorized as fragile X
premutation carriers, and are associated with elevated levels of FMR1 mRNA and mildly
reduced levels of FMRP (Garcia-Arocena and Hagerman, 2010; Hagerman and Hagerman,
2004; Kenneson et al., 2001; Tassone et al., 2000b). The prevalence of the premutation is
relatively common (1 of 130-250 females and 1 of 250-800 males (Hagerman et al., 2009)),
and about 40% of male and 8-16% of female adults with premutation allele (>50 years old)
may develop a late-onset neurodegenerative disorder known as fragile X-associated tremor/
ataxia syndrome (FXTAS) (Jacquemont et al., 2004), which is associated with tremors, gait
ataxia, and executive function impairments (Bourgeois et al., 2009).

Until recently, it has been widely regarded that asymptomatic (i.e., non-FXTAS), young
adults with the premutation are unaffected in their cognitive processing (Snow et al., 1993).
However, recent studies have reported evidence indicating that, although the effect may be
very subtle, presence of the premutation allele might modify neural development and/or
cognitive function similar to that which is seen in individuals with FXS or FXTAS. For
example, Keri and Benedek (2009; 2012) have found that, like in the case of FXS,
premutation carriers present with mild dysfunction in motion perception, detection of spatial
location, and visuomotor coordination. Further, these researchers recently demonstrated that
subtle visual dysfunction in individuals with the premutation was significantly explained by
FMREP level, suggesting possible neurodevelopmental changes in the low-level visual
processing in the premutation with genetic contributions— i.e., expanded CGG length (Keri
& Benedek, 2012). Furthermore, consistent with evidence on deficits in dorsal-stream visual
processing in people with FXS (e.g., Kogan et al., 20044, b), Hocking and colleagues (2012)
demonstrated that asymptomatic male premutation carriers with high CGG repeat size (100
< CGG < 200) performed significantly worse than normal controls on a dot test of
visuospatial working memory (WM) after accounting for effects of age and 1Q on the
performance. Such findings indicate that individuals with premutation alleles may have
subtle cognitive dysfunctions which are a much milder form of those seen in FXS, and
which have little, if any, effect on their everyday cognitive functioning.

Like deficits in dorsal-stream visual processing, quantitative and magnitude estimation
processing have also been identified as one of the core cognitive functions affected in people
with the full mutation (FXS). Specifically, females with FXS often reveal arithmetic
difficulties in 1Q tests (Bennetto et al., 2001; Grigsby et al., 1990; Kemper et al., 1986;
Miezejeski et al., 1986), and a previous study showed impairments on complex arithmetic
tests (e.g., 3-operamd arithmetic equations) in females with FXS both at behavioral and
neural levels (Rivera et al., 2002). Interestingly, recent studies have also reported subtle
impairments in arithmetic performance in females with the premutation. For example, using
the Wide Range Achievement test, Lachiewicz and colleagues (2006) found that females
with the premutation showed significant difficulty in arithmetic tests compared to tests for
reading and spelling. Although the results from Lachiewicz et al. (2006) must be considered
with a caution because the study was a retrospecitve review of the clinical experience rather
than a prospective controlled study, it is still worth noting that the reported deficit in
mathematics were positively correlated with CGG repeat length in premutation carriers,
indicating a significant dose-response of FMR1 gene on arithmetic processing in the
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premutation. Likewise, recent studies from our group also found a dosage effect of the
FMR1 gene (indexed by CGG repeat size) on basic magnitude processing in females with
the premutation, although no significant performance differences were found in either
enumeration or magnitude estimation task between premutation and control groups
(Goodrich-Hunsaker et al., 2011a, b).

Despite such recent behavioral evidence on effect of FMR1 gene expression on behavioral
performance of quantitative processing in asymptomatic premutation carriers, to date there
has been no published study on the neural substrates of numerical/magnitude processing in
premutation carriers. In fact, aberrant neural correlates responding to other cognitive
functions have been found in asymptomatic adults with the premutation. Structurally, it has
been found that asymptomatic adult carriers reveal significantly reduced grey matter density
in the amygdala-hippocampal complex (Moore et al., 2004), reduced hippocampal volumes
(Jakala et al., 1997), and a negative correlation between CGG repeat length and brain
volume (Cohen et al., 2006). In functional brain imaging studies, researchers have
demonstrated reduced activity in brain regions, such as hippocampus, in premutation carriers
relative to age and 1Q matched controls while performing a recall task, despite comparable
behavioral performance on the task between the two groups (Koldewyn et al., 2008).
Motivated by aforementioned studies reporting atypical brain activity for some of cognitive
functions and also inspired by recent behavioral findings on the effect of FMRL1 gene
expression on magnitude processing in premutation carriers, the present study investigated
whether asymptomatic adult carriers show atypical neural correlates of magnitude
estimation processing modulated by FMR1 gene expressions.

To examine neural correlates of basic magnitude estimation processing, we used a well-
established magnitude comparison task developed by Ansari and colleagues (Ansari and
Dhital, 2006; Holloway and Ansari, 2010; Holloway et al., 2010; Price et al., 2007). The
task requires magnitude comparison processing for non-symbolic numerical quantities. The
“numerical distance effect” in this task is measured by comparing performance in a smaller
numerical difference condition to that of a larger difference condition. Previous
neuroimaging studies using this task have found strong fronto-parietal activation in response
to the magnitude comparison processing, with great emphasis on activation in intraparietal
sulcus (IPS) and inferior frontal gyrus (IFG) (Ansari and Dhital, 2006; Holloway and
Ansari, 2009; Holloway et al., 2010). Based on these previous findings, we expected to find
a distance effect in the fronto-parietal areas including bilateral IPS and IFG, and
hypothesized that asymptomatic adults with the premutation would show attenuated brain
activity in such areas associated with the distance effect compared to neurotypical
counterparts. Further, we expected to find a dosage effect of FMRL gene expression on
reduced fronto-parietal activation associated with distance effect in premutation carriers.

2. Methods
2.1. Participants

Twenty-eight adults with the premutation (Premutation group; mean age: 32.3 years,
Female: 16) and 29 neurotypical age- and gender-matched controls (NT group; mean age:
30.6 years, Female: 14) with normal or corrected-to-normal vision participated in the current
study. Full-Scale 1Q (FSIQ) was obtained using the Wechsler Adult Intelligence Scale
(WAIS-I1I; Wechsler, 1997) or the Wechsler Abbreviated Scale of Intelligence (WASI;
Wechsler, 1999).

Four females in the premutation group and two females and three males in the NT group
were excluded from further analyses due to excessive movement (> 3mm) in the scanner or
due to failure to complete the fMRI scan. The two groups did not differ in age, t(46)=.74,
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p>.05, FSIQ, t(43)=.77, p>.05, nor gender (i.e., each group had 12 females). None of the
participants in the premutation group were mosaic for either repeat size or methylation, and
allele status was confirmed by FMR1 DNA testing. Group demographic statistics, FSIQ, and
FMRL data are shown in Table 1. Participants were recruited through the NeuroTherapeutics
Research Institute (NTRI) at the Medical Investigation of Neurodevelopmental Disorders
(MIND) Institute of the University of California Davis Medical Center. The Institutional
Review Board at the UC Davis approved the experimental protocol. Prior to the experiment,
each participant provided informed written consent and all were compensated $25 for
participation in the MRI scan. Screening for MR safety was also completed on the day of
scanning to ensure eligibility for MR. None of the participants were taking psychotropic
medications or medications known to affect MR signal.

2.2. Molecular Genetics Measures

2.3. Imaging

Genomic DNA was isolated from peripheral blood lymphocytes using standard methods
(Puregene Kit; Gentra Inc). CGG sizing and methylation status were assessed by Southern
Blot and polymerase chain reaction (PCR) analyses as detailed in Tassone et al. (2008).
Analysis and calculation of the repeat size for both analyses were carried out using an Alpha
Innotech FluorChem 8800 Image Detection System (Tassone et al., 2008). As previously
described (Tassone et al., 2000), all quantifications of FMR1 mRNA were performed using a
7900 Sequence detector (Applied Biosystems).

methods and analyses

2.3.1. Brain image acquisition—All imaging data were acquired on a Siemens 3 Tesla
Trio scanner with Echospeed gradients and a Siemens 8-channel whole head coil located at
the UC Davis Imaging Research Center. Visual stimuli were projected onto a screen and
viewed on an MR compatible mirror mounted above the participant’s head. For each
participant, an anatomical scan was acquired using a high resolution T1-weighted MPRAGE
sequence (TR = 2500 ms, TE = 4.33 ms, flip angle = 7°, FOV = 243x 243 mm, 208 slices,
0.9 mm slice thickness) to aid in localization, co-registration, and normalization of
functional data. For the functional runs, imaging was performed using a T2*-weighted
gradient echo planar pulse sequence (TR = 2500 ms, TE = 30 ms, flip angle = 90°). Each
brain volume was composed of 34 axial slices (FOV = 218 x 218, matrix = 64 x 64, 3.4 x
3.4 x 3.4 mm resolution) aligned to the AC-PC line, collected interleaved, inferior to
superior. For all functional runs, data from the first two volumes were discarded to allow for
stabilization of magnetic fields.

2.3.2. Image processing and statistical analyses—Imaging data were preprocessed
using SPM 5 (Wellcome Department of Cognitive Neurology, London) run within Matlab
(Matlab Mathwork, Inc., Natick, MA). For preprocessing, data were slice-time corrected for
acquisition order, realigned and unwarped to correct for motion across runs. Next, the
images were spatially normalized (with trilinear interpolation and preserving the intensities
of the original images) to the SPM EPI template corresponding to the MNI (Montreal
Neurological Institute) defined standardized brain space, and then spatially smoothed with a
Gaussian kernel of 5 mm FWHM. All participants who were included in the analyses moved
less than 3 mm in X, y, or z planes. The time series were high pass filtered at 128 s.

Statistical analyses were performed using the general linear model for event-related designs
in SPM 5. For each participant, a whole-brain voxel-wise analysis was conducted in which
individual events were modeled as a canonical hemodynamic response. Each event type was
first modeled for each participant using a fixed effects analysis. Then, the resulting least
squares parameter estimates of the height of the modeled hemodynamic response for each
condition were entered into random effects analyses. For all random effects analyses,
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significant clusters of activation were determined using the joint expected probability of
height p <. 01 (z> 2.33 at the voxel-level) and an extent threshold of p <. 05 (at least 220
consecutive voxels), yielding a clusterwise significance level of p <. 05, corrected for
multiple comparisons (Poline, et al., 1997).

2.4. fMRI magnitude estimation task and statistical analyses

3. Results

We modeled our magnitude estimation task after that used in Ansari & Dhital (2006) (Figure
1). In the scanner, participants saw side-by-side displays of sets of rectangles of which each
side of screen contained 1-9 white squares. The total area occupied by squares was equated
between numerosities so that squares in both sides were equated for area. Furthermore,
groups of squares in each trial were equidistantly presented from a central fixation cross.
Participants were asked to indicate a set containing more rectangles by pressing a left or
right button of an MR compatible button box. The numerical distance between groups of
squares was 1, 2, 3, 5, 6, or 7. As in the previous study, the distances were categorized into
small distances (1-3) and large distances (5-7) for the analysis, and the distance effect was
calculated by comparing the accuracy and reaction time data between the small and large
distance conditions. To achieve jitter in the time series, trials were presented with variable
fixation intervals of 3900, 6400, or 8900 ms. Each participant completed two functional runs
of this task and each run consisted of 54 trials and lasted for 6 minutes and 53 seconds. Half
of the trials in each run were the small distance condition and the other half of them were the
large distance condition, resulting in 54 small and 54 large distance trials for blood
oxygenation level dependent (BOLD) response estimation.

All of the statistical tests including the between-group analyses and correlation analyses on
demographic, FSIQ, molecular, and behavioral performance data were conducted using IBM
SPSS statistics 20 (http://www.ibm.com/software/analytics/spss/products/statistics).

3.1. Correlation between molecular variables and FSIQ

As previously found (Kenneson et al., 2001; Tassone et al., 2000a), CGG repeat length was
positively correlated with FMR1 mRNA level in the premutation group only (r=.47, p<.05).
There was no significant relationship between FSIQ and CGG, nor between FSIQ and
FMRL mRNA, in either NT or premutation groups (all p > .05).

3.2. Behavioral performance

To test behavioral performance in the magnitude estimation task, a 2 (distance, within-
subjects factor) X 2 (group, between-subjects factor) mixed analysis of variance (ANOVA)
was conducted on the accuracy data. The results showed a significant main effect of distance
(F(1,46)=41.75, p<.05), indicating that both groups made fewer errors in the large distance
condition than the small distance condition (i.e., distance effect; Table 2). Neither a main
effect of group nor an interaction between distance and group was significant (F(1,46)=1.12,
p>.05, F(1,46)=.70, p>.05, respectively), indicating that the two groups revealed comparable
performance and patterns of distance effect. Correlation analyses using molecular variables
showed no significant relationship between FMR1 gene expression (i.e., CGG repeat size
and FMR1 mRNA) and the distance effect in either diagnostic group.

The same 2 x 2 mixed ANOVA on the reaction times (RTs) data showed a significant main
effect of distance (F(1,46)=271.70, p<.05), indicating slower RT in the small than the large
distance condition in both groups (Table 2). There was no significant main effect of group
nor interaction between the two factors (F(1,46)=.78, p>.05, F(1,46)=.67, p>.05,
respectively), confirming no speed-accuracy trade-off on comparable distance effect in two
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groups. Finally, no significant correlation was found between FMR1 gene expression and
the distance effect in the RT data in either group.

3.3. Functional imaging results

3.3.1. Group analyses—Table 3 lists brain regions showing significant activation in each
group for the distance effect (i.e., Small distance > Large distance). Consistent with findings
in previous studies using magnitude estimation tasks, the NT group showed significantly
activated clusters in bilateral inferior parietal lobule (IPL) encompassing bilateral IPS.
Furthermore, activation in bilateral insula, bilateral dorsolateral prefrontal cortex (DLPFC),
and bilateral inferior frontal gyrus (IFG) was also significant in the Small > Large distance
comparison. The premutation group showed a similar pattern of brain activity for the
distance effect, but the intensity of the activity was relatively weaker than in the NT group.
In the premutation group, clusters revealing significant distance effect were found in the
bilateral IPL including IPS, right IFG including right DLPFC and insula, right cingulate
gyrus, and left insula.

A two-sample t-test was conducted to evaluate whether the premutation group showed
attenuated fronto-parietal activity for the distance effect compared to the NT group. The
analysis revealed significantly greater activation in bilateral IPL/IPS and left IFG in the NT
group than the premutation group for the distance effect (Table 4). It is worth highlighting
that the two groups showed comparable behavioral performance in the magnitude estimation
task. That is, premutation carriers showed attenuated neural activity for the magnitude
comparison processing compared to controls although this atypicality was not apparent at
the behavioral level. The inversed contrast (Premutation > NT for Small > Large) did not
reveal any suprathreshold clusters.

3.3.2. Multiple regression analyses using FMR1 gene expression—Our results
indicated that the fronto-parietal activation related to the distance effect was significantly
attenuated in the premutation group, suggesting a possible role of FMR1 gene expression
playing in the neural correlates of the magnitude estimation processing. To determine the
relative and independent effects of the FMR1 molecular measures on brain activity, we ran
multiple regression analysis in SPM using CGG repeat size and FMRL mRNA level as two
factors and brain activation for the distance effect (i.e., activated regions in the Small >
Large contrast) in the premutation group as a dependent variable. Because the two factors
were positively correlated with each other in the premutation group, we residualized the two
gene expression variables for regression analyses in order to obtain the component of one
independent variable that cannot be explained or predicted by the other independent variable
(Allen, 1997). The residualized predictor was then used in the regression analyses. The test
of multicollinearity in the model confirmed that the two molecular predictors were
independent (i.e., Tolerance = 1; Variance Inflation Factor (VIF) = 1).

Results from the regression analysis showed that when ruling out the effect of CGG repeat
size, no cluster in the brain associated with the distance effect was significantly explained by
FMRL mRNA level. In contrast, the results indicated that CGG repeat size was a primary
factor to explain the reduced fronto-parietal activation in the premutation group associated
with the distance effect, after accounting for the effect of FMR1 mRNA (Table 5; Figure 2).
Specifically, while controlling for the effect of FMRL mRNA, we found a significantly
negative relationship between CGG repeat size in premutation carriers and their brain
activation associated with the distance effect in bilateral IPS (Rzadj=.53, r=-.75, p=-.07, p<.
05 and Rzadj:.SG, r=-.65, p=—.06, p<.05 for right and left IPS, respectively), right IFG
(R%qj=.47, r=-.72, =-.05, p<.05), bilateral MFG (R%;qj=.44, r=-.69, p=—.04, p<.05 and
R2adj:.55, r=-.77, p=—.02, p<.05 for right and left MFG, respectively), and right SFG

J Psychiatr Res. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 7

(Rzadj:.37, r=-.65, p=—.03, p<.05). Of note, the Shapiro-Wilk normality test revealed that
the distributions of the molecular variables did not significantly violate the assumption of
normality, p > .87. Thus, the results do not appear to be driven by a subset of participants
with high (or low) CGG repeat sizes.

4. Discussion

The current study provides novel evidence of significant modulation of FMR1 gene
expression on neural correlates of the numerical distance effect in asymptomatic adults with
the premutation. Specifically, we replicated well-established findings of fronto-parietal
activation for the numerical distance effect in our neurotypical group, and this effect was
significantly attenuated in asymptomatic adults with the premutation. Importantly,
behavioral performance in the two groups was not significantly different for either accuracy
or RT, indicating that both groups showed strong and comparable distance effects in the
magnitude estimation task. Nonetheless, we found that the premutation group showed
significantly reduced neural activity in the brain regions associated with the distance effect,
namely IPS and IFG, suggesting reduced specialization of the fronto-parietal regions for
magnitude estimation processing in premutation carriers. Further, we found that CGG repeat
size in the carriers can account for significant variances in neural activation in the fronto-
parietal areas, including bilateral IPS, related to the distance effect.

Unlike a previous behavioral study from our group (Goodrich-Hunsaker et al., 2011a), we
did not find significant modulation effect of FMR1 gene expression on our behavioral
measures for the distance effect. Specifically, the previous study showed a subtle, but
significant effect of CGG repeat size on the distance effect in the premutation. The different
findings may be due to different task designs for testing the numerical distance effect.
Specifically, following the well-established previous fMRI studies on magnitude estimation
processing (Ansari and Dhital, 2006), the current study categorized each difference trial into
two conditions (i.e., Small vs. Large) and compared the two conditions to test the distance
effect. In contrast, the previous behavioral study used two vertical bars and the distances
were defined by height differences between the two bars (i.e., 1, 2, 3, 5, 6, or 7 cm).
Importantly, the previous study focused their analysis on the smallest differences (1- to 2-
cm), and found the significant effect of CGG repeat size only for those small distance
differences. Because the current fMRI study was not designed to separately test the smallest
differences, we are unable to replicate the previous behavioral findings of CGG repeat size
modulation on behavioral measures of distance effect. However, our results from multiple
regression analyses on brain activity indeed cumulate evidence on doseresponse of FMR1
gene expression (CGG repeat size) on the distance effect in premutation carriers.

Previously, authors in our group demonstrated that the neural network for mental arithmetic
processing was affected in females with the full mutation (Rivera et al., 2002). Specifically,
in response to increasing arithmetic complexity (i.e., going from 2-operand to 3-operand
problems), participants with FXS did not recruit, to the same extent, the fronto-
parietalnetwork known to be involved in arithmetic processing in unaffected individuals.
Furthermore, that study reported a significantly positive modulation effect of FMRP on the
neural correlates of arithmetic processing in the more complex condition (i.e., 3-operand
condition) in the FXS group, providing evidence of a direct relationship between decreased
FMRP and impairments in mental arithmetic performance in persons with FXS.

The current study expands the previous findings in the full mutation to the premutation, and
provides novel evidence of a modulation effect of FMR1 gene expression on neural
correlates of magnitude estimation processing in non-FXTAS premutation carriers. Here, we
used CGG repeat size and FMR1 mRNA level, to investigate effects of two related but
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distinct genetic factors on brain activity for numerical distance effect in adults with the
premutation. Critically, the multiple regression analysis using both measures together
indicated that the reduced activity in bilateral IPS and inferior and middle frontal gyrus,
associated with the distance effect, was more strongly related to increased CGG repeat
expansion than to abnormal elevation of FMR1 mRNA. There are thought to be two
molecular mechanisms associated with the premutation. First, increased CGG repeat may
lead to reduction in FMRP, mimicking aspects of the full mutation phenotype. Alternatively,
elevated levels of mMRNA is thought to lead to an RNA toxic gain-of-function, which is
likely to associated with the development of FXTAS (Bourgeois et al., 2009; Tassone et al.,
2004). Our results suggest that altered neural correlates of magnitude estimation processing
in the fronto-parietal area is possibly due to the reduced level of FMRP in the premutation
carriers and is independent of FXTAS progression. However, followup studies with FMRP
measurements, and with individuals with FXTAS, are necessary to elucidate the relation
between altered brain functions for magnitude processing and distinct premutation
phenotypes.

Despite the novel findings on altered neural correlates of magnitude estimation function in
adults with the premutation, some limitations to the current study merit further discussion.
First, one could question whether the current findings of reduced IPS activity in premutation
carriers are due to differences in spatial attention or response selection, rather than to
atypical magnitude estimation processing in the carriers. Although IPS has been recognized
as a key area for numerical distance effect in numerous studies (Ansari and Dhital, 2006;
Cohen Kadosh et al., 2005; Dehaene et al., 2003; Fias et al., 2003; Holloway and Ansari,
2009; Holloway et al., 2010; Pinel et al., 2001), the region has also been reported as a part of
attentional network (Corbetta et al., 2000; Kim and Hopfinger, 2010; Yantis et al., 2002).
Without a comparison task specifically targeting spatial attention, it is hard to disentangle
the process of spatial attention from the numerical distance effect in the current task design.
However, findings from our within- and between-group analyses support our claim that the
reduced IPS activity found in the premutation group reflects attenuated IPS specialization
for numerical processing in premutation carriers, rather than dysfunctions related to other
cognitive processing such as spatial attention. Specifically, along with IPS, both groups
showed significant neural activity in areas associated with attentional orientation such as
DLPFC, anterior cingulate cortex (ACC), and anterior insula (Menon and Uddin, 2010),
suggesting that brain regions for both magnitude comparison processing and spatial attention
were recruited to perform our cognitive task in both groups. However, when comparing the
two groups, only IPS and IFG were found to be significant in the contrast of Neurotypical >
Premutation for Small > Large distance, which are the areas repeatedly found to be involved
in numerical distance effect (Ansari and Dhital, 2006; Dehaene et al., 2003) and the
development of numerical representation (Cantlon et al., 2009; Diester and Nieder, 2007).
Furthermore, the differences in brain activity between the two groups cannot likely be
explained by differences in response selection or task demands since the behavioral
performance between the neurotypical and premutation groups were equivalent. Thus, it is
reasonable to conclude that the present finding of attenuated IPS and IFG activation in the
premutation is associated with atypical specialization of those areas for the magnitude
comparison, although a future study with comparison tasks which target attentional
processing would help to further validate our findings.

Another limitation in the current study has to do with the molecular measurements that were
available to us. As in many of previous studies with FXS, the current FMR1 molecular
measures were ascertained from blood samples, and therefore may not necessarily reflect
what would have been found in brain tissue. Lastly, although it is reasonable to assume that
increased CGG repeat expansion is closely related to FMRP level in the premutation group,
we cannot definitively conclude that the aberrant brain activation in the premutation group is
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exclusively due to reduced FMRP level without direct measurements of FMRP in our
sample. Future research with direct FMRP measurement will allow us to test whether
reduced FMRP is indeed a primary factor for the atypical involvement of the fronto-parietal
regions for the distance effect in individuals with the premutation.
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Figure 1.

Trial sequence in the magnitude estimation task. In an fMRI scanner, participants saw side-
by-side displays of sets of rectangles of which each side of screen contained 1-9 white
squares. Participants were asked to indicate a set containing more rectangles by pressing a
left or right button of an MR compatible button box. The numerical distance between groups
of squares was either 1, 2, or 3 (i.e., small distance condition), or 5, 6, or 7 (i.e., large
distance condition). To achieve jitter in the time series, trials were presented with variable
fixation intervals of 3900, 6400, or 8900 ms.
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t-value

Figure 2.

Fronto-parietal activation showing a negative correlation with CGG repeat size in the
premutation group in the Small > Large contrast, after accounting for the effect of FMR1
MRNA.
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Table 2

Mean accuracy and response times for magnitude estimation task

NT Premutation

Accuracy Reaction Time  Accuracy Reaction Time

(% correct) (msec) (% correct) (msec)
LargeDistance  99.6 (0.8) 617 (107) 98.7 (3.6) 613 (81)
Small Distance ~ 95.8 (3.4) 812 (157) 95.9 (5.8) 789 (98)
Distance Effect  -3.9 (3.4) 195 (88) -2.8(3.7) 176 (66)

Numbers in parenthesis indicate standard deviation.

J Psychiatr Res. Author manuscript; available in PMC 2014 December 01.

Page 15



Page 16

Kim et al.

NIH-PA Author Manuscript

€9lgel

88'C 8 82- 81— Teuiaind 7
100> 187 z-901- 025 snuwefeyL
76'C 29-0¢ snqo|b |eJare| o
T¢e 99¢-01 Jeuin|nd o
100> 126 9¢1-0T 216 snwefeyl o
82 8E8y-09- (ovvea) ONS 1
9Y  Tv99-ve- snaundaid
697  8G8S-0e- (2va) 1ds 1
LTS 8veS-0g- Sdi 1
TT9  0S09-ce- (Lv8) 1dS/Sdi 1
100> w9 8yev-9v- 909¢ (ovva) 1d1 1
8T'S 9% 99- 82 snuAB senbue Y
G€'G Z€ vh- 8 ONS o
66'G 8€ ¢9- 0€ Sdi o
91’9 25 09- 82 (2vg) snaundaid Y
129 9% 85- 82 (2v4) 1dS/SdI
v€'9 26 85- € (Lva) 1dS/SdI o
68'9 S vS-2v (ovva) sdi/di o
700> €9'L 9 87— 9v 1Sy (ovve) 1d1 o
€0'e 9T 9T ¢5- (ryvg) 9411
65'9 (Ao (6va) o411
700> 9’8 291 8e- 6T (eTvg) BINSuI
€L'S 228z 01 (zeva) oov o
809 9€ 0 8€ (6va) 04d1a ¥
Ge'8 2818y (Lyva) 941
82'6 oreey snJAB arenBurd Y
100> 29'6 oveee €988 (eTva) eInsur y IN
J=) Sgf) anfeA-}  S9jeulpJood J=) Sef} suoife i urelg dnoio
Jjoanfea-d Mead Ul S|PXOA
pe1e 1100 jooN

dnoub yoea ul 193443 aduelsIp JuedILIUBIS pamoys eyl seale urelg

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Psychiatr Res. Author manuscript; available in PMC 2014 December 01.



Page 17

Kim et al.

'p81281109 G0'>d 18 JuRdIIUBIS SIBISN|D ||V

S9Y ¥ 89- ¥T snaund Y
§€0°0 10'G 9¢9-81 8€Z ajeInButo sousisod Y
Le€ T 08- 8- (8Tvg) snauna 1
800°0 vy 80.-0¢- S0€ snaund
v0¥ 0 9v- vE- Sdi 1
Y 2y 9r- 2r— (ovva) 1d1 1
800°0 87 OV OF— 2h— S0€ 11
100> 16°G T T ov- SoY e[nsul
Sr'e 8ceeel (reva) 00V
9'€ ¥5 802 (9va) o4s o
S6'€ 0S ¥ 92 94N ¥
Ty 2 0€ 0T 20V o
Y9y 8 ¢T 2- snJAB [eyuoly ferpawl
8 05 8T v SnIAB [ejuoly [eIpaw o
LTS v ez ¢- snAB ayeInburo
100> 2L 8€ 9z ¥ 6€ST snuAB apenburd y
L9'€ 9-8T 9 (Lyve) od1 ¥
60'% 9€ ¥T 95 (6v4) 04d1Q/94IN o
Ly 8 ¥ OV (eTva) eInsur y
SSY [AAARE] (svve) od1 ¥
100> 95'9 AR ¥9ET o4l Y
G6'€ 8 96— 9€ SnIAB renBue
9Ty 9 29- ¢ (Lva) 1ds o
€L'S 0 0L- 0€ snaundald Y
€8'G of 77— 9€ Sdl o
100> 6,9 8 9v— v 89T (ovva) 1dI Y Uonenuiaid
GEO'0 LSY 82 82 Zv- TLC 94IN/04d1a 1
2000 LY 28 ¢- ve- €ey snJAB Jejuoly s|ppIw
R1sNP anfeA-1  S9leulpJood R1sNP suoifa i ure.lg dnoio
joanpen-d Mead UISPXOA
R132 110D JO 'ON

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Psychiatr Res. Author manuscript; available in PMC 2014 December 01.



Page 18

Kim et al.

"p81981109 G0'>d 18 JurdIIUBIS SIBISN|D ||V

L' 0F 86— 22— snaundaid
9L'C  9€0S-9g- ONS T
YO v ¥S-8z- (Lv8) SdI/nds 1
v0'€ 06 29- 9¢- SdI/1ds 1
2re 9v 0S- Ov- (ovva) sdi/di 1
vZ'e 9y 29-8z- (Lv8) SdI/nds 1
EV'E  ¥G 95— v Sdi/di 1
200 €9C 9V Zh- Wi oce (ovve) 1di 1
S6C v 29— ¥E snuAB senbue Y
16T 0€ OF- 85 ONS o
8T'e 0S 95- ¢¥ Sdifndi o
gg'e 9% 05— 8€ (ovva) Sdi/ndi o
G9'€ o v€- ¥S (ovva) ONS/TdI o
7000 69'€ 9v 8€- ¢S Tag Sdi
€82 v 8- ¥5- snJAB [esuaoaid
FASK) 0v 8 8v- (6veg) 94N 1
70y € 9 05— (6vg) o411 SbIEI<[IEWS Jo}
€00 €8y 9€ 0 2G- T0€ (9vg) sniAb [enusoaid 7 uopeINWaId<IN
R1sNpP aNnfeA-1  Sajeulp.ood R1sNpP suoife i ure g seJjuod
Jjoanpea-d Mead Ul S|PXOA
pe1e 1100 jooN

dnoub uoneinwaid ay) ueyl 1N a3yl Ul 19343 aJurlsIp Jayealb pamoys 1ey) sealse ulelg

v alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Psychiatr Res. Author manuscript; available in PMC 2014 December 01.



Page 19

Kim et al.

NIH-PA Author Manuscript

'pa193.109 Go'>d e Juedliubis s1a1sn|o ||V

G6°E 2€ Y- 9p— snJAB jeuiBbrewresdns
Ty Oveh-0S- Id11
8100 99v  292¢5-9e- 8rz IdS/Sdl T
vEY 0€ 92 8v 94N ¥
100> Sy 97 9z O EvS 94N
vSy 9¢ O 8¢
€100 S8y 9z 9% 92 192 o4s ¥
65 € 05— 85 SnJAB rejnbue Y
€9y 85 ¢9- ¢€ 1dS/Sdl o
8/ ¥€ O— 2§ snJAB jeuibrewrldns o
LGS 82 v¥- ¢S Id1d
LS v€8T-8 snIAB ayeInButd Y
100> 90'9 v ¥5- 95 1047 Id1ry
867 ¥T- 0T 2€ o4l Y
66'G Z1- 8T 9% o4l Y
100> 82'9 9- v v 9L o4 Y
697  ¥G9T-0E- 94N T
91’9 8y 9T-8¢- 94N T
100> 7’9 ¥ 02e- G5 snuAB [enusosld 7 99D 40 10843
RBNP an[eA-}  SareulpJood RBNP suoife s ureig 1Sejuod
joanfea-d Yead UISPXOA
po108 1100 joON

G 9lgel

NIH-PA Author Manuscript

dnoub uoneinwald ayy Ul 199440 JUelSIp
a1 YIIM PaIeID0SSE UOITBAIDR patenualie uo (WN¥YW THINH 40 198448 ay1 Ino Huljj041uod) 8zis 1eadal 99D J0 198448 JUedIHUbBIS pamoys 1eyl Seale ulelg

NIH-PA Author Manuscript

J Psychiatr Res. Author manuscript; available in PMC 2014 December 01.





