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ABSTRACT

Objective: This study determined whether CGG repeat length moderates the relationship between
age and performance on selective measures of executive function in premutation carriers (PM)
who are asymptomatic for a recently described late-onset neurodegenerative disorder, fragile
X–associated tremor/ataxia syndrome (FXTAS).

Methods: Forty PM men aged 18–69 years with a family history of fragile X syndrome underwent
neuropsychological tests of inhibition and working memory. We examined only men who are asymptomatic
for FXTAS. Multiple regression analyses were conducted to examine the moderating role of CGG repeat
length on the relation between age and performance on inhibition and working memory tasks.

Results: With increasing age and only in men with an FMR1 expansion in the upper premutation
range (�100 CGG repeats) was there an association between age and poorer task performance
on selective executive function measures involving inhibition (p � 0.05) and executive working
memory (p � 0.01). Men in the lower premutation range (�100 CGG repeats) were relatively
risk-free from any cognitive aging effects associated with CGG repeat expansions.

Conclusions: We conclude that neural networks in the prefrontal cortex may be highly suscep-
tible to age-related neurotoxic effects in the upper size range of the FMR1 premutation.
Future longitudinal studies will be needed to determine whether specific executive markers
may serve to distinguish those at greatest risk for severe cognitive decline or dementia asso-
ciated with FXTAS. Neurology® 2011;77:618–622

GLOSSARY
DLPFC � dorsolateral prefrontal cortex; FXS � fragile X syndrome; FXTAS � fragile X–associated tremor/ataxia syndrome;
PASAT � Paced Auditory Serial Addition Test; PM � premutation carrier.

Fragile X syndrome (FXS) is the leading cause of inherited intellectual disability worldwide and
one of the few known single-gene causes of autism.1 The condition is caused by a large expansion of
the trinucleotide CGG repeat region (�200 CGG repeats) within the 5� untranslated region of the
fragile X mental retardation 1 gene (FMR1), located at the long arm of the X chromosome. FMR1 is
distinctive in that expansions can occur across successive generations, with individuals classified as
demonstrating normal (7–44 CGG repeats), intermediate or gray-zone alleles (45–54), or moderate
(55–200) repeat expansions. Individuals with moderate expansions of the FMR1 gene are referred to
as premutation carriers (PM), and until a decade ago were assumed to be free of a deleterious
phenotype; that is, without any discernible cognitive or brain impairment.

It is now well-documented that approximately 30%–40% of PM males and 8% of PM
females will develop a recently described late-onset neurodegenerative disorder, fragile X–asso-
ciated tremor/ataxia syndrome (FXTAS), which is associated with progressive dementia (�55
years and predominantly in men), intention tremor, ataxia, and parkinsonism alongside mood
and executive function deficits.2–4
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Although previous studies have identified a
more generalized executive function impair-
ment or “dysexecutive syndrome” in older
men (�50 years) with FXTAS,5,6 other stud-
ies in asymptomatic PM carriers have found
distinct executive function signatures of in-
hibitory and executive working memory de-
cline that progressively deteriorate with
increasing age, and correlate with increasing
CGG repeat length.7,8 However, it remains
unclear whether asymptomatic carriers have
selective executive function impairments.9,10

Here we explore the possibility that recent
findings may reflect a higher CGG repeat
threshold within which a subgroup of asymp-
tomatic carriers may be especially vulnerable
to selective executive cognitive impairments.

METHODS Participants. We recruited a total of 40 PM
men with a family history of FXS ranging in age from 18 to 69
years through the UK Clinical Genetics Services and the UK
Fragile X Society. Of these individuals, data from 7 participants
were removed because of the confounding effects of FXTAS-
related symptoms screened by a validated neurologic question-
naire.11 Thus, the final sample comprised 33 asymptomatic PM
men aged between 20 and 68 years. Table 1 shows the distribu-
tion of CGG repeat length and descriptive statistics. Intellectual
level was assessed using the Wechsler Abbreviated Scale of Intel-
ligence,12 which comprises 4 subtests that tap both verbal and
performance domains (see table 1).

Fragile X DNA testing. The repeat region in the 5� end of
the FMR1 gene was identified for each participant using direct
PCR techniques and quantified through comparison to a female
control of known repeat size using PAGE gel electrophoresis.13 A
premutation is defined here as an allele ranging in size from 55
CGG repeats up to approximately 200 repeats without any evi-
dence of abnormal methylation, which is indicative of gene si-
lencing as occurs in full mutation FXS.

Neuropsychological testing. In the cognitive domain of in-
hibition, we selected measures previously identified as most sen-
sitive in the inhibition composite score7: the Hayling Sentence
Completion and the Stroop Color-Word Tests. Several cognitive
measures in the domain of working memory were chosen—in

particular, letter-number sequencing and Paced Auditory Serial

Addition Test (PASAT)—because they represent quite distinct

neural circuits during performance.14,15

Statistical analysis. Multiple regression analyses were con-

ducted to test the moderating role of CGG repeat length on the

relation between age and performance on inhibition or working

memory tasks. The primary criterion measures were selected as

the most sensitive inhibitory (Hayling category B errors, Stroop

Color-Word interference score) and working memory (letter-

number sequencing and PASAT accuracy scores) measures iden-

tified in our previous composite measures,7,8 and the predictor

variables were age, CGG repeat, and their interaction. Prelimi-

nary analyses indicated no significant effects involving full-scale,

verbal, or performance IQ as covariates, and thus we excluded

IQ scores from subsequent analyses. CGG repeat length and age

were centered prior to regression analyses and multiplied to-

gether to represent this interaction according to previously estab-

lished guidelines.16

RESULTS Response inhibition measures. For Hay-
ling category B errors, there was a significant associa-
tion with age as well as an interaction between age
and CGG repeat length (see table 2 for standardized
B and t values). This analysis showed that CGG re-
peat length moderates the relationship between age
and inhibitory control.

Following previously established guidelines,16 we
graphed the interaction by calculating standardized
values that represent the relationship between age
and Hayling category B errors at high (�1 SD) and
low (�1 SD) values of CGG repeat length using
equations derived from the standardized B values
(figure, A). The positive association between age and
Hayling category B errors diminished as CGG re-
peats declined. Thus, when CGG repeats were rela-
tively high (�1 SD), there was a deterioration in
inhibitory control with increasing age. When CGG
repeats were relatively low (�1 SD), this relationship
diminished and there was no deterioration with in-
creasing age. For Stroop Color-Word interference
scores, there was a significant association with age
but no interaction emerged between age and CGG
repeat length (see table 2).

Working memory measures. For letter-number se-
quencing correct responses, there was a significant
association with age as well an interaction between
CGG repeat size and age (see table 2). The relation-
ship between age and letter-number sequencing score
becomes stronger with increasing CGG repeat length
(figure, B). When CGG repeats were relatively high
(�1 SD), letter-number sequencing was inversely as-
sociated with age. When CGG repeats were relatively
low (�1 SD), the relationship between age and per-
formance on letter-number sequencing was dimin-
ished and performance did not deteriorate with
increasing age. For PASAT accuracy scores, there was

Table 1 Age, IQ, and CGG repeat length in individuals with moderate
expansions of the FMR1 gene without FXTAS

Mean � SD
(n � 33) Range

Age, y 45.33 � 14.87 20–68

Full-scale IQ 104.10 � 14.93 72–136

CGG length 99.53 � 28.56 55–161

CGG repeat distribution �100 CGG repeats �100 CGG repeats

No. of participants 16 17

CGG repeat range 55–97 101–161

Abbreviation: FXTAS � fragile X–associated tremor/ataxia syndrome.
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a significant association with age, but no interaction
emerged between CGG repeat and age (see table 2).

DISCUSSION Our findings are the first to demon-
strate that individuals in the upper size range of the
FMR1 premutation may be at risk from an age-
related decline in selective inhibitory and working
memory measures (Hayling task and letter-number
sequencing, respectively). Furthermore, these find-
ings suggest that specific executive markers may in-
cur variable degrees of risk for developing a recently
identified late-onset neurodegenerative disorder, FX-
TAS, which is associated with global executive func-
tion deficits, intention tremor, and gait ataxia.

The identification of specific executive markers in
an at-risk subgroup of the FMR1 premutation sug-
gests that executive function tasks that place de-
mands on focal processing may be more vulnerable
to the effects FMR1 mRNA toxicity. This interpreta-
tion is in line with the extant studies that show larger
CGG repeat sizes result in up to a 10-fold increase in
FMR1 mRNA levels, which appear to be toxic to
neurons.17,18 We conjecture that the toxic effects of
high levels of FMR1 mRNA and moderately lowered
FMRP levels in patients with larger CGG repeat
sizes17–19 initially affect vulnerable prefrontal circuits
resulting in the subtle yet specific impairments de-
scribed here. This is consistent with numerous stud-
ies that imply toxicity increases with increasing CGG
repeat length in patients with FXTAS, with signifi-
cant correlations between CGG repeat size and age at
onset of motor signs,20 the presence of intranuclear
inclusions throughout the brain,21 MRI changes in
carriers with and without FXTAS,22 and the onset of
marked cognitive impairments.23

The current findings of an age-related cognitive
decline using selective measures of inhibition and

working memory indicate the greater sensitivity in
the FMR1 premutation to deficits in specific neural
networks. Functional imaging has demonstrated that
performance on the Hayling task activates the left
dorsolateral prefrontal cortex (DLPFC) underlying
executive processes,24 whereas the Stroop task has
been shown to activate a broadly distributed network
of integrated cortical regions that extend beyond the
prefrontal cortex.25–27 In contrast, functional imaging
studies indicate that performance on letter-number
sequencing activates a distinct pattern of neural acti-
vation in the orbital frontal lobe, DLPFC, and poste-
rior parietal cortex underlying the executive working
memory network.14 Cortical activation during per-
formance on the PASAT involves more extensive
networks underlying verbal working memory and se-
mantic memory retrieval networks.15 Together, these
findings indicate that the sensitivity in detecting an
age-related decline may only become discernible in
asymptomatic male carriers on measures that tap
central executive functions—that is, when perform-
ing complex mental operations such as planning, ma-
nipulation, and organization. We therefore posit that
only central executive functions that require increas-
ing demands to inhibitory and working memory
control may confer at-risk profiles in asymptomatic
carriers.

The cross-sectional design of this study is a limita-
tion in predicting whether cognitive decline mani-
fested in the preclinical state may eventually develop
into FXTAS. Therefore, whether specific executive
markers may serve as cognitive precursors to the later
onset of FXTAS should remain tentative in light of
developmental cognitive problems proposed to be as-
sociated with the FMR1 premutation including au-
tism and attention-deficit/hyperactivity disorder.28,29

Table 2 Standardized B and t values for the continuous moderator variable of CGG repeat length in the
multiple regression analyses for Hayling category B errors, Stroop Color-Word interference
scores, letter-number sequencing, and PASAT accuracy scores

Hayling category
B errors

Stroop Color-Word
interference score

Letter-number
sequencing score

PASAT accuracy
score

Standardized B t Value Standardized B t Value Standardized B t Value Standardized B t Value

Constant �1.05 10.28a 7.38a 6.33a

CGG repeat length 0.22 1.31 �0.41 �2.86b �.12 �0.78 �0.30 �1.88

Age 0.35 2.19c �0.55 �3.92a �.47 �3.14b �0.42 �2.66c

CGG repeat � age 0.37 2.25c �0.24 �1.67 .44 2.87b 0.33 2.05

R2 0.28c 0.44b 0.38b 0.35b

Adjusted R2 0.20c 0.39b 0.32b 0.28b

Abbreviation: PASAT � Paced Auditory Serial Addition Test.
a p � 0.001.
b p � 0.01.
c p � 0.05.
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Declarative learning and memory recall problems
have been described in asymptomatic carriers of pre-
mutation alleles6,30; however, it remains unclear
whether these impairments are an indication of de-
velopmental changes as they manifest across the lifes-
pan or presymptomatic vulnerability to later
neurodegenerative decline associated with FXTAS.

Our results provide the first evidence that the age-
related decline in inhibitory control and working
memory in the FMR1 premutation may only become
discernible in an at-risk premutation repeat range.
Future longitudinal studies will be needed to deter-
mine whether selective executive markers may be
precursors to more severe forms of dementia reported
in patients with FXTAS.
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