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a b s t r a c t

Fragile X syndrome is the world’s most common hereditary cause of developmental delay in males and is
now well characterized at the biological, brain and cognitive levels. The disorder is caused by the silenc-
ing of a single gene on the X chromosome, the FMR1 gene. The premutation (carrier) status, however, is
less well documented but has an emerging literature that highlights a more subtle profile of executive
cognitive deficiencies that mirror those reported in fully affected males. Rarely, however, has the issue
of age-related declines in cognitive performance in premutation males been addressed. In the present
study, we focus specifically on the cognitive domain of working memory and its subcomponents (verbal,
spatial and central executive memory) and explore performance across a broad sample of premutation
males aged 18–69 years matched on age and IQ to unaffected comparison males. We further tease apart
the premutation status into those males with symptoms of the newly identified neurodegenerative dis-
order, the fragile X-associated tremor/ataxia syndrome (FXTAS) and those males currently symptom-free.
Our findings indicate a specific vulnerability in premutation males on tasks that require simultaneous
manipulation and storage of new information, so-called executive control of memory. Furthermore, this
vulnerability appears to exist regardless of the presence of FXTAS symptoms. Males with FXTAS symp-
toms demonstrated a more general impairment encompassing phonological working memory in addition
to central executive working memory. Among asymptomatic premutation males, we observed the novel
finding of a relationship between increased CGG repeat size and impairment to central executive working
memory.

! 2008 Elsevier Inc. All rights reserved.

1. Introduction

Fragile X syndrome (FXS) has been a well-recognized common
genetic cause of developmental disabilities for over 25 years. Pre-
viously known as the Martin-Bell syndrome, FXS represents the
world’s most common form of inherited intellectual disability,
with most recent estimates suggesting that 1 in 2500 are affected
(Crawford et al., 2002; Hagerman, 2008; Kooy, Willemsen, & Oos-
tra, 2000; Turner, Webb, Wake, & Robinson, 1996). By virtue of
its single gene etiology, fragile X represents an important model
for understanding the impact of early gene expression on the
development and normal functioning of the central nervous sys-
tem. The syndrome is caused by a defect in the fragile X mental

retardation 1 gene (FMR1), located near the end of the long arm
of the X chromosome. The FMR1 gene carries a CGG trinucleotide
repeat in the 50 untranslated region and abnormal expansion above
a threshold of 200 CGG repeats in males is almost always associ-
ated with intellectual impairment. In unaffected individuals there
are between 7 and 54 repeats, with 30 repeats found on the most
common allele. In fully affected individuals the CGG regions ex-
pands to over 200 repeats resulting in the loss of the encoded pro-
tein, the fragile X mental retardation protein—FMRP. When the
CGG repeats expand to between 55 and 200 an individual is re-
ferred to as carrying a ‘‘premutation”. Both males and females
can be carriers of the premutation. At the molecular level, individ-
uals with premutation alleles actually produce increased levels of
FMR1 mRNA (Tassone, Hagerman, Chamberlain, & Hagerman,
2000; Tassone, Hagerman, Taylor et al., 2000). These FMR1 mRNA
levels range from 2 to 10 times normal levels and increase with
increasing CGG repeat size over the premutation range (Tassone,
Hagerman, Taylor et al., 2000). In the majority of individuals with
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the premutation, FMRP levels are within normal limits (Tassone,
Hagerman, Chamberlain et al., 2000). At the cognitive level, it
was initially assumed fragile X carriers were indistinguishable
from those who were unaffected. However, there is now converg-
ing evidence to suggest that there are identifiable cognitive
strengths and weaknesses in this population that mirror the ‘signa-
ture’ of individuals with the full mutation who are cognitively im-
paired (see Cornish, Hagerman, & Turk, 2008 for a review). What is
especially significant about these new findings is that impairments
occur in the absence of intellectual disability (Cornish et al., 2005;
Cornish, Li et al., 2008; Grigsby, Brega et al., 2006; Loesch et al.,
2003; Moore et al., 2004). Furthermore, the recent discovery of
an additional premutation ‘signature’, known as, fragile X tremor
and ataxia syndrome (FXTAS) (Hagerman & Hagerman, 2007;
Hagerman et al., 2001; Jacquemont et al., 2003), suggests that
the premutation, at least in males, may well diverge into two dis-
sociable pathways: one that leads to FXTAS and one that results in
a milder phenotype (Cornish, Li et al., 2008; Hay, 2008). It is possi-
ble that the former effect can be related to the toxicity of increased
levels of mRNA that can cause cell death and brain atrophy over
time, and eventually the full clinical picture of FXTAS. The latter ef-
fect may be primarily related to the mild reduction in FMRP level
associated with the premutation condition, which results in a sub-
tle yet measurable fragile X phenotype including inhibition and
attentional problems. The specific timing of when the impact of
these molecular events becomes measurable at a behavioral level
is hitherto unknown.

Because of the variability in CGG repeat length in this popula-
tion, it is also possible to examine correlations between repeat
length and cognitive performance to infer gene–behavior relation-
ships. Several studies have begun to explore potential relationships
between subthreshold repeat length and degree of cognitive
impairment. An initial study examining cognitive performance in
14 female premutation carriers revealed that these participants
had Full Scale IQs within the average range (Allingham-Hawkins
et al., 1996). Further analysis of the potential correlation between
CGG repeat length and measures of cognitive ability similarly indi-
cated no significant impairment. (Johnston et al., 2001) also exam-
ined the relationship between IQ and expansion size in 85 female
premutation carriers (Johnston et al., 2001). Consistent with the
earlier study, there were no significant correlations between
expansion size and IQ. In contrast, results of the proportion of
fibroblasts expressing the unaffected FMR1 gene as the active form
were positively correlated with Full Scale IQ. A more recent study
examining both male and female premutation carriers examined
IQ scores in 66 males and 217 females with a range of CGG repeat
expansions (Allen et al., 2005). Only a nominal amount of the var-
iance (4%) in Verbal IQ scores could be explained by the CGG repeat
length and only in female carriers.

Rather than focusing on general measures of cognition, which
may mask domain-specific impairments, other studies have exam-
ined specific cognitive functions that are known to be impaired in
individuals with the full mutation. These include: cognitive inat-
tention, visual–spatial processing, social cognition and executive
cognitive functioning (e.g. Cornish et al., 2005; Cornish, Li et al.,
2008; Grigsby etal., 2008). For example, Cornish et al. (2005) inves-
tigated aspects of social cognition in premutation male carriers and
found the performance of premutation males compared to compar-
ison males matched on chronological age and IQ was significantly
poorer on measures that required recognition of complex emo-
tions. This relative impairment was found to be over and above
that which might be anticipated on the basis of IQ scores. However,
the authors found no correlation between CGG repeat length and
social cognitive measures. The one cognitive domain that does ap-
pear to show sensitivity to CGG repeat length is the domain of inhi-
bition where larger repeat sizes correlate with greater impairment

(Cornish, Li et al., 2008). The authors speculated that increasingly
large mRNA transcripts of the FMR1 gene may damage highly sus-
ceptible neural networks, in particular, those associated with the
right inferior frontal cortex. Intriguingly, this study was also the
first to demonstrate an important trajectory of cognitive deficit
in premutation carrier males that appears to begin early in adult-
hood and become progressively more severe across the lifespan.
Furthermore, when one differentiates premutation males with
and without FXTAS symptoms the inhibition deficit is more pro-
nounced in those males with FXTAS symptoms suggesting that
the disruption of inhibitory control may serve as a useful neurolog-
ical soft sign preceding more generalized and profound effects
associated with FXTAS (i.e., brain atrophy, ataxia, peripheral neu-
ropathy, progressive intention tremor, dementia) reported in older
patients (>50 years) (Hagerman &Hagerman, 2004; Jacquemont et
al., 2004; Jacquemont, Hagerman, Hagerman, & Leehey, 2007).

In sum, whereas there is little evidence to suggest that mea-
sures of genetic severity correlate with general IQ scores, when
specific domains of cognition are evaluated, emerging evidence
demonstrates a relationship between severity of performance
and CGG repeat length that is domain specific. These findings high-
light the importance of selecting cognitive measures that tap
known weaknesses in fragile X syndrome when studying genet-
ic–neurocognitive relationships. The relatively high prevalence of
the fragile X premutation in the general population, estimated to
be 1 in 259 females (Rousseau, Rouillard, Morel, Khandjian, &Mor-
gan, 1995) and 1 in 813males (Dombrowski etal., 2002), highlights
the necessity of investigating the effect of premutation involve-
ment on cognitive development and functioning.

1.1. Present study

In the present study, we focus on the cognitive domain of work-
ing memory as described by Baddeley (1986). Working memory in-
volves the temporary storage of information in mind or ‘online’,
while processing the same or other information. Baddeley’s model
of working memory comprises three main components: the central
executive, the phonological loop, and the visual–spatial sketchpad.
More recently an episodic buffer has been added to the model
(Baddeley, 2000). The central executive controls information per-
forming complex mental operations such as planning, manipula-
tion, and organization. It is a limited-capacity system involved in
regulatory control of working memory. Two ‘slave systems’, the
phonological loop and the visuo-spatial sketchpad are limited-
capacity, material specific stores that are involved in the mainte-
nance of verbal and visuo-spatial materials, respectively. Both
stores are subject to rapid decay. At the brain level, an increasing
body of neuroimaging findings indicates dissociations between
working memory tasks that employ maintenance (corresponding
to the phonological and visuo-spatial components) and those that
employ manipulation (corresponding to the central executive com-
ponent). In the former, a network of parietal, dorsal premotor and
the ventral lateral frontal regions, lateralized to the left for verbal
tasks and to the right for spatial tasks, have consistently been
implicated (Wager & Smith, 2003; Henson, Burgess, & Frith,
2000). In the latter, the dorsal and ventral lateral prefrontal cortex,
anterior prefrontal cortex, the bilateral premotor, and the lateral
and medial superior parietal cortices have been implicated
(D’Esposito et al., 1999; Wager & Smith, 2003).

Disruptions to one or more of these working memory compo-
nents has been extensively documented across a wide range of
neurodevelopmental disorders including Down syndrome (Brock
& Jarrold, 2005; Jarrold, Baddeley, & Hewes, 1999; Vicari, Bellucci,
& Carlesimo, 2006), William syndrome (Devenny et al., 2004; Vi-
cari, Bellucci, & Carlesimo, 2003), and fragile X syndrome (Cornish,
Munir, & Cross, 2001; Hooper et al., 2008; Jakala et al., 1997; Lan-
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franchi, Cornoldi, Drigo, & Vianello, 2008; Munir, Cornish, & Wil-
ding, 2000). Together, the findings highlight the critical importance
of teasing apart subcomponents of the working memory domain to
identify syndrome-specific signatures and trajectories. In the case
of the FMR1 full mutation, at first glance all components of working
memory appear to be significantly impaired especially in males
(Munir et al., 2000). However, finer-tuned assessment reveals a
specific deficit on measures that require executive capacity rather
than a specific sub-domain such as phonological or visual–spatial
memory. This range of the impairment also appears to be depen-
dent on whether the information to be retrieved is abstract or
meaningful (Munir et al., 2000) and the degree of working memory
control required (Lanfranchi et al., 2008). Furthermore, working
memory deficits in FXS remain constant throughout the lifespan
(Cornish et al., 2001; Hooper et al., 2008; Jakala et al., 1997). In
the present study, we therefore attempt to investigate the nature
and severity, if any, of working memory impairments in premuta-
tion adult carriers of the fragile X syndrome. In the context of our
previous finding of an inhibitory deficit associated with the premu-
tation status (Cornish, Li et al., 2008), we hypothesize that premu-
tation males will exhibit a similar albeit more subtle phenotype
than full mutation males who demonstrate severe central execu-
tive dysfunction in addition to mental retardation. Importantly,
we expect premutation males to be disproportionably more im-
paired than comparison participants on tasks that tap the central
executive capacity but not on other components of working mem-
ory. We also predict that this impairment will become progres-
sively more severe with age. Finally, we predict that there will be
a disproportionate deterioration in central executive functioning
in those carrier males who display FXTAS compared to those
who are asymptomatic.

2. Methods

2.1. Study population

The study enrolled a total of 107 participants, of whom 40 were
premutation males (age range 18–69 years, mean age = 46.88
years, SD = 14.50 years). See Table 1 for a summary of the CGG re-
peat length distribution and descriptive statistics. The comparison
group comprised 67 adult males with normal FMR1 alleles and
were matched individually on the basis of age to the premutation
group (age range 20–69 years, mean age = 45.33 years, SD = 14.87
years). Recruitment was conducted through the UK Clinical Genet-
ics Services and the UK Fragile X Society. The groups did not differ
on measures of socio-economic or occupational status. The entire
sample was Caucasian (indigenous white British). Ethics approval
to conduct the study was obtained from regional and local ethics
committees across the United Kingdom. All participants were
tested individually on the Wechsler Abbreviated Scale of Intelli-
gence (Wechsler, 1999). This test provides a composite IQ score

based on four subtests that tap both verbal and performance do-
mains. Although the comparison group attained higher mean
scores on the IQ measures, these did not reach statistical signifi-
cance (p = .12, premutation group: mean full scale IQ 103.8, verbal
IQ 101.0, performance IQ 105.6; comparison group: mean full scale
IQ 110.5, verbal IQ 107.5, performance IQ 109.9).

2.2. Fragile X DNA testing

Direct PCR was carried out using the following primer set: for-
ward: 50CACGACGTTGTAAAACGACACGGAGGCGCCGCTGCCAGG30,
reverse: 50GAGAGGTGGGCTGCGGGCGCT30, modified from Wang,
Green, Bobrow, and Mathew (1995) at 0.5 pmol final concentra-
tion. Conditions were as follows: Final concentration 1 mM MgCl2,
dATP, dCTP and dTTP at 0.2 mM, 7-deazaGTP (AmershamPhama-
ciaBiotech Piscataway, NJ) at 0.4 mM supplemented with 5% DMSO
in a total volume of 20 ll (Wang et al., 1995). Cycling conditions
were 32 cycles at 67 "C annealing. Products were separated on
PAGE gels and visualized by silver staining according to standard
protocols. Where a premutation expansion was visible on the PAGE
gel, the repeat size was calculated according to size markers and by
electrophoresing the products in size order and aligning the stutter
bands. Southern blotting was carried out according to standard
protocols on genomic DNA using a double digest of EcoR1 (NEB)
and the methylation sensitive enzyme Eag1 (NEB) and probed with
Ox1.9 (Knight et al., 1993).

Sizing was determined relative to a female control of known re-
peat size. Where possible, repeat sizes derived from single bands
(SB) were compared to those obtained from direct PCR. Repeat
sizes of those individuals who gave a result on direct PCR and on
SB were congruent. Blots were over-exposed to detect any evi-
dence of mosaicism against a known mosaic control. A premuta-
tion is defined here as an allele ranging in size from 55 CGG
repeats up to approximately 200 repeats without any evidence of
abnormal methylation. Mosaicism was considered present when
there was evidence of a methylated cell line as well as an unme-
thylated premutation cell line.

2.3. Working memory measures

Several cognitive measures were chosen to provide a compre-
hensive description of working memory, including its constituent
components of central executive, phonological loop, and visuo-
spatial sketchpad (Baddeley, 1986). Thus, the tasks were divided
into three categories. The first category consisted of the Adult
Complete Nonsense Repetition task (Gathercole, personal com-
munication) and the Forward Digit Span task (Wechsler, 1997),
which is considered to tap the phonological loop; the second cat-
egory consisted of the Dot Test of Visuo-spatial Working Memory
(Bollini et al., 2000) and the Spatial Span Forward task (Wechsler,
1997) which is considered to tap the visual–spatial sketchpad;
and the third category consisted of the Backward Digit Span task
(Wechsler, 1997) and the Letter Number Sequencing test (Wechs-
ler, 1997), which are considered to tap central executive
resources.

Phonological loop

1. Complete nonsense repetition task (CNREP). This task requires
participants to repeat single, unfamiliar nonsense words heard
from an audiotape recording. These words are made up of
either, 2, 3, 4 or 5 syllables. The response is the correct number
of syllables recited. The total number of correct word repeti-
tions comprised the total raw score.

2. Digit span forward task. This task required participants to recall
increasingly longer sequences of digits that were orally pre-
sented at the rate of one per second. The task began with a

Table 1
CGG repeat distribution and descriptive statistics for the premutation (PM) sample.

CGG repeat length range # of participants

(A)
55–70 9
71–100 10
101–130 15
131+ 6

All PM men PM without FXTAS PM with probable FXTAS
(n = 40) (n = 34) (n = 6)

(B)
Mean (SD) 100.33 (29.49) 99.53 (28.56) 104.83 (37.02)
Range 55–161 55–161 63–160

FXTAS—fragile X tremor and ataxia syndrome.
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two-digit sequence and, dependent on participant performance,
continued until a nine-digit sequence was presented. Two trials
of each sequence length were administered and the task was
discontinued when participants made two consecutive failures
on both trials of a given digit length. The highest number of cor-
rectly recalled digit sequences was calculated as the total for-
ward digit span score.

Visual–spatial sketchpad

1. Spatial span forward task. This task utilized a spatial span board,
where 10 blue blocks are situated on a 275 mm ! 210 mm
board. Participants are required to repeat spatial–temporal
sequences performed by the examiner. The sequences are a ser-
ies of taps on 10 identical blocks laid out in two dimensions.
The number of blocks tapped increases by one until the partic-
ipant fails two consecutive trials with the same number of block
sequences. The highest number of correctly recalled block
sequences was calculated as the total forward spatial span
score.

2. The dot test. Participants were presented with a card in which
a dot was present at a specific location. Following a 10-s
interval, the stimulus card was removed, and the participant
was asked to reproduce the dot at the same location on a
blank card. The total score as calculated as the number of
correct trials.

Central executive

1. Spatial span forward task. Utilizing the same spatial span board
sequences of blocks, the participant was required to repeat the
sequence of blocks tapped by the examiner in reverse order. As
above, the task was discontinued when the participant made
two incorrect responses on both items of an identical sequence
of blocks. The highest number of correctly recalled block
sequences was calculated as the total backward spatial span
score.

2. Digitspan backward task. This task was identical to the digit span
forward task but the participant was required to recall the digits
in reverse order from the order presented. The highest number
of correctly recalled digit sequences was calculated as the total
backward digit score.

3. Letter number sequencing. Letter number sequences of increas-
ing length were presented orally at a rate of one per second.
Several tasks were required of the participant. First, they were
asked to recall the letters and numbers as in the Digit Span Task.
In addition, the participant was required to recall the numbers
in ascending order followed by the letters in alphabetical order.
The task began with a two-item sequence and, dependent on
participant performance, continued until a nine-item sequence
was presented. Two trials of each sequence length were admin-
istered and the task was discontinued when participants made
two consecutive failures on both trials of a given length. The
overall score for the task was the calculated by adding points
awarded for repeating the letter number sequence with addi-
tional points given for the correct ordering of the letters and
numbers presented.

2.4. Statistical analysis

Of the 107 participants recruited to our study, 40 were premu-
tation males and 67 were comparison males. In order to obtain a
single combinatory measure for each of the three working memory
sub-domains: phonological, visual–spatial and executive capacity,
a principle component analysis (PCA) was conducted, which pro-

duced a single summary measure for each sub-domain. Within
each sub-domain all measures were standardized across all partic-
ipants. Subsequently, for each sub-domain summary measure, we
carried out two regression analyses. First, a standard linear regres-
sion analysis was conducted, with the sub-domain score as the
dependent variable, and the premutation status (asymptomatic
PM, PM with probable FXTAS, and NC), the participant’s age
(Age), and the age and status interaction (Age ! Status) as explan-
atory variables. After a full model was fitted to the data, we then
employed a backward stepwise variable elimination procedure. A
parsimonious model was then obtained for each working memory
domain score. In order to examine the potential effect of CGG re-
peat length on sub-domain score, a second regression analysis
was conducted. Thus, we substituted premutation status, which
had been included in the first model as a binary indicator of a par-
ticipant’s CGG repeat length, with the direct measure of CGG re-
peat length (CGG). As such, CGG and Age were included in the
second analysis as explanatory variables.

2.5. Neurology questionnaire

Participants self-reported neurological symptoms on a ques-
tionnaire derived from Jacquemont and colleagues(2004). The neu-
rology questionnaire comprised two domains. Tremor: Questions
were asked regarding the presence, characteristics, and time-of-
onset of tremors; Gait and lower extremities: Questions were
asked related to the onset of balance problems, recent falls, and
walking distance. The questionnaire was completed over the phone
or in person. For the purpose of the survey, symptoms were scored
as present if noticed by the respondent, with clarification of the
questions or characterization of the symptoms being provided by
the interviewing physician as necessary. The participant gave the
final answers. The reliability of this questionnaire was previously
evaluated by comparison with blind videotape scoring of matched
clinical neurological evaluations and found to be highly congruent
(Jacquemont et al., 2004).

3. Results

3.1. Cognitive performance

For the central executive sub-domain of working memory, there
was no significant main effect of group, instead, differences in per-
formance between the premutation and the comparison groups
varied with increasing Age (significant Age ! Status interaction,
p = .0025). This pattern is clearly seen in Fig. 1. Younger male pre-
mutation participants differ little from the comparison males on
their performance of central executive tasks, but with increasing
age the two groups’ trajectories diverge. Beginning in their 40s,
male carriers follow a significantly different trajectory from com-
parison individuals, developing progressively more severe prob-
lems in performing tasks that tap the central executive of
working memory. In order to explore the possibility that FXTAS
status may have contributed significantly to the observed pattern
of results, we conducted an additional analysis that separated
asymptomatic PM from individuals with probable FXTAS and com-
pared performance of these groups to the normal comparison
males. Results of this analysis revealed main effects of Age and Sta-
tus but with no significant interaction effect. Thus, Age and Status
served as significant explanatory variables (p = .001 and p = .033
between asymptomatic PM males and NC, and p = .005 and
p = .002 between probable FXTAS and NC, respectively).

For the sub-domain scores of phonological memory and visual–
spatial memory, only Age was the only significant explanatory var-
iable in the final model (p = .044 and p < .001, respectively). In both
cases, performance deteriorated significantly with increasing age
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for the groups (Figs. 2 and 3). In order to explore the possibility
that FXTAS status may have contributed significantly to the ob-
served pattern of results, we conducted an additional analysis that
separated asymptomatic PM from individuals with probable FXTAS
and compared performance of these groups to the normal compar-
ison males. For the sub-domain score of visual–spatial memory,
Age was the only significant explanatory variable in the final model
(p = .002 between asymptomatic carriers and NC and p = .001 be-
tween probable FXTAS and NC, respectively). For phonological
memory, no variable was found significant when comparing be-
tween asymptomatic carriers and normal comparison males, while
Status was found significant when comparing between probable
FXTAS and normal comparison males (p = .012).

3.2. FXTAS symptoms and working memory performance

Previous studies have reported differences in cognitive perfor-
mance among asymptomatic carriers and those with FXTAS (Gri-
gsby et al., 2008; Hagerman & Hagerman, 2002; Hagerman et al.,
1996; Loesch et al., 2003; Mazzocco, Pennington, & Hagerman,
1993; Moore et al., 2004). Therefore, we conducted a secondary
analysis to determine the impact of FXTAS related symptoms on
performance for the central executive component of working
memory. The analysis was restricted to the central executive be-
cause it was the only domain with a significant effect of Age ! Sta-
tus interaction. To conduct the analysis, we selected the earliest
reported age of onset of diagnosable FXTAS ("50 years) (Greco et
al., 2002, 2006) as a cut-off age and then compared premutation
males with and without possible FXTAS to comparison males
across the two age ranges (<50 and >50). Given the relatively small
sample of premutation males under 50 years who present with
FXTAS related symptoms, pair wise comparisons did not include
this subgroup. For asymptomatic premutation males under 50
years of age, the central executive of working memory score was
not significantly different from that of the comparison males
(p = .206). An analysis of premutation males with FXTAS related
symptoms over 50 years of age demonstrated that performance
for tasks tapping the central executive was significantly impaired
relative to comparison males (p < .001). In contrast, there was no
significant difference between asymptomatic premutation males
and individuals in the comparison group (p = .262) (see Fig. 4).

3.3. Relation between CGG repeat length and working memory
performance

Regression analysis of each working memory sub-domain score
given CGG repeat length revealed that CGG length is significantly
correlated with both the central executive (p < .001) and the vi-
sual–spatial memory (p < .001). However, when we restricted the
analysis to the premutation group of participants only, CGG length
only remained significantly correlated with the central executive
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Fig. 2. Age trajectories by decade across the phonological loop subcomponent of
working memory in premutation males versus comparison normal control males.
Both groups of participants exhibit a significant decline in functioning with age.

Fig. 3. Age trajectories by decade across the visual–spatial sketchpad subcompo-
nent of working memory in premutation males versus comparison normal control
males. Both groups of participants exhibit a significant decline in functioning with
age.
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Fig. 1. Age trajectories by decade across the central executive subcomponent of
working memory in premutation males versus comparison normal control males.
Premutation males exhibit significant impairment in cognitive control beginning in
the fourth decade of life, which worsens with each subsequent decade.
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(p = .012), but not with either phonological memory or visual–spa-
tial memory. We explored the effects of FXTAS symptoms on the
relationship between CGG repeat length and performance mea-
sures. These analyses revealed that CGG length is significantly cor-
related with the central executive among asymptomatic carriers
(p = .009), but not among probable FXTAS carriers. Finally, for both
PM groups, CGG repeat length is not significantly correlated with
either phonological memory or visual–spatial memory.

4. Discussion

Our primary aim was to establish whether individuals who are
carriers of the fragile X premutation show subtle impairments in
working memory as defined by a well-validated theoretical model
of the construct (Baddeley, 1986). As such, we administered neuro-
psychological measures that the tap three core subcomponents of
working memory: verbal memory (phonological loop), visual–spa-
tial memory (visual–spatial sketchpad), and the central executive
to individuals with molecular confirmation of a fragile X premuta-
tion allele. In addition, we sought to identify the trajectory and
specificity of any such working memory impairment as well as to
address the extent to which a newly identified neurological disor-
der associated with the premutation, FXTAS, may impact on perfor-
mance across the subcomponents of working memory. Four
essential findings emerged from the present study. First, when
individuals affected by the premutation are examined as a group,
they exhibit a weakness only for tasks that reflect functioning of
the central executive subcomponent of working memory. How-
ever, when this group is divided into asymptomatic and FXTAS
probable individuals, a slightly different pattern emerges. Ideally,
a more comprehensive neurological examination beyond self-re-
port will be needed in future studies to ensure the validity of
sub-group membership. Despite this limitation, both sub-groups
differ from the normal comparison males, only the individuals with
probable FXTAS exhibit an additional weakness in the slave pro-

cess phonological working memory. Second, when both premuta-
tion sub-groups are examined together, the extent of the central
executive deficit is significantly correlated with larger CGG repeat
expansions. However, when the sub-groups are analyzed sepa-
rately different profiles emerge. That is, CGG repeat length is corre-
lated with central executive performance only in asymptomatic
carriers but not in those also affected by FXTAS. This finding is
likely due to the small sample size of the latter group. Finally, con-
sistent with previous reports (Brega et al., 2008; Grigsby, Brega et
al., 2006; Grigsby, Leehey et al., 2006; Grigsby et al., 2007, 2008),
older individuals with FXTAS symptomatology exhibit the most se-
vere deficits in central executive processing. Each of these novel
findings is discussed in turn below.

Working memory as defined by Baddeley (1986) provides an
empirically supported means of conceptualizing this cognitive psy-
chological construct. Thus, working memory involves the tempo-
rary storage of information ‘in mind’ or ‘online’, while processing
the same or other information. We administered tasks that tap
the three main components articulated in Baddeley’s model and
observed deficits for the premutation group in central executive
functioning only. Measures reflecting the two ‘slave systems’, the
phonological loop and the visual–spatial sketchpad, indicate that
the material-specific subcomponents remain intact in asymptom-
atic premutation carriers. In those individuals with probable FXTAS
an additional deficit in phonological working memory is observed.
These findings highlight the necessity of the importance of teasing
apart different processing demands of working memory. Further-
more, they support the idea that findings in the premutation with
FXTAS are not limited to executive functioning but also involve
other disturbances in cognitive function. Interestingly, Grigsby,
Brega, and colleagues (2006) reported verbal fluency impairments
in men with FXTAS, which is consistent with our findings of a sim-
ilar impairment in the functioning of the phonological loop. Finally,
these findings suggest that in order to reveal the subtle cognitive
impairment in asymptomatic carrier males, one must increase
the load on working memory.

Previous studies have examined a broad range of executive and
working memory functions in premutation males with and with-
out FXTAS (Bacalman et al., 2006; Bourgeois et al., 2006; Brega
et al., 2008; Cornish, Li et al., 2008; Grigsby, Brega et al., 2006; Gri-
gsby, Leehey etal., 2006; Grigsby etal., 2007, 2008). Taken together,
the literature suggests a pattern of impairment for individuals with
FXTAS that includes deficits in self-regulation and inhibition,
attentional control, working memory, and verbal fluency. For pre-
mutation males who are asymptomatic, mild executive dysregula-
tion, inhibitory deficits that worsen with age, and declarative
verbal learning and memory are notable. Relevant to the present
study, closer examination of findings on working memory specifi-
cally, suggests that only premutation males with FXTAS exhibit
clear deficits for tasks that tap this cognitive function. For example,
Grigsby et al. (2008) compared individuals with and without
FXTAS on measures of working memory capacity and found that
those with FXTAS performed significantly worse than IQ-matched
comparison males. In the same study, asymptomatic carriers did
no better or worse than those with FXTAS or the IQ-matched com-
parison group. Our results are not consistent with this profile but
rather suggest that asymptomatic carriers are at risk from develop-
ing working memory difficulties. In our recently published study of
the psychiatric features associated with premutation status with
and without FXTAS, the only significant difference between premu-
tation and their unaffected male relatives was on the working
memory subscale of the psychometrically sound Brown ADHD
self-report measure (Kogan, Turk, Hagerman, & Cornish, 2008).
Thus, impairment to working memory both affects performance
on neuropsychological tasks and has a clinically significant impact
on the daily functioning of affected individuals.

-2

-1

0

1

2

3

<50 >50 
Age Group

Normal Control

Premutation no FXTAS
Premutation with FXTAS

C
en

tra
l E

xe
cu

tiv
e 

Sc
or

e

Fig. 4. Central executive functioning is plotted for participants divided according to
a cut score of age 50, which represents the mean age of onset for the fragile X
tremor and ataxia syndrome (FXTAS). Data for premutation males with a diagnosis
of FXTAS, premutation males without FXTAS, and comparison normal control males
are illustrated. Data for those premutation individuals with a diagnosis of FXTAS
who were younger than 50 at the time of testing were not included in the statistical
analysis because of small sample size (n = 2). Premutation males with FXTAS
demonstrate significantly worse performance than comparison normal control
males. This is not the case for asymptomatic males without FXTAS, who perform as
well as normal control males.
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We speculate that the inconsistency between our findings of
significant working memory impairment among asymptomatic
carriers and previous studies that suggest that this domain is only
impaired in premutation males with FXTAS can be reconciled by
taking in to account the tasks employed to assess working mem-
ory. Previous reports have included composite measures of work-
ing memory that do not differentiate between the
subcomponents as conceptualized by Baddeley (1986). In fact, pre-
viously administered tasks exclusively tap the auditory system
(i.e., phonological loop) and do not differentiate according to the
working memory load required for successful performance. In con-
trast, for the present study we have teased apart the different sub-
components of working memory. Indeed, great demands to
working memory lead to greater discrepancies in performance be-
tween the groups tested. This confirms the importance of explicitly
considering load to working memory as a key variable in future
studies. This same approach has been fruitful in delineating the
working memory ‘signature’ in individuals with the full mutation
(Lanfranchi et al., 2008).

The detection of a deficit in the central executive component
of working memory in the fourth decade of life that progressively
deteriorates with age suggests a cumulative process that may be
a cognitive correlate to the underlying degenerative process iden-
tified in premutation males with FXTAS. Prefrontal and parietal
neural networks that subserve working memory abilities may
be particularly susceptible to the degenerative process observed
among some premutation males, which occurs concomitantly
with accumulation of eosinophilic intranuclear inclusion bodies
in neurons and astroglial cells broadly distributed throughout
the CNS (Greco et al., 2002; Hagerman, Greco, & Hagerman,
2003).

We report here for the first time a correlation between CGG re-
peats length and central executive working memory in asymptom-
atic premutation males. Analysis of the relationship between CGG
repeat length and central executive performance in the FXTAS
probable sub-group was not significant. However, our sample of
six participants may not have been substantially large enough to
capture a significant correlation. Future studies should explicitly
examine performance on the separate components of working
memory with a larger sample of participants affected by FXTAS.

The significant correlation between CGG repeat length and cen-
tral executive working memory in asymptomatic carrier males
suggests greater neuropathology in carrier males with larger
expansions in FMR1 mRNA transcripts. It is therefore possible that
expression of FMR1 mRNAs containing repeat expansions
approaching the full mutation range (i.e., 200 repeats) produces
exceptionally neurotoxic effects to neural circuits critical to central
executive functioning, which include dorsal and ventral lateral pre-
frontal cortex, anterior prefrontal cortex, bilateral premotor, and
the lateral and medial superior parietal cortices (Burgess, Veitch,
de Lacy Costello, & Shallice, 2000; D’Esposito et al., 1999; Wager
& Smith, 2003). This result is consistent with previous research
of a relationship between CGG repeat size and impairment to
inhibitory control (Cornish, Li et al., 2008). We therefore argue
for a model that recognizes two distinct yet overlapping pathways
in the fragile X premutation phenotype. The first pathway is attrib-
utable to reductions in FMRP levels, which is comparable to what is
observed in the full condition, but subtler in nature. These individ-
uals may be represented by the sub-group in our sample who are
asymptomatic yet continue to exhibit central executive impair-
ments. Use of age-sensitive measures of central executive func-
tioning will allow future research to examine younger
premutation carriers in adolescence and adulthood. A second path-
way is attributable to the combined effects of reduced FMRP and
RNA toxicity leading ultimately to the full symptomatology of
FXTAS.

Lanfranchi et al. (2008) tested working memory function across
the two ‘slave’ systems with tasks of demanding increasingly
greater levels of cognitive control in boys with full mutation fragile
X syndrome and mental age matched typically developing chil-
dren. Two results are notable. First, visual–spatial working mem-
ory deficits were not replicated as in previous research (Cornish
et al., 2001; Munir et al., 2000). Rather, individuals with fragile X
syndrome maintained deficits when compared to typically devel-
oping children on both visual–spatial and verbal working tasks
that demanded the highest but not low and intermediate levels
of cognitive control. The authors interpret these data as consistent
with more recent studies of a central executive impairment in frag-
ile X (Cornish et al., 2007; Scerif, Cornish, Wilding, Driver, & Kar-
miloff-Smith, 2004, 2007; Wilding, Cornish, & Munir, 2002).
Therefore, the central executive and its associated neural networks
are particularly vulnerable with alterations to FMR1 mRNA and
FMRP expression levels, which appears to be consistent with the
data presented here for increasingly larger CGG repeat lengths.

In conclusion, the present study adds a further piece to the puz-
zle of the fragile X premutation phenotype by identifying an age-
related decline in working memory functioning that is specifically
vulnerable on tasks that require both manipulation and storage of
new information. This decline appears to begin the early 40’s
becoming more pronounced in premutation males with symptoms
of FXTAS. Given the nature of these cognitive trajectories in males
with the premutation status, it is becoming increasingly urgent to
study the premutation trajectory in childhood through adolescence
well before the documented onset of FXTAS. The latter will allow a
more thorough examination for subtle indicators for cognitive de-
cline that may mirror recently documented impairments that
emerge by mid-to-late adulthood.
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