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Executive dysfunction in fragile X-associated tremor/ataxia syn-
drome (FXTAS) has been suggested to mediate other cognitive
impairments. In the present study, event-related potentials and
neuropsychological testing were combined to investigate the brain
mechanisms underlying the executive dysfunction in FXTAS. Thirty-
two-channel electroencephalography was recorded during an audi-
tory “oddball” task requiring dual responses. FXTAS patients (N =
41, mean age = 62) displayed prolonged latencies of N1 and P3 and
reduced amplitudes of P2 and P3, whereas their N2 measures
remained within the normal range, indicating relatively preserved
early-stage auditory attention but markedly impaired late-stage
attention and working memory updating processes (as indexed by
P3). Topographical mapping revealed a typical parietal P3 peak pre-
ceded by a prominent fronto-central P3 in normal control subjects
(N = 32), whereas FXTAS patients had decreased parietal P3 ampli-
tude and diminished fronto-central positivities with a delayed onset
(~50 ms later than controls, P < 0.002). The P3 abnormalities were
associated with lower executive function test (e.g., BDS-2) scores.
Smaller P3 amplitudes also correlated with increased CGG repeat
length of fragile X mental retardation 1 (FMRT) gene and higher
FMR1 mRNA levels. These results indicate that abnormal fronto-
parietal attentional network dynamics underlie executive dysfunc-
tion, the cardinal feature of cognitive impairment in FXTAS.
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Introduction

Fragile X-associated tremor/ataxia syndrome (FXTAS) is a
recently identified neurodegenerative disorder characterized
by cerebellar ataxia, intention tremor, polyneuropathology,
and cognitive impairment (Hagerman et al. 2001; Jacquemont
et al. 2003). As one of the most common single-gene,
late-onset neurodegenerative disorders, FXTAS mainly affects
male carriers of a premutation expansions of CGG repeats
(~55-200 repeats) in a noncoding region of the fragile X
mental retardation 1 (FMRI) gene on the X chromosome (the
full mutation with over 200 CGG repeats results in gene silen-
cing and fragile X syndrome, the leading cause of inherited
intellectual disability) (Coffey et al. 2008; Rodriguez-Revenga
et al. 2009). Individuals with premutation alleles have elev-
ated FMRI mRNA levels, but normal or slightly reduced
fragile X mental retardation protein (FMRP) levels (Kenneson
et al. 2001; Allen et al. 2004; Tassone et al. 2007). It has been
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suggested that FMRI mRNA toxicity is the pathogenic molecu-
lar mechanism of neurodegeneration in FXTAS (Jacquemont
et al. 2007; Garcia-Arocena and Hagerman 2010; Willemsen
et al. 2011). FXTAS brains usually show multiple neuropatho-
logical abnormalities including brain atrophy, white matter
disease, loss of axons and myelin, and intranuclear inclusions
in neurons and astrocytes (Greco et al. 2006; Hashimoto et al.
2011a, 2011b).

Compared with normal elderly, FXTAS patients often show
impairments on tests of general intelligence (IQ), executive
function, memory, and visual spatial processing, whereas other
cognitive domains usually remain within the normal range
(Grigsby et al. 2008; Cornish et al. 2009; Sévin et al. 2009;
Juncos et al. 2011). Executive dysfunction in FXTAS is a con-
sistent finding, reported both in case studies (Hagerman et al.
2001; Peters et al. 2006) and group studies (Jacquemont et al.
2003; Grigsby et al. 2006, 2007, 2008; Cornish et al. 2008).
FXTAS patients display executive function deficits including
failure of initiating purposeful activity, disinhibition of irrele-
vant or inappropriate behavior, impaired attention control and
working memory, and deficits in generating information ac-
tively. Brega et al. (2008) tested the contribution of executive
dysfunction to other cognitive impairments in FXTAS and
suggested that executive dysfunction to be the primary deficit
that mediates the other “secondary” cognitive deficits (e.g.,
learning, memory, and visual-spatial) observed in FXTAS.

Executive function is generally thought of as a set of
higher-level processes coordinated in order to effortfully
direct and modulate behavior according to certain task
demands (e.g., goal-directed), especially in nonroutine cir-
cumstances where automatic stimulus-response association is
insufficient (Miyake et al. 2000; Gilbert and Burgess 2008;
Banich 2009). Cognitive processes thought to be component
factors of executive function include, but not limited to, main-
taining and updating goal-relevant information in attention
and working memory, inhibition of irrelevant processes,
switching between alternative goals, and monitoring task per-
formance. Although there has been controversy regarding the
manner in which the frontal lobe supports executive function,
neuroimaging and human lesion studies generally agree that
prefrontal cortex plays a key role in executive function
(Banich 2009). A functional magnetic resonance imaging
(fMRD) study reported decreased activation in inferior frontal
cortex of FXTAS patients during a working memory task



(Hashimoto et al. 2011c¢), but the specific brain mechanisms
underlying executive dysfunction in FXTAS remain to be
elucidated.

In the present study, a well-established event-related poten-
tial (ERP) paradigm, the auditory “oddball” P300 task, was
employed to quantitatively examine executive dysfunction,
considered the primary cognitive impairment, in FXTAS. In a
classic auditory oddball paradigm, 2 tones are presented with
unequal probability and the infrequent target tone reliably
elicits a prominent P300 (P3) component (a scalp-positive
brain potential maximal over parietal sites between 300 and
400 ms poststimulus onset) in normal young subjects. The P3
(or P3b) is a widely recognized electrophysiological index of
attention and working memory (see Herrmann and Knight
2001; Polich 2007, for review) and has been related to fluid in-
telligence which refers to reasoning and novel problem-solving
abilities (e.g., Pang et al. 1990; McGarry-Roberts et al. 1992;
Jausovec and Jausovec 2000).

Some prior studies have reported relationships between P3
measures and neuropsychological test scores of executive
function. In a normal young control group, Dichter et al.
(2006) observed a correlation between the auditory oddball
P3 amplitude and the Wisconsin Card Sorting Test (WCST), as
well as negative correlations between P3 latency and the
WCST, the Trail Making test and Working Memory. A study
using a 3-stimuli visual oddball task (Fjell et al. 2007) demon-
strated significant correlation between the P3 (P3a) amplitude
to infrequent nontarget stimuli and a composite score of 5
executive function tests. These authors showed that P3b
latency was inversely associated with cortical thickness,
especially in frontal areas. In another 3-stimuli visual oddball
task, P3b latency was found to be negatively correlated with
composite attention/executive test scores (Daffner et al.
20006). Furthermore, ERPs recorded during performance of
executive function tasks revealed P3 activities related to
cognitive control processes (e.g., Barcelo et al. 1997, 2000;
Kopp et al. 2006; Zurrén et al. 2009).

In our current study, we hypothesized that P3 measures
would correlate with executive function abilities and that
FXTAS patients would have reduced P3 amplitude and pro-
longed latency compared with age-matched controls. By ana-
lyzing ERP components related to both early and late-stage
attentional processes and integrating the ERP findings with
neuropsychological testing, we aimed to provide new insights
into the brain mechanisms underlying executive dysfunction,
thought to be fundamental in this disorder.

Materials and Methods

Participants

A group of 41 patients with mild FXTAS symptoms (mean FXTAS
stage = 2.7, range: 2—4) and 32 normal elderly controls (NC) who were
negative for the premutation participated in the study (see Table 1 for
demographics and genetic-molecular data). FXTAS was diagnosed ac-
cording to the criteria for probable or possible FXTAS (Jacquemont
et al. 2003). FMRI1 allele status was identified in all subjects by DNA
testing. FMR1 CGG repeat lengths and FMRI mRNA levels were quan-
tified following procedures described elsewhere (Tassone et al. 2000,
2008). All subjects provided informed consent for a protocol ap-
proved by the Institutional Review Board of University of California at
Davis. Five of the FXTAS participants and four in the NC group were
left-handed. There were no significant group differences on age (7, =
0.3, P=0.76) or gender (y*=1, P=0.31). Both groups were highly
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Table 1
Demographics and genetic-molecular measures

NC (N =32) FXTAS (N = 41)
Age 61.3 6.7 61.9 =81
Female 13 12
Education 172+23 156 = 3.0
CGG repeats 284 +4.7 919 + 244
FMR1T mRNA 1.55 +0.25 28410

educated, with the NC group having slightly higher educational attain-
ment (fgo=2.3, P=0.02). Subjects with history of alcohol abuse/
dependence, stroke, schizophrenia, traumatic brain injury, or other
disorders of the central nervous system (CNS) were excluded.
Because of the common use of primary CNS-active medications for
depression and neuropathic pain in a representative sample of
FXTAS, we did not exclude subjects on these medications: 15 were on
antidepressants, usually selective serotonin-reuptake inhibitors (V=7)
or venlafaxine (N=5), 4 were on neuropathic pain medications (N=3
on gabapentin), and 2 patients were on oxybutynin.

Neuropsychological Testing

The subjects’ global/general cognitive abilities, executive functioning,
attention abilities, and memory were evaluated with tests described
below. The Mini-Mental State Examination (MMSE), Verbal and Per-
formance 1IQ (VIQ and PIQ) from the Wechsler Adult Intelligence
Scale (WAIS-III) were used as measures of global/general cognitive
abilities.

Executive function was evaluated with 3 tests: Behavioral Dyscon-
trol Scale-2 (BDS-2), the Controlled Oral Word Association Test
(COWAT), and the Stroop Test. The BDS-2 measures behavioral self-
regulation in intentional control of simple voluntary motor behavior
(Grigsby and Kaye 1996; Diesfeldt 2004) and consistently revealed im-
paired performance among individuals with FXTAS (e.g., Jacquemont
et al. 2003; Grigsby et al. 2006, 2007, 2008). The COWAT is a highly
reliable assessment of verbal fluency (DesRosiers and Kavanaugh
1987) and widely thought to be a measure of executive function, as it
involves the ability to generate information with speed and accuracy.
The Stroop Test (MacLeod 1991; Spreen and Strauss 1998), one of the
most commonly used tests of frontal lobe function, provides a general
index of cognitive flexibility and inhibition.

The subjects’ attention abilities were evaluated with the Symbol
Digit Modalities Test (SDMT; Smith 1982). Finally, memory abilities
were assessed with the WAIS-III Working Memory Subscale, the
Wechsler Memory Scale (WMS-III), and the California Verbal Learning
Test (CVLT) (Delis et al. 1987).

ERP Paradigm
An auditory oddball paradigm with dual-response requirement (i.e.,
button press response and mental counting of targets) was given to
subjects in a sound-attenuated recording chamber. While attending to
a series of pure tones, participants were instructed to press a button
in response to each infrequent target tone. Because of the
often-observed high-frequency hearing loss in elderly (e.g., Gates
et al. 1990), 2 types of low-frequency tones were used as stimuli:
higher tone (200 Hz) and lower tone (113 Hz). Target tones were the
higher tone in 2 blocks and the lower tone in the other 2 blocks.
Across 4 blocks, 400 tones were presented, with 75% were “standard”
tones (nontarget) and 25% were targets. All tones had a 200 ms dur-
ation and were presented at 40 dB above individual hearing threshold
with a ~1-1.5 s stimulus onset asynchrony, in a pseudorandomized
manner. Hearing threshold was obtained using the titration method at
the beginning of each experimental session. There was no group
difference on individual hearing thresholds (NC =28 +5 dB, FXTAS =
29.2+06.4; 17, =0.9, P=0.38). The button press was counterbalanced
between hands, both within and between subjects.

In addition to the button press, the subjects were also asked to
count the number of target tones silently. The mental counting task



was included to place larger demands on frontal lobe processing
during oddball task performance (Brazdil et al. 2003; Linden 2005).
The total number of counted target tones in each block was reported
immediately after the block.

Electroencephalographby Recording

Thirty-two-channel electroencephalogram (EEG) was recorded with
tin disk electrodes mounted in an elastic electrode cap (Electro-Cap
International Inc., Eaton, OH), referenced online to the left mastoid
and subsequently rereferenced offline to the average of the left and
right mastoids (see Olichney et al. 2010 for details of EEG montage
and customized electrode locations). Electro-oculogram from vertical
and horizontal eye movements was recorded with 4 electrodes, one
beneath and one at the outer canthus of each eye. The signals were
amplified by Nicolet SM 2000 amplifiers with a bandpass of 0.016-
100 Hz and digitized at a sampling rate of 250 Hz. Interelectrode im-
pedance was maintained at <5 kQ.

Data Analysis

Continuous EEG was segmented into epochs of 1024 ms duration
with 100 ms prestimulus period. Epochs contaminated with blinks,
eye movements, excessive muscle activity, or amplifier blocking were
rejected. Artifact-free epochs were averaged off-line according to
stimulus type to produce the ERPs.

Reaction time (RT) of correct button responses to target tones
(hits) was measured. Accuracy was calculated as target “hit rate”, that
is, the percentage of target trials with a button press response.
Count-hit discrepancy (discrepancy between the number of hits and
the participant’s count for number of target tones within each block)
was calculated as a measure of working memory capacity during
oddball task performance.

Based on the inspection of averaged ERP waveforms and the pub-
lished literature (e.g., Picton et al. 2000; Nordin et al. 2011), time
windows of 70-150 ms were applied for N100 (N1), 160-260 ms for
P200 (P2), 170-290 ms for N200 (N2), and 300-650 ms for P3
measures. N1 was measured both in response to target and standard
tones. P2 was measured to standards alone. N2 (or N2b) component
was primarily measured from the difference waveforms (=targets —
standards) because N2 to targets had large temporal overlap with P2
to standards. P3 was measured for target tones, which selectively
elicit this component. Mean voltage during the 100 ms prestimulus
period was defined as baseline. Local peak amplitude and local peak
latency (Luck, 2005) were calculated for all the components. Low-pass
filtering with a 30 Hz cutoff was performed on the data prior to the
peak measurements.

Two-way repeated-measures analyses of variance (ANOVAs; SPSS
19, IBM) were performed with the between-subject factor of group
and the within-subject factor of electrode. N1 and P2 analyses in-
cluded four fronto-central electrodes (Fz, Cz, FC1/2). Five electrodes
(Cz, FC1/2, CP1/2) were used to measure the N2 component because
of the central distribution of auditory N2b. Three midline electrodes
(Fz, Cz, Pz) were included in the main analyses for P3, with the
Tukey-Kramer test applied to adjust for multiple comparisons in
which group effects were tested for at individual electrode sites.
Additional analyses were also performed on P3 data from 2 subsets of
channels (8 parasagittal leads surrounding the midline: F3/4, FC1/2,
CP1/2, and P3/4; and 10 lateral electrodes: F7/8, Bl, Br, 411, 41r, W1,
Wr, and T5/6). These analyses utilized two within-subject factors for
channel location: hemisphere (L/R) and an anterior/posterior factor
(with 2 levels for parasagittal analyses contrasting frontal vs. parietal
channels, and five levels for far lateral channels). The Greenhouse—
Geiser correction (Geisser and Greenhouse 1959) was used where ap-
propriate for violations of sphericity and adjusted P-values of <0.05
were considered as significant.

To examine the correlational relationships of the P3 with neuropsy-
chological test scores and genetic-molecular measures, partial corre-
lation tests, controlling for the covariates of age and/or education,
were performed. The potential confounding effect of CNS-active
medications on ERP measures was evaluated by comparing the

FXTAS patients not taking CNS-active medication with those patients
on CNS-active medications and with the NC group. Finally, main ERP
peak amplitudes and latencies (N1 at Fz, P2 and N2 at Cz, and P3 at
Fz/Pz) were used as input variables for a forward stepwise logistic
regression model to explore the utility of auditory ERP measures to
discriminate between FXTAS patients and NC subjects (probability in
=0.05, probability out=0.10).

Results

Neuropsychological Test Results

Table 2 summarizes the neuropsychological test scores by
group. FXTAS subjects had lower performance on the MMSE,
VIQ, and PIQ than the NC group, indicating decreased global
cognitive abilities in these patients. Consistent with previous
findings, our FXTAS patients showed deficits on all of the 3
executive function tests (i.e., the BDS-2, COWAT, and Stroop)
compared with NC.

FXTAS patients also displayed slower information proces-
sing speed as measured by WAIS and lower attention abilities
as assessed by SDMT. The working memory performances, as
measured by WAIS-III and WMS-III, were also decreased in
FXTAS. In contrast, their performance was comparable to NC
subjects on CVLT delayed recall subscales (#55<0.9, P> 0.30,
in both cases) and WAIS-III subscales of Comprebension and
Information (ts9< 1.7, P>0.11, in both cases), indicating pre-
served language comprehension and long-term semantic
memory in FXTAS.

Bebavioral Performance (Auditory Oddball

Counting Task)

FXTAS patients had longer mean RT to target tones (517 + 80
ms) than NC (458 + 65 ms) (#7; =3.4, P<0.001). Both groups
performed the task with very high accuracy (NC=97.5%,
FXTAS =96.1%; t7;=1, P=0.33), but the count-hit discre-
pancy was increased in FXTAS (mean=2.3) compared with
NC (mean=1.4) (&5, =2, P=0.05), suggesting that the dual-
response task placed high demands on the attention/working
memory processing capacity of the patients.

Table 2
Neuropsychological test scores (mean == SD) in FXTAS and normal controls (NC)
NC (N =32) FXTAS (N = 41)
Global abilities
MMSE 284 +1.1 273 £1.5%**
WAIS-VIQ 121122 111.6 = 12.6*
WAIS-PIQ 1219 £ 14.2 105.2 + 15***
Executive function
BDS-2 226 3.1 16.6 = 4.8%**
Stroop 389=7 309 =10.2%**
COWAT 515+ 132 37 £ 14%**
Attention and memory
SDMT 54.7 109 42 +104***
WAIS Working Memory 117.8 = 143 104.3 = 11.7%**
WMS Working Memory 1153 £12.8 104.3 = 10.4*
CVLT Discriminability 916+78 89.4 +£104
CVLT Long Delay Cued Recall 10.6 =45 9.7 41
CVLT Long Delay Free Recall 95+45 95+38
Other
WAIS Processing Speed 1114 +15.8 100.1 + 14.1*
WAIS Comprehension 141 +25 13122
WAIS Information 1324 12225

*P<0.05, **P <0.01, ***P <0.001.
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ERP Results

The number of accepted trials after EEG artifacts rejection was
comparable for the 2 groups (e.g., target tone trials: NC=
63.3 18, FXTAS = 62.2 + 20; t7;, =0.2, P=0.81). For the group
grand-average ERP waveforms, see Figure 14.

ANOVAs of the N1 revealed that the FXTAS group had a
small (~8 ms), but significant prolongation of N1 latencies
compared with NC, both to target (N1 latency at Fz: NC =104
+13 ms, FXTAS = 113 + 14) and standard tones (NC =100 + 10
ms, FXTAS =110+ 14) (F4 71)>9.5, P<0.003, in both cases).
No intergroup differences were found for N1 amplitudes to
either tone (F71)<1.3, P>0.25, in both cases). FXTAS
patients had smaller P2 amplitude compared with NC subjects
(P2 amplitude at Fz: NC=3.8+1.8uV, FXTAS=1.8+2.3)
(F1,71=17.8, P<0.001), whereas there was no group differ-
ence detected on P2 latency (F471,=0.1, P=0.92). For N2,
the 2 groups had comparable amplitude (F;71)=1.0,
P=0.21) and latency (F4 71,=0.2, P=0.60).

Substantial intergroup differences were found in the P3
analyses. ANOVA on three midline channels showed that
FXTAS patients had decreased P3 amplitude (F; 71)=13,
P=0.001) and delayed P3 latency (F;71,=9.6, P=0.003)
compared with the NC group. As Figure 1B,C illustrates, pair-
wise comparisons with Tukey—Kramer adjustment on midline
electrode ERPs (Fz, Cz, Pz) found that FXTAS group had
reduced P3 amplitudes at all the 3 electrode sites (¢> 2.3, ad-
justed P<0.04, in all cases), as well as slower P3 latencies at
Fz and Cz (¢> 3.3, adjusted P<0.02, in both cases), but there
was no group difference for P3 latency at Pz (#=1.2, adjusted
P=0.15). These group differences were replicated by
ANOVAs on both 10 lateral electrodes (amplitude: F; 71y=7,

A Target Tones

P=0.01; latency: F 71=16.4, P=0.0001) and 8 parasagittal
electrodes surrounding the midline (amplitude: F 71,=11.8,
P=0.001; latency: Fg71,=10.5, P=0.002). The ANOVA of
midline P3 amplitudes also revealed a significant group x elec-
trode interaction (F(; 142)=5.2, P=0.01), suggesting different
scalp distribution of P3 for the 2 groups. As illustrated by the
topographic distribution map across 300-550 ms window
(Fig. 2), both a fronto-central P3 peak and a parietal P3 (P3b)
peak were obtained in the NC group, but FXTAS patients dis-
played a reduced parietal P3b with a more severely dimin-
ished and delayed fronto-central P3. In fact, prior to 340 ms
time window, FXTAS group did not show positive voltage at
the fronto-central midline sites (see 300-340 ms time window
in Fig. 2). The group x anterior/posterior interaction was ob-
tained in the ANOVA on amplitudes of 8 parasagittal electro-
des (F1.71y=6.7, P=0.01), but not of the 10 lateral electrodes
(Fi4,284)=0.5, P=0.57), indicating that substantial P3 topo-
graphic distribution difference occurs along the midline area.
Neither ANOVA (parasagittal or lateral channels) showed any
significant effect of group x bemisphere interaction (F<1.9,
P>0.17, in both cases), but there were main effects of hemi-
sphere (F>12.1, P<0.001, in both cases), due to ~10% larger
P3 amplitudes over the right versus left side (see Fig. 2) in
both groups.

ANOVA comparing the FXTAS patients who were (NV=21,
mean age=61%9) and were not (N=20, age=063+7; age
ttest: f30=1, P=0.31) on CNS-active medications demon-
strated no significant medication effects on any of the P3, N2,
and P2 measures, or N1 amplitudes (F<0.5, P>0.48, in all
cases). There was a insignificant trend for longer N1 latencies
in the subgroup taking CNS-active medications (to targets:
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Figure 1. Grand-average ERPs elicited by correct target tones and standard tones at 3 midline electrodes (A). Time 0 was stimulus onset and there was 100 ms prestimulus
baseline. P3 peak amplitudes (B) and latencies (C) from 3 midline channels were plotted with significant group differences indicated (*P < 0.05, **P <0.01, ***P <0.001).
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Figure 2. Topographical distribution of ERPs elicited by correct target tones (anterior
= up, right = right, left = left). Color scale indicates mean voltage (uV).

Fq39)=2.1, P=0.16; to standards: F( 39 =2.8, P=0.10).
Additional ANOVAs which compared the 20 FXTAS patients
not taking CNS-active medications to the 32 NC subjects (age
t-test: 1so=1, P=0.34) replicated the significant group differ-
ences on P3 amplitude (F(s50=7.4, P=0.009), P3 latency
(F(1,50)=7.5, P= 0009), and P2 amplitude (F(1750)= 111, P=
0.002). However, the N1 latencies of the FXTAS patients not
on CNS-active medications were no longer significantly differ-
ent from the NC group (F<3.6, P>0.06, in both cases),
suggesting that the N1 latency prolongation observed in all 41
FXTAS patients might be partially influenced by CNS-active
medications. As in the main ANOVA of all subjects described
above, no group differences were found on N1 amplitudes
(F<1.7, P>0.2, in both cases), P2 latency (F(;50)=0.2,
P=0.63), or neither of N2 measures (F<0.71, P> 0.4, in both
cases).

Correlation Results

Correlations were tested between P3 peak measures at 3
midline electrodes and executive function tests scores, with
partial correlation tests that controlled for the covariate of

age. Years of education was also controlled for analyses
across all subjects from the 2 groups, since there was a group
difference on educational attainment. Fisher's r-to-# trans-
formation was conducted on correlation coefficients signifi-
cant within one group, and between-group z-tests were then
applied to assess potential group differences on the strength
of those correlations.

Table 3 presents a summary of the partial correlation coeffi-
cients across all participants. Both P3 amplitude and latency
displayed significant correlations with executive function
scores on the Stroop and BDS-2 tests (see Fig. 3 for scatterplots
which illustrate correlations of these 2 tests with P3 latency at
Fz). Larger P3 amplitude at Fz was also associated with better
performance on the COWAT across all subjects. Within the NC
group, P3 amplitude at Fz correlated with the BDS-2 (r=0.47,
7 =0.51, P=0.02; FXTAS: ¥ =0.28), whereas P3 latency at Fz
correlated with the Stoop test (r=—0.48, ¥ =—0.52, P=0.02;
FXTAS: # =-0.13). Between-group z-tests on these r-values
found no group differences (z<1.4, P>0.16, in all cases).
Within the FXTAS group, P3 latency at Pz showed significant
correlation with the BDS-2 (r=—0.33, ¥ =— 0.34, P=0.04; NC:
7 =—0.08). The r-values were again not significantly different
between the 2 groups (z=1, P=0.34).

P3 measures were also correlated with test scores of atten-
tion (SDMT) and working memory (WAIS-III and WMS-IID), 2
cognitive abilities which are often considered fundamental for
executive function. The count-hit discrepancy, an index of
working memory capacity during the oddball task perform-
ance, correlated with P3 amplitude at Fz across the 2 groups
and with P3 latency at Cz both across all subjects and within
the FXTAS group (r=0.37, ¥ =—0.39, P=0.02; NC: # =0.03;
z-test: z=—1.5, P=0.15) Unlike the moderate correlations
with working memory measures, the P3 measures showed no
significant correlations with verbal memory performance on
the CVLT delayed recall tests. Although RT correlated mod-
estly with P3 amplitude at Fz, no significant association was
found between P3 latency and RT across all subjects, nor
within the NC (r<0.34, P> 0.1, in all cases) or FXTAS (r<—
0.09, P>0.28, in all cases) group.

Relationships between P3 and genetic-molecular measures
in the FXTAS patients were examined with partial correlations
that controlled for age effects. FMRI mRNA level was inver-
sely correlated with P3 amplitude at Cz (r=-0.37, P=0.03)
and Fz (r=-0.35, P=0.049). After excluding 2 “outlier”
patients with FMR1 premutation CGG repeats greater than
2 standard deviations above the mean (CGG > 141), significant
inverse correlations were observed between CGG repeat

Table 3
Partial correlation coefficients, after controlling for age and education (across all subjects)

P3 peak amplitude P3 peak latency

Fz Cz Pz Fz Cz Pz
BDS-2 0.52*** 0.32** 018 -0.43*** -0.36"* -0.27*
Stroop 0.28* 0.14 012 -0.29* —0.19 —0.21
COWAT 0.30% 0.21 016  0.04 —0.10 0.09
SDMT 0.32%* 0.14 011 —-0.37** —0.19 —0.28*
WAIS Working Memory 0.22 0.1 012 -0.14 —-0.29* —0.04
WMS Working Memoary 0.13 —0.01 —003 —0.25% —0.35** —0.23"
Count-hit discrepancy —-0.26* —0.12 -0.11  0.08 0.31**  0.15
RT -0.23* —-010 -0.16 0.07 0.03 0.08
CVLT Long Delay Cued Recall ~ 0.12 —0.06 —-0.08 —0.07 —0.02 —0.21
CVLT Long Delay Free Recall 0.10 —0.02 0.06 0.5 —-0.003 -0.21

*P<0.05 **P<0.01, ***P <0.001, + 0.07 <p < 0.10.
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Figure 3. Pearson correlations between P3 latency at Fz and executive function scores on the BDS-2 (panel A, regression equation: score = 35.2—0.04*/atency) and the Stroop

test (panel B, score = 56.8-0.06*/atency) (across all subjects, **P < 0.01, ***P <0.001).

length and P3 amplitude at Cz (r=—0.41, P=0.01) and Pz
(r=—0.34, P=0.04). It is also worth noting that in this FXTAS
patient group, FMR1 mRNA level correlated with both CGG
repeat length (r=0.64, P<0.0001) and FXTAS disease stage
(r=0.38, P=0.03), but that CGG repeat length was not associ-
ated with disease stage (r=0.08, P=0.63). This pattern of
results is consistent with prior studies which have implicated
mRNA toxicity as a likely mechanism for the neurodegenera-
tion observed in FXTAS (Jacquemont et al. 2007; Garcia-
Arocena and Hagerman 2010; Willemsen et al. 2011).

Group Classification

Two P3 measures from Fz (peak amplitude and latency)
entered the forward stepwise logistic model, achieving an
overall group discrimination accuracy of 79.5%, with sensi-
tivity = 82.9% (34 of 41) and specificity = 75% (24 of 32) [y*=
32.2,df=2, P<0.0001).

Discussion

This is the first ERP study designed to measure and quantify
executive dysfunction, the core cognitive impairment, in
FXTAS (Brega et al. 2008). Our FXTAS patients showed im-
paired executive function performance and ERP abnormalities
on an auditory oddball paradigm with dual-response require-
ments. Robust intergroup differences were found on measures
of both P3 latency and amplitude. Significant correlations
were found between executive function and P3 measures.
Smaller P3 amplitude was also associated with higher FMRP
mRNA level and longer FMR1 CGG repeat length.

FXTAS patients also displayed abnormal earlier ERP com-
ponents (i.e., auditory N1 latency to all tones, and P2 ampli-
tude elicited by the standard tones). The delayed N1 and
reduced P2 amplitude in FXTAS implicate the primary and
secondary auditory cortex (Mangun and Hillyard 1995;
Crowley and Colrain 2004) as being affected in this neurode-
generative disorder with white matter and grey matter
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pathology (Greco et al. 2006; Hashimoto et al. 2011a, 2011b).
However, the N2 (N2b) component, thought to reflect
orientation to deviant/novel stimuli (e.g., Renault et al. 1982;
Niitinen and Picton 1986) and/or stimulus categorization
(e.g., Luck 2005) appeared to be generally normal in our
FXTAS patient group.

Compared with the NC group, FXTAS patients had signifi-
cantly prolonged latency and diminished amplitude of P3.
Topographical mapping and comparisons among midline
electrodes revealed that NC subjects had 2 prominent P3 com-
ponents, showing a typical parietal P3 peak, preceded by a
fronto-central P3 peak with similar amplitude. In contrast, the
fronto-central P3 peak was barely detectable in our FXTAS
patient group. FXTAS patients showed significantly dimin-
ished fronto-central positivities which peaked ~50 ms later
than controls and also displayed decreased parietal P3 (P3b)
amplitude. P3 amplitude and latency measures at frontal
channel Fz correlated with executive function test scores both
in controls and across all subjects. These correlations did not
achieve significance, however, within the FXTAS group alone.

These abnormalities of the auditory P3 component may
provide further insights into the brain mechanisms underlying
the executive dysfunction characteristic of FXTAS. Prior
studies have demonstrated top-down attentional modulation
by frontal brain regions during oddball task performance
(e.g., Crottaz-Herbette and Menon 2006; Low et al. 2006). The
substantially diminished and delayed fronto-central P3 in
FXTAS thus provided the first electrophysiological evidence
of frontal lobe dysfunction in this disorder. Moreover, the ab-
normal frontal and parietal P3 components in the patient
group further implicate dysfunction of the fronto-parietal
network believed to be critical for attentional (controlled) pro-
cessing of external stimuli (e.g., Fox et al. 2005). It is plaus-
ible that the observed parietal P3 abnormalities were due to
abnormal inputs/control from frontal brain regions. This
interpretation is consistent with the high discriminability
which P3 measures at Fz achieved in our logistic regression



model and agrees with a conceptual model in which executive
dysfunction mediates other secondary impairments of cogni-
tive processes in FXTAS (Brega et al. 2008). A recent volu-
metric MRI study of FXTAS reported significant atrophy in
several frontal brain regions, including dorsomedial and dor-
solateral prefrontal cortex, orbitofrontal and anterior cingulate
cortex, and also in medial parietal (precuneus) and superior
parietal cortex (Hashimoto et al. 2011a). We have previously
reported another electrophysiological abnormality in patients
with mild FXTAS (Olichney et al. 2010). These FXTAS patients
showed reduced N400 word repetition effects, thought to
reflect impaired implicit verbal memory, but to which atten-
tional impairment may also contribute.

As mentioned above, the P3 (or P3b) component obtained
from the auditory oddball task commonly has a parietal scalp
distribution in normal young subjects. But aging has been
shown to affect the scalp topography of P3b, with an anterior
(or frontal) shift observed in elderly populations (e.g., Iragui
et al. 1993; Fabiani et al. 1998). This “anterior shift” of P3 has
been suggested to reflect compensatory frontal processes
necessary for elderly persons to successfully accomplish the
task (e.g., Friedman et al. 1997; Daffner et al. 2006; West et al.
2010). In the present study, a prominent P3 anterior shift was
obtained in our NC subjects, but not in the FXTAS group. The
absence of the P3 anterior shift in FXTAS likely reflects
decreased recruitment of frontal lobe processes helpful in
performing our dual-response oddball task including the
counting of target tones. In fact, prior studies requiring target
counting during a 2-stimuli auditory oddball task have shown
substantial target P3 at Fz in young normal subjects (e.g., Fjell
and Walhovd 2001; Walhovd and Fjell 2003).

It has been recently proposed that every P3 component is
composed of P3a and P3b (Polich 2007, 2012). In this frame-
work, the anterior P3 (P3a) reflects attention orienting to
salient or unexpected events and is generated by change in
frontal lobe activation pattern, whereas the P3b is associated
with working memory updating and mainly generated by
temporal/parietal cortex (Soltani and Knight 2000; Polich
2003; also see Donchin 1981; Donchin and Coles 1988, for
the context-updating theory of P3). Since selective attention
and working memory are key components of executive func-
tioning and are closely related to maintaining and updating of
attentional set, this framework provides explanation for the
frequently observed associations between P3 measures and
executive function performance (e.g., Barcel6 et al. 1997,
2000; Daffner et al. 2006; Dichter et al. 2006; Kopp et al.
20006; Fjell et al. 2007). According to this view, the delayed
and diminished fronto-central P3 in FXTAS patients could be
interpreted as the impaired P3a indexing attention-related def-
icits, while the reduced amplitude of the parietal P3b indi-
cated compromised working memory updating processes.
The correlations between P3 measures and attention/working
memory tests in our study lend support to this general
interpretation in which the P3 is composed of both attention
and working memory processes. It should also be noted that
the fronto-central P3 elicited in NC subjects by our dual-
response oddball task is likely distinct from the “classic” P3a,
elicited by task-irrelevant stimuli. The classic P3a is thought
to more directly reflect the CNS orienting response (Courch-
esne et al. 1975; Knight 1984).

In summary, the P3 abnormalities we observed in FXTAS
demonstrate dysfunction of the fronto-parietal attentional

network in these patients. The diminished and delayed
fronto-central P3 associates with compromised task-related at-
tention allocation. On the other hand, our main measures of
working memory tended to correlate with more posterior
measures of P3 latency, which may reflect the temporal
dynamics of working memory updating. This impaired fronto-
parietal brain dynamics observed on our P3 paradigm
appeared to be central to the executive dysfunction in FXTAS.

With its sensitivity to the primary cognitive impairment,
that is, executive dysfunction, in FXTAS, P3 could provide a
promising electrophysiological marker to examine early or
prodromal stage disease may or may not related to FXTAS, in
FMR1 premutation carriers. Although FXTAS typically has a
late onset of over 55-60 years of age, self-reported attention
deficit was found to be associated with CGG repeat length
within female premutation carriers under age of 50 (Hunter
et al. 2008). Sévin et al. (2009) suggested that the cognitive
impairments in FXTAS may develop prior to motor symptoms.
The age when subtle abnormalities in both cognitive and
motor function begin in FXTAS remains unknown and new
findings suggest that the FMR1 gene premutation may affect
early brain development (Farzin et al. 2006; Bailey et al.
2008), even in the embryonic stage (Chen et al. 2010;
Garcia-Arocena and Hagerman 2010; Cunningham et al.
201D).

One limitation of the current study is that the correlation
coefficients between P3 measures and executive function tests
were only moderately strong. Although these are comparable
to the correlation coefficients commonly observed between
different executive function tests (Gilbert and Burgess 2008),
stronger relationship may be obtained by recording simul-
taneous EEG while FXTAS patients are performing executive
function tests such as the WCST (e.g., Barcelo et al. 2000).
Such concurrent ERP/EEG studies can also examine the
neural mechanisms associated with planning, error detection,
and other subcomponents of executive function in FXTAS.

Another limitation is that we did not measure the fragile X
protein FMRP levels in most of this cohort. FMRP is an mRNA-
binding protein thought to act as a master regulator of many
synaptic proteins (e.g., Liu-Yesucevitz et al. 2011), including
the translation of message RNA to produce FMRP itself. It is
intriguing to note that the cognitive dysfunction most
characteristic of FXTAS involves regulation, both of higher-
level behavior and of competing task demands. We believe
that the dual-response P3 paradigm is capable of detecting
these aspects of frontal executive dysfunction in mild
FXTAS.

The P3 oddball paradigm and other cognitive ERP para-
digms may be particularly valuable in the early detection of
cognitive slowing in FXTAS, because of the millisecond-level
temporal resolution which ERPs offer (Nunez and Srinivasan
2006). Furthermore, many studies including the current
report have confirmed that P3 latency is not determined by
response selection and execution (e.g., Duncan-Johnson and
Kopell 1981; Ilan and Polich 1999); rather, it is thought to
measure central processing speed and allocation of cognitive
resources without contamination by motor problems (e.g.,
tremor in FXTAS, motor slowing due to the cortical-spinal
tract, or peripheral nerve disease). Finally, as a noninvasive
and relatively simple task, this P3 paradigm could be useful in
clinical applications such as tracking disease progression in
FXTAS or response to targeted treatments for FXTAS.
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