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Abstract

The current study sought to examine the utility of intra-individual variability (IIV) in distinguishing participants with
prodromal Huntington disease (HD) from nongene-expanded controls. IIV across 15 neuropsychological tasks and within-
task IV using a self-paced timing task were compared as a single measure of processing speed (Symbol Digit Modalities
Test [SDMT]) in 693 gene-expanded and 191 nongene-expanded participants from the PREDICT-HD study. After adjust-
ing for depressive symptoms and motor functioning, individuals estimated to be closest to HD diagnosis displayed higher
levels of across- and within-task variability when compared to controls and those prodromal HD participants far from
disease onset (Fiey3 877y = 11.25; p <.0001; Fpaceariming3,877 = 22.89; p <.0001). When prodromal HD participants
closest to HD diagnosis were compared to controls, Cohen’s d effect sizes were larger in magnitude for the within-task
variability measure, paced timing (-1.01), and the SDMT (-0.79) and paced tapping coefficient of variation (CV) (-0.79)
compared to the measures of across-task variability [CV (0.55); intra-individual standard deviation (0.26)]. Across-task
variability may be a sensitive marker of cognitive decline in individuals with prodromal HD approaching disease onset.
However, individual neuropsychological tasks, including a measure of within-task variability, produced larger effect sizes
than an index of across-task IV in this sample. (JINS, 2015, 21, 8-21)

Keywords: Huntington disease, Neuropsychological tests, Executive function, Attention, Adult, Cognition disorders/
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INTRODUCTION impaired motor functioning, and cognitive deficits. Cognitive
changes in HD include deficits in attention, working memory,
executive functions, processing and motor speed, visuomotor
integration (Brandt & Butters, 1986; Zakzanis, 1998; Paulsen,
Smith, & Long, 2013), memory acquistion and retrieval,
emotion processing, and manual dexterity (Zakzanis, 1998).

Huntington disease (HD) is an autosomal dominant neurode-
generative disorder caused by expansion of the trinucleotide
repeat cytosine-adenine-guanine (CAG) in the huntingtin
(HTT) gene (MacDonald et al., 1993). Individuals with the
CAG expansion can be identified through presymptomatic Motor, cognitive, and psychiatric abnormalities have been

genetic testing, and there is an inverse relationship between associated with functional decline in prodromal HD (Beglinger
the number of CAG repeats and HD age of onset (Lee et al., etal., 2010)

2012). Huntington disease has been associated with changes in
multiple brain regions, particularly fronto-subcortical circuits
(Aylward et al., 2012; Paulsen et al., 2010a), and involves a
triad of clinical features, including psychiatric disturbances,

A formal diagnosis of HD is made in the presence of
unequivocal motor signs in an individual with a CAG
expansion or an individual coming from a family with known
HD. However, symptoms may be present before formal
diagnosis. Individuals with expanded CAG repeats who have

Correspondence and reprint requests to: Jane S. Paulsen, 1-305 MEB not met motor criteria for diagnosis are considered to be in the
Carver College of Medicine, University of Iowa, Iowa Ci;y, 1A 52242? prodromal stages of HD (P aulsen et al" 2010b)' The nature of
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noted after diagnosis, though the degree of prodromal
impairment is more modest (Johnson et al., 2007; Kirkwood
et al., 1999, Paulsen et al., 2001, 2008, 2013; Pirogovsky
et al., 2007; Stout et al., 2012). Nearly 40% of 575 indivi-
duals with prodromal HD in the PREDICT-HD study met
criteria for mild cognitive impairment (MCI) in at least one
cognitive domain, with higher rates found in individuals
estimated to be closer to motor diagnosis (Duff et al., 2010).
Paulsen and colleagues (2008) reported cognitive deficits are
difficult to detect in earlier stages of prodromal HD, and
cognitive impairment in those estimated to be 15-20 years
from diagnosis is generally minimal (Paulsen et al., 2013).
For example, Stout and colleagues (2011) reported indivi-
duals who were fewer than nine years from estimated
diagnosis showed broad cognitive impairment on an exten-
sive battery, whereas impairment in persons estimated to be
9-15 years from diagnosis was observed in approximately
half of the variables, and individuals estimated to be greater
than 15 years from diagnosis demonstrated impairments only
in emotion recognition. Novel metrics and measures of
cognition that are sensitive to the earliest neuropathological
changes in individuals with prodromal HD may prove to be
useful markers of disease progression for clinical trials.
Clinically, novel metrics and measures of cognition may
provide additional information about the nature of the
cognitive deficits in individuals with prodromal HD and how
those deficits impact daily functioning, ideally leading to
more effective interventions.

One measurement that might be relevant to early detection of
cognitive deficits in HD is intra-individual variability (ITV), an
indicator of short-term within-person fluctuations in cognition
hypothesized to be an early marker of brain pathology
(MacDonald, Backman, & Li, 2009; Stuss, Murphy, Binns, &
Alexander, 2003). IV is hypothesized to reflect the efficiency
of cognitive control, and more specifically, top-down executive
control (Bellgrove, Hester, & Garavan, 2004; Kaiser et al.,
2008; Stuss, Murphy, & Binns, 1999) under the direction of
prefrontal circuits (Bellgrove et al., 2004; Bunce et al., 2007;
Stuss et al., 2003). Broadly, there are two different methods
used to measure IIV: (1) dispersion of scores across a
neuropsychological battery (across-task IIV), and (2) incon-
sistency in performance within an individual task (within-
task IIV). Dispersion and inconsistency in reaction times
are correlated, indicating individuals who exhibit more
variability within tasks also demonstrate more variability across
tasks (Hilborn, Strauss, Hultsch, & Hunter, 2009; Hultsch,
MacDonald, & Dixon, 2002). Increased IIV, when compared to
healthy individuals, has been noted in several disorders such as
attention deficit hyperactivity disorder (ADHD) (Castellanos
et al.,, 2005; Klein, Wendling, Huettner, Ruder, & Peper,
2006), traumatic brain injury (Stuss et al., 1989), human
immunodeficiency virus (HIV) (Morgan, Woods, Grant, & The
HIV Neurobehavioral Research Program (HNRP) Group,
2012a; Morgan et al., 2012b), schizophrenia (Cole, Weinber-
ger, & Dickinson, 2011; Rentrop et al., 2010), and dementia
(Ballard et al., 2001; Christensen et al., 1999; Duchek et al.,
2009; Holtzer, Verghese, Wang, Hall, & Lipton, 2008; Hultsch
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et al., 2000; Murtha, Cismaru, Waechter, & Chertkow, 2002).
Studies indicate IIV may be associated with cognitive decline
and disease progression in MCI and dementia (Christensen
et al., 1999; Cherbuin, Sachdev, & Anstey, 2010). Dispersion
across neuropsychological tasks has also been found to
be associated with functional abilities in schizophrenia
(Cole et al., 2011), HIV (Morgan et al., 2012a), and aging
(Christensen et al., 1999). Of relevance to the investigation of
prodromal HD, IIV has been proposed to represent a unique
construct to study top-down attentional control. It may also be
of value in individuals with genetic predispositions for certain
disorders including ADHD (Frazier-Wood et al., 2011) and
Alzheimer disease (Duchek et al., 2009).

The aforementioned research supports IIV as a cognitive
construct that is affected by central nervous system disease
and is associated with real-world outcomes and future
cognitive decline across a variety of patient populations.
However, IIV has not previously been investigated in pro-
dromal HD. Accordingly, the objective of the current study
was to examine IIV as a potential early marker of cognitive
changes in individuals with prodromal HD. Our objective is
based on the hypothesis that individuals with prodromal HD
will demonstrate increased IV, as measured by within-task
variability on a motor programming task, and across-
task variability among 15 neuropsychological tasks,
compared to healthy adults (individuals with a family history
of HD but without the CAG expansion). Considering prior
research regarding II'V’s sensitivity to a genetic predisposi-
tion to other neuropsychiatric disorders, it was also expected
that within-task and across-task IIV would increase in
individuals with prodromal HD who were closer to diagnosis.
As a check on sensitivity, we also compared the ability of
IV to discriminate among HD groups with different
estimated times to disease onset to that of an individual
cognitive variable shown to be a good measure in
discriminating gene-expanded from nongene-expanded
individuals, the Symbol Digit Modalities Test (SDMT)
(Paulsen et al., 2013).

METHOD

The PREDICT-HD study is designed to identify markers for
HD onset in individuals with prodromal HD, with the goal of
advancing clinical trials research (Paulsen, 2001). PREDICT-
HD involves longitudinal data collection of gene-expanded
individuals and controls. The study collects neuropsycholo-
gical, motor, functional, psychiatric, genetic, and imaging
data for these individuals to determine the most appropriate
markers of disease progression.

Participants

Participants included 884 individuals from PREDICT-HD
(See Table 1) who had complete data for the 15 variables
used to compute the across-task IIV measure (see below).
PREDICT-HD data have been collected from 2002 to date,
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Table 1. Demographic information for participants

M. Musso et al.

Variable Control Low® Medium?* High"

n 191 186 246 261

% Male 35.60 32.26 33.33 43.68

% Caucasian 100.00 96.79 97.01 97.20
Age 43.11 (11.32) 35.20 (7.45) 40.90 (9.51) 44.09 (9.87)
Education (years) 14.70 (2.69) 14.53 (2.53) 14.54 (2.65) 14.22 2.71)
CAG repeat length 20.08 (3.53) 40.82 (1.54) 42.21 (2.06) 43.74 (2.73)
UHDRS score® 2.34 (2.90) 3.06 (3.42) 4.11 (4.19) 6.67 (6.03)
Confidence in motor diagnosis 0.35 (0.55) 0.59 (0.67) 0.72 (0.75) 1.09 (0.94)

Note. CAG = cytosine-adenine-guanine; UHDRS = Unified Huntington’s Disease Rating Scale.
“Classification of participants into Low, Medium, and High is based on the CAG-age product (CAP) (see “Method” section). Low: low probability (>15 years
from diagnosis); Medium: medium probability (9-15 years from diagnosis); High: high probability of near-future diagnosis (estimated to be <9 years from

diagnosis).

"The UHDRS assesses motor functioning. Scores range from 0 to 124, with higher scores reflecting more impairment.

but we considered only the single baseline cross-sectional
data for this analysis. Data were included from 693 gene-
expanded participants and 191 control participants collected
across 32 sites in the United States, Canada, Australia, Ger-
many, Spain, and the United Kingdom. All participants pro-
vided informed written consent for participation in the
PREDICT-HD study and permission for de-identified data
to be analyzed at collaborative institutions. All procedures
complied with the Helsinki Declaration and were approved
by Institutional Review Boards at each participating site.

Inclusion criteria for PREDICT-HD were adults 18 years
of age or older with a family history of HD and previous,
voluntary genetic testing for CAG expansion. At study entry,
no participants met formal criteria for clinically definitive
HD. Participants were included in the prodromal HD group if
they had CAG expansion >36 repeats. For every six pro-
dromal HD participants recruited, a comparison participant,
defined as someone with a parent who had HD but who did
not have the gene expansion themselves (i.e., <36 CAG
repeats) was recruited. Individuals were excluded from
PREDICT-HD if they had evidence of an ongoing unstable
medical or psychiatric condition, reported substance abuse
within the past year, had a history of learning disability or
intellectual disability requiring special education classes, a
history of other central nervous system disease (e.g., seizures,
TBI), or if they had a pacemaker or metallic implants. Indi-
viduals were also excluded if they had used prescription
antipsychotic medications within the past six months or if
they used phenothiazine-derivative antiemetic medications
more than three times per month. No other prescription or
over-the-counter medications or natural remedies were
restricted.

Procedure

All participants underwent comprehensive baseline evalua-
tions including blood draw, neurological/motor examination,
cognitive assessment, psychiatric and psychological
questionnaires, and brain MRI. All site data were sent to a
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centralized location and subjected to quality assurance/con-
trol methods, including double or triple scoring of all proto-
cols by different reviewers trained by PREDICT-HD, and
double data entry.

Genetic Status and Estimating Years to Clinically
Definitive Diagnosis

Progression group was determined for each participant based
on the CAG-Age Product (CAP) developed by Zhang et al.
(2011) using the larger PREDICT-HD database. CAP is
similar to the “genetic burden” score of Penney et al. (1990)
and purports to index cumulative toxicity of the mutant
huntingtin. CAP is calculated as CAP = (Age at entry) x
(CAG - 33.66). Using the algorithm of Zhang et al. (2011),
participants were classified as High probability of near-future
diagnosis (estimated to be <9 years from diagnosis),
Medium probability (9—15 years from diagnosis), and Low
probability (>15 years from diagnosis).

Motor Examination

Participants’ motor functioning was assessed using the
Unified Huntington’s Disease Rating Scale (UHDRS)
(Huntington Study Group, 1996). The UHDRS total motor
score (TMS) is a standardized assessment consisting of
31 items rated on a scale from O to 4 with a score of 0
indicating no abnormalities and 4 indicating the most severe
impairment. Motor scores have been shown to distinguish
controls from gene-expanded participants, with the presence
of motor abnormalities associated with a closer estimated
time to disease diagnosis (Kieburtz et al., 1996; Long et al.,
2013). The TMS is computed by summing the individual
items (range is O to 124).

Examiners also used the UHDRS diagnostic confidence
level (DCL) to rate the degree of confidence that the observed
motor signs were consistent with manifest HD. The DCL is a
4-point ordinal scale with the following format: 0 = no
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abnormalities; 1 = non-specific motor abnormalities, less than
50% confidence; 2 = motor abnormalities that may be a sign of
HD, 50-89% confidence; 3 = motor abnormalities that are
likely signs of HD, 90-98% confidence; and 4 = motor
abnormalities that represent unequivocal signs of HD,
99% confidence. Individuals with DCL = 4 at baseline were
excluded because this study focused on premanifest HD.

Neurocognitive Assessment

PREDICT-HD uses a comprehensive battery of cognitive
tests sensitive to fronto-striatal circuitry (see Paulsen et al.,
2013). Table 2 lists the tests and a description of measures
currently used in the study. All measures were administered
in the native language where the study site was located.
Information about translations of test materials and detailed
descriptions of tasks are provided in Stout et al. (2011). The
computer tests that were designed or modified for PREDICT-
HD are described below. All measures used in this study with
the exception of three tasks, the Benton Facial Recognition
Test, the Towers 4 task, and the Serial reaction time task,
were factor analyzed by Harrington et al. (2012). For tests
that had multiple summary measures, the measures that
demonstrated the highest factor loadings were chosen for
across-task II'V analysis.

Measures

The emotion recognition task presents participants with faces
that express one of six emotions or a neutral emotion (Ekman &
Friesen, 1976). Participants are then asked to select the emotion
from a multiple-choice list of words: disgust, anger, fear, sad,
happy, surprise, or neutral. Ten stimuli are presented for each
emotion. Raw scores are the total number of correct negative
emotions identified (fear, disgust, anger, sad).

PREDICT-HD used two computerized Tower of Hanoi
tasks to assess planning and reasoning. This study included
the Towers 4 task, in which participants are presented with
three vertical pegs, one of which contains four disks of
increasing sizes with the largest disk on the bottom. Partici-
pants are asked to relocate all disks in exactly the same con-
figuration to a different peg. However, they are required to
follow two rules: only the top peg can be moved, and larger
disks cannot be placed on top of smaller disks. Participants
complete four trials.

The Cued Movement Sequencing task presents partici-
pants with ten vertical pairs of circles displayed along the
bottom of a touchscreen. The start position circle is illumi-
nated. Trials proceed from left to right with one of the vertical
circles becoming illuminated at a time. Participants are asked
to press an illuminated circle that appears at the bottom of the
screen. There are three conditions: low-level, medium-level,
and high-level of cueing. The high-level cue condition illu-
minates a circle in the adjacent pair simultaneously as the
finger is pressed on the proceeding illuminated circle. But as
the participant’s finger is lifted, a circle two pairs over is also
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illuminated, and the illuminated circle in the adjacent pair is
extinguished. Participants are given 28 attempts to complete
either eight (low and medium cue-level conditions) or 16
(high cue-level condition) error-free trials.

In the simple and two-choice reaction times (RT) task,
participants are presented with a computer fitted with a
response device with a single button at the bottom and two
adjacent buttons at the top. Participants initiate trials by
placing the dominant index finger on the start button. For the
simple RT, a single hollow circle appears on the screen then
fills with green between zero and 3.2 s. The participant
responds by pressing the right-sided button. For the two-
choice reaction time task, participants are presented with two
adjacent hollow circles and one filled with green. They are
asked to press the response button on the corresponding side.

The serial reaction time task presents participants with
asterisks in serial order in one of four locations. Participants
respond to the asterisks by using their index and middle
fingers to press one of four buttons on an external response
device. The buttons are aligned with four screen positions.
The first four blocks present asterisks serially in a fixed
12-asterisk sequence that is repeated eight times. A fifth
block presents asterisks in four locations in random order.
Finally, the sixth block presents the asterisks in the
previously presented repeating sequence. Participants are not
informed that that sequence was repeated.

The speeded tapping and paced timing tasks both use a
response box interfaced with a computer. For the speeded
tapping task, participants are asked to tap as quickly as pos-
sible for five consecutive 10-s trials. Participants complete
separate trials with the index finger of each hand and a third
trial where they tap with alternating thumbs. Paced timing is a
self-timed tapping task during which participants listen to a
metronome-like tone presented at an interval of one tone
every 550 ms. Participants are asked to listen to the tone then
tap along when ready. The tone continues for 11 taps then
stops, at which time participants are asked to continue
tapping at the same pace until signaled to stop by an alternate
tone (31 taps). This procedure is completed for five trials,
for a total of 155 self-paced taps. Paced timing tapping
proficiency is calculated as the reciprocal of the standard
deviation (1/standard deviation) because these scores are
more normally distributed and better fit assumptions of
linearity (Rowe et al., 2010). This measure indexes within-
task IIV and has demonstrated good discrimination between
groups (Hinton et al., 2007; Paulsen et al., 2008; Rowe et al.,
2010). A second measure of IV, the coefficient of variation,
was calculated for paced timing [paced timing coefficient
of variation (CV)] by dividing the standard deviation of
inter-tap intervals by the mean inter-tap interval for each
participant.

In addition, the Beck Depression Inventory—II (BDI-II)
was administered as a measure of cognitive, affective,
and physiological symptoms of depression. Severity of
depressive symptoms has been associated with significantly
poorer performance on cognitive measures in individuals
with prodromal HD (Smith, Mills, Epping, Westervelt, &
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Table 2. Neuropsychological tasks administered to participants in the current study

Task

Reference

Variable

Cognitive factor”

Stroop Color and Word Test (Stroop)

Controlled Oral Word Association Test (COWAT)

Trail Making Test, Part A (TMTA)

Trail Making Test, Part B (TMTB)

Symbol Digit Modalities Test (SDMT)

Wechsler Adult Intelligence Scale (WAIS)-II1:
Letter-Number Sequencing (LNS)

Hopkins Verbal Learning Test-Revised (HVLT)

Benton Facial Recognition Test
Emotion Recognition Task

Towers 4
Cued Movement Sequencing: Buttons

Two-Choice Reaction Time: Chooser
Speeded Tapping

Paced Timing

Serial Reaction Time Task

Stroop, 1935
Benton et al., 1983
Reitan, 1958
Reitan, 1958
Smith, 1991
Wechsler, 1997

Brandt & Benedict, 2001

Benton et al., 1983
Johnson et al., 2007

Similar to Saint-Cyr et al., 1988; Papp et al.,
2013
Based on Georgiou et al., 1995

See Stout et al., 2011
Hinton et al., 2007; Paulsen et al., 2004

Hinton et al., 2007; Paulsen et al., 2004

Willingham et al., 1989

Color naming total score

Total number of correct words across three trials
Number of seconds to complete Trails A
Number of seconds to complete Trails B

Total number of correct responses in 90 seconds
Total number of correct trials

Total number of words learned over the learning
trials

Total number of correct responses

Total number of correctly identified negative
emotions

Difference in mean number of moves from the first
to fourth trial

Mean movement standard deviation (within-task
1v)

Mean movement time

The standard deviation of inter-tap intervals for the
nondominant hand (within-task IIV)

Reciprocal of the standard deviation (within-task
1v)

Difference in response times for random sequence
(fifth block) compared to the fourth presentation
of the set sequence

Speed and inhibition

Verbal working memory

Attention and information integration
Attention and information integration
Attention and information integration
Verbal working memory

Verbal learning and memory

Not included
Sensory and perceptual processing

Not included
Motor planning and speed

Motor planning and speed
Motor planning and speed

Motor planning, speed and sensory and
perceptual processing
Not included

“Based on Harrington et al.'s 2012 factor analysis.
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Paulsen, 2012). The BDI-II was used as a covariate to control
for effects of mood symptoms on cognition in the
current study.

Statistical Analyses

The analysis focused on the ability of the across- and within-
task variability to discriminate among the CAP groups and
controls, adjusting for age, gender, and years of education. As
mentioned previously, within-task variability measures
included the paced timing proficiency and paced timing CV.
Across-task variability (dispersion) among the 15 cognitive
measures previously described was computed as both the
intra-individual standard deviation (ISD) and the intra-
individual coefficient of variation (ICV). The coefficient of
variation was used because some researchers recommend
correcting IIV to allow for the adjustment of scores to mean
level of performance (Duchek et al., 2009).

The following procedure was used to compute across-task
IIV. First, adjusting for age, gender, and years of education,
we used a general linear model (SAS PROC GLM) to obtain
residual values for each participant, which can be regarded as
demographically adjusted scores to be used in place of raw
scores. Seven of the cognitive measures (Trail Making Test,
Part A, Trail Making, Part B, Towers 4 Task, Cued
Movement Sequencing: Buttons, two-choice reaction time:
Chooser, speeded tapping, and serial reaction time task)
increased as disease progressed, the opposite direction of the
other cognitive measures. To address the difference in
scoring, we reversed the sign on the residuals for these seven
cognitive values. Consistent with previous research, we
scaled each demographically adjusted score to have a mean
= 50 and a standard deviation (SD) = 10 (Christensen et al.,
1999; Hilborn et al., 2009; Morgan et al., 2012a, 2012b).
Finally, we computed the mean and SD among the T-scores.
Intra-individual standard deviation was the SD among the
T-scores for the 15 measures. The coefficient of variation was
computed as the ratio of the SD to the mean of the 15 tasks
(ISD/mean T-score).

After computing ITV across T-scores for each participant, we
used analysis of variance (ANOVA) to examine omnibus CAP
group differences, unadjusted paired comparisons to assess
inequalities among group means, and Cohen’s d to evaluate the
effect sizes of the pairwise comparisons. Relative sensitivity
was evaluated by comparing intra-individual standard
deviation and coefficient of variation with ANOVA using
SDMT, paced timing proficiency, and paced timing CV.
A second analysis using analysis of covariance (ANCOVA)
was conducted for all outcomes (intra-individual standard
deviation, coefficient of variation, SDMT, paced timing profi-
ciency, paced tapping CV) to adjust for BDI-II (Smith et al.,
2012) and total motor score (TMS).

RESULTS

Means and SDs of the standardized T-scores by CAP group
are presented in Table 3. Participants in the medium and high
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CAP groups had poorer cognitive performance (mean
T-scores <50) than those in the Control and Low CAP
groups (mean T-scores > 50).

Across-task Variability

Table 4 shows the ANOVA and ANCOVA results. The
ANOVA results show mean intra-individual standard devia-
tion (F(3 g30) = 8.48; p <.0001) varied by CAP group. Pair-
wise comparisons suggested that the intra-individual
standard deviation was significantly greater for the High
group, but there was no evidence of a difference among the
Control, Low, and Medium groups. After adjusting for
BDI-II and TMS in the ANCOVA model, there was still
an effect for CAP group (Fs77) = 4.41; p<.001) for
intra-individual standard deviation. However, pairwise
comparisons revealed the High and Control CAP group
differences were no longer statistically significant for intra-
individual standard deviation.

In terms of intra-individual coefficient of variation, the
ANOVA results (Table 4) show the mean coefficient of var-
iation (F3gs0) = 24.48; p <.0001) varied by CAP group.
Pairwise comparisons showed the coefficient of variation had
significantly larger means for the High group, but there was
no evidence of a difference among the Control, Low, and
Medium groups. After adjusting for BDI-II and TMS in the
ANCOVA model, there was still an effect for the CAP group
for intra-individual coefficient of variation (F3 g77, = 11.25;
p <.0001). Pairwise comparisons revealed the difference
between the High group and Control group remained statis-
tically significant for coefficient of variation.

Within-Task IIV

ANOVA results revealed significant main effects for the
paced timing proficiency score (Table 4), suggesting it was
strongly associated with CAP group (F(zss0) = 42.19;
p <.0001). Pairwise comparisons revealed that the High and
Medium CAP groups obtained significantly lower scores on
paced timing proficiency compared to the Control group.
There were no significant differences between the Low CAP
group and the Control group. After adjusting for BDI-II and
TMS (ANCOVA analysis), the strength of the CAP group
effect was diminished (F3 377, = 22.89; p <.0001) but still
significant. Paced tapping was significantly but modestly
correlated with across-task variability (see Table 5: ISD,
r=-0.15; p<.0001; ICV; r = -0.33; p <.0001).

ANOVA results revealed significant main effects for the
paced timing CV score (Table 4), suggesting it was strongly
associated with CAP group (F3ss0) = 34.64; p <.0001).
Pairwise comparisons revealed the High and Medium groups
obtained significantly lower scores on paced timing
compared to the Control group, and the High group obtained
significantly lower scores than the Low group. After adjust-
ing for BDI-II and motor score with ANCOVA models,
the main effect of the CAP group remained significant


https://doi.org/10.1017/S1355617714001076

14

Table 3. Mean T-scores by CAG-age product (CAP) group

M. Musso et al.

CAP group T-score Mean SD Minimum Maximum
Control (n = 191) Stroop Color and Word Test 52.56 9.63 24.36 95.19
Controlled Oral Word 52.01 10.64 27.96 87.30
Trail Making Test, Part A 51.98 8.37 17.43 66.69
Trail Making Test, Part B 52.60 8.03 347 64.81
Symbol Digit Modalities Test 53.07 8.48 26.48 81.36
Benton Facial Recognition Test 52.14 9.56 21.12 73.54
Emotion Recognition Task 53.69 8.53 32.82 73.74
Letter-Number Sequencing 52.82 11.41 25.26 83.11
Hopkins Verbal Learning Test 53.27 8.74 25.47 73.30
Towers 4 51.24 10.48 20.23 70.73
Speeded Tapping 53.31 6.30 20.72 68.99
Paced Timing Precision 54.29 9.91 33.21 79.33
Paced Timing CV 53.52 6.72 14.57 62.59
Cued Movement Sequencing 51.66 9.70 -7.54 65.33
Two-Choice Reaction Time 52.53 8.28 28.86 69.24
Serial Reaction Time Task 49.85 10.05 0.56 76.35
Low (n = 186) Stroop Color and Word Test 52.11 9.04 27.12 84.81
Controlled Oral Word 51.78 9.37 30.68 91.56
Trail Making Test, Part A 51.57 9.76 -6.98 65.37
Trail Making Test, Part B 52.31 5.95 33.16 66.12
Symbol Digit Modalities Test 53.13 10.10 25.70 82.51
Benton Facial Recognition Test 51.43 10.86 -13.23 72.00
Emotion Recognition 52.77 9.24 20.90 72.69
Letter-Number Sequencing 51.48 8.95 34.15 83.45
Hopkins Verbal Learning Test 52.31 8.12 28.74 70.16
Towers 4 50.16 10.60 2042 68.75
Speeded Tapping 52.91 5.93 25.69 64.84
Paced Timing Precision 52.40 9.39 26.98 80.75
Paced Timing CV 52.03 8.42 6.03 61.07
Cued Movement Sequencing 52.18 7.72 16.89 64.38
Two-Choice Reaction Time 53.35 7.82 24.55 69.64
Serial Reaction Time Task 50.22 9.89 10.85 70.79
Medium (n = 246) Stroop Color and Word Test 50.24 10.09 23.78 77.89
Controlled Oral Word 49.77 9.48 29.42 76.06
Trail Making Test, Part A 50.54 9.16 12.85 65.95
Trail Making Test, Part B 49.93 9.67 -5.71 64.04
Symbol Digit Modalities Test 49.62 9.47 27.14 86.15
Benton Facial Recognition Test 49.20 9.49 18.28 71.88
Emotion Recognition 49.30 9.44 17.63 72.81
Letter-Number Sequencing 49.10 9.11 19.59 77.61
Hopkins Verbal Learning Test 49.84 9.55 21.86 68.07
Towers 4 50.39 9.23 22.05 67.15
Speeded Tapping 50.87 7.91 1.85 65.42
Paced Timing Precision 50.16 9.03 32.08 76.39
Paced Timing CV 50.83 7.44 14.81 62.44
Cued Movement Sequencing 50.03 9.47 -6.48 62.47
Two-Choice Reaction Time 49.49 10.01 13.78 69.53
Serial Reaction Time Task 50.47 9.43 8.94 73.70
High (n = 261) Stroop Color and Word Test 46.40 9.83 19.96 90.48
Controlled Oral Word 47.48 9.90 23.63 79.21
Trail Making Test, Part A 46.92 11.28 -5.25 65.05
Trail Making Test, Part B 46.51 12.57 -27.10 64.78
Symbol Digit Modalities Test 45.88 9.95 17.53 70.02
Benton Facial Recognition Test 48.17 9.75 17.62 73.85
Emotion Recognition 45.98 10.47 16.43 73.27
Letter-Number Sequencing 47.73 9.80 25.04 77.03
Hopkins Verbal Learning Test 46.11 11.14 13.41 67.73
Towers 4 48.61 9.80 20.00 69.13
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Table 3: (Continued)

CAP group T-score Mean SD Minimum Maximum
Speeded Tapping 44.68 13.54 -19.15 71.40
Paced Timing Precision 45.00 9.25 25.92 75.03
Paced Timing CV 45.20 12.96 -18.30 61.42
Cued Movement Sequencing 47.20 11.43 -21.95 64.87
Two-Choice Reaction Time 46.24 11.15 5.89 70.80
Serial Reaction Time Task 49.51 10.58 7.73 75.25

Note. SD = standard deviation; CV = coefficient of variation.

Table 4. Analysis of variance (ANOVA) and analysis of covariance (ANCOVA) results for CAG-Age Product (CAP) group effect

Measure ANOVA F-value (p-value)  Pairwise comparisons® ~ ANCOVA F-value (p-value)  Pairwise comparisons

v 8.48 (<.0001) C,L,M<H 4.41 (0.0044) L,M<H

Cv 24.48 (<.0001) C,L,M<H 11.25 (<.0001) C,L,M<H

SDMT 29.59 (<.0001) C,L>M>H 13.92 (<.0001) C,L>M>H

Paced timing precision 42.19 (<.0001) C,L>M>H 22.89 (<.0001) C>M>HL>H

Paced timing CV 34.64 (<.0001) C>M>H 15.67 (<.0001) C,L,M>H
L>H

Note. 1IV = intra-individual variability; CV = coefficient of variation; SDMT = Symbol Digit Modalities Test; C = Control CAP group; L = Low CAP

group; M = Medium CAP group; H = High CAP group.

“Classification of participants into low, medium, and high is based on the CAG-age product (CAP) (see “Method” section). Low: low probability (>15 years from
diagnosis); Medium: medium probability (9—15 years from diagnosis); High: high probability of near-future diagnosis (estimated to be <9 years from diagnosis).

(F@.877 = 15.67; p<.0001), and the High group obtained
significantly lower scores compared to other CAP groups.

SDMT

The ANOVA results (Table 4) revealed a significant main
effect for the SDMT score (F3 350y = 29.59; p <.0001).
Pairwise comparisons showed differences among all groups
with the exception of the Low CAP group versus Control
group. After adjusting for BDI-II and motor score with
ANCOVA models, the strength of the CAP group effect was
also diminished (F(3 877y = 13.92; p <.0001) but was still
significant. Pairwise comparisons remained the same.

Effect Size

The ANOVA/ANCOVA results indicate paced timing profi-
ciency, paced timing CV, and SDMT were more strongly
associated with CAP group than the across-measures of IIV.
Cohen’s d values (Table 6) confirmed these results. Effect sizes
for paced timing proficiency, paced timing CV, and SDMT,
comparing the High CAP group to controls, were larger in
magnitude than those for the across-task measures of IIV.

DISCUSSION

The purpose of the present study was to determine
whether individuals with prodromal HD displayed larger
neuropsychological test variability than healthy controls.
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It was hypothesized that, because IIV has demonstrated uti-
lity in predicting progression of cognitive decline in MCI and
Alzheimer dementia, it may be sensitive to cognitive decline
in other degenerative conditions, such as prodromal HD. This
hypothesis was partially supported in the current study in that
mean IIV, as measured by within- and across-task variability,
was elevated in individuals with prodromal HD who were
estimated to be relatively close to diagnosis, even when
adjusting for depression and motor symptoms. The largest
effect sizes were found for the measure of within-task varia-
bility (paced timing). It is also noteworthy that an individual
measure of processing speed (SDMT) produced larger effect
sizes between CAP groups than across-task IV, but did not
perform as well as paced timing proficiency.

Using the coefficient of variation corrects the scores for
mean performance and provides a signal that is less con-
founded by overall ability level, and thus, is hypothesized to
provide a purer signal of II'V variability. This is further sup-
ported by the finding that the coefficient of variation dis-
criminated the High CAP group from controls even after
controlling for depression and motor performance, but intra-
individual standard deviation did not. Using coefficient of
variation as a measure of across-task variability also resulted
in larger effect sizes compared to using the simpler intra-
individual standard deviation variable. On the other hand,
when intra-individual standard deviation and the coefficient
of variation were examined as a measure of within-
task variability, the intra-individual standard deviation
(paced timing proficiency) produced larger effect sizes com-
pared to the coefficient of variation (paced timing CV).
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Table 5. Correlations among neuropsychological variables

Pearson correlation coefficients, N = 884

Prob > Irl under HO: Rho = 0

Stroop Letter- Speeded
nv CcvV Color COWAT Trails B SDMT Emotion  Number = HVLT Towers 4 tapping Buttons Chooser
v 1
(Y% 0.92%3#* 1
Stroop Color —-0.08*  —0.28%** 1
COWAT -0.08%* —0.25%*% (), 35%:#:* 1
Trails A —0.33%*%k () 47wk (),32%H%k (), 27Kk
Trails B —0.34%%* (. 5%*kx () 40%** () 33wk 1
SDMT —0.22%%*% () 44%*%k () 4@%*%k (), 36%** 0.52%3#:* 1
Face =0.11%% Q. 2%*kx (] ]%*%k (), ]4%%* 0.15%** (), ] 5%**
Emotion —0.18%** (. 3%*kx  (20%** (3]*** 0.27%%*% (), 33%%* 1
Letter- -0.06 —0.2%**% (. 35%%*k () 36%** 0.40%** (.36%** 0.26%%* 1
Number
HVLT —0.19%** (. 3**kx () 20%** (3] *** 0.36%*% (. 42%** 0.31%*%  (,35%** 1
Towers 4 —0.12%*3%  _Q2%k% (), ]5%*%k  (),08%* 0.22%%% () 26%** 0.10%* 0.14%%% (), ] 8*** 1
Speeded —0.32%%% () 4k () 3Q%Hk () QHkK 0.23%*% (), 36%** 0.27%*%  (,16%*%*  (23%** (,10%** 1
tapping
Paced —0.15%%* Q. 3%*k* () 36*** (.25%** 0.28%%* (), 374:%% 0.34%%% () 27#%% () 23%*%k (), ]4%*%k () 43%k%
tapping
Buttons —0.4%x% Q. 5%kx () 20%** (), ]16%** 0.20%*% (,28%*** 0.16%**  (Q.16%*%*  (024%**  (,10%** 0.30%**
Chooser —0.27%%% (. 4k () 20%k%k (), 23%k:k 0.28%*% (), 37*%* 0.28%** (0. 20%*%*  (0.31%**  (,09%* 0.38*%*
Serial =0.11%*%*% Q. 12%** (.01 0.08%** 0.01 0.06 -0.01 0.05 0.05 -0.01 0.02

Note. IIV = intra-individual variability; CV = coefficient of variation; Stroop Color = Stroop Color and Word Test; COWAT = Controlled Oral Word Association Test; Trails A = Trail Making Test, Part A; Trails
B = Trail Making Test, Part B; SDMT = Symbol Digit Modalities Test; Face = Benton Facial Recognition Test; Emotion = Emotion Recognition Task; Letter-Number = Wechsler Adult Intelligence Scale-I11:
Letter-Number Sequencing; HVLT = Hopkins Verbal Learning Test-Revised; Buttons = Cued Movement Sequencing: Buttons; Chooser = Two-Choice Reaction Time: Chooser.

#p <.05.
#p < 01.
#Ep < 001,
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Table 6. Cohen’s d effect sizes

Intra- Paced  Paced
individual Timing Timing

Groups SD CV  SDMT Precision CV
Control vs. High 0.26 0.55 -0.79 -1.01 -0.79
Control vs. Medium  -0.07 0.13 -0.39 -0.44  -0.37
Control vs. Low -0.14 -0.09 0.004 -0.19 -0.20
Low vs. High 0.40 0.61 -0.72 -0.80 -0.61
Low vs. Medium 0.09 0.23 -0.36 -0.24  -0.15
High vs. Medium 0.33 0.45 -0.39 -0.57 -0.53

Note. SD = standard deviation; CV = coefficient of variation; SDMT =
Symbol Digit Modalities Test; Control = Control CAG-age product (CAP)
group; Low = Low CAP group; Medium = Medium CAP group; High =
High CAP group.

Some researchers have found no significant differences in
results when comparing these two methods (Morgan et al.,
2012a). However, others report decreased significance when
controlling for mean performance of the individual (Stuss
et al., 2003). The results of the current study suggest that
using coefficient of variation provides a stronger signal in
individuals with prodromal HD compared to the uncorrected
intra-individual standard deviation for across-task variability,
but not for the measure of within-task variability.

Increased II'V for individuals with prodromal HD may have
implications for clinical practice. Our finding that individuals
with prodromal HD, who are estimated to be within a decade of
clinically definitive diagnosis, have increased across-task
coefficient of variation and within-task IV is consistent with
MacDonald et al. (2009), who hypothesize that IIV may be an
early marker of cognitive decline. This finding suggests that
increased across-task and within-task IIV may be markers for
increased frontal lobe involvement and poorer top-down
executive control in individuals with prodromal HD who are
estimated to be within nine years of diagnosis. However, this
study did not explicitly examine imaging data, and further
research is needed to determine whether IIV is a marker of
frontal lobe involvement in prodromal HD. In addition, no
normative data are available at this time to guide decisions
about normal versus pathological levels of IIV, and future
research is needed to investigate the ecological validity of IIV
and its relationship to functional outcomes in prodromal HD.

While across-task coefficient of variation may offer
clinical utility for measuring cognitive integrity in patients
with prodromal HD, this study suggests it may not be sensi-
tive enough for clinical trials. The findings of the current
study suggest across-task variability is not as sensitive to
initial declines in cognition as the group means of some
individual cognitive measures. Specifically, paced timing and
SDMT better discriminated between CAP groups compared
to across-task variability. It is also important to note paced
timing proficiency has been shown to be more sensitive
compared to other measures of within-task IIV in the
PREDICT-HD battery (Stout et al., 2011), suggesting not all
measures of within-task IIV are as sensitive to cognitive
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changes in prodromal HD as paced timing. In the current
study, paced timing CV, a purer signal of IIV, did not
produce larger effect sizes in the discriminating groups,
suggesting the current finding may be a result of the specifi-
city of the paced timing task to normal striatal function, rather
than top-down attentional control. Harrington et al. (2012)
found the factors they labeled as motor planning/speed and
sensory-perceptual processing were the best indicators of
estimated time to diagnosis in PREDICT-HD. Paced timing
loaded on both of these factors, and the authors concluded
that paced timing proficiency may be exquisitely sensitive to
striatal functioning.

One explanation for the fact that individuals estimated to
be more than 15 years from diagnosis do not show increased
IV could be that few measurable cognitive changes occur at
this point in the disease process (Paulsen et al., 2008;
Stout et al., 2011). Paced timing proficiency and SDMT
differentiated individuals estimated to be 9-15 years from
diagnosis and controls, while measures of across-task IIV
and paced timing CV did not. Stout et al. (2011) suggest
individuals estimated to be 9-15 years from clinical diag-
nosis demonstrated lower performance on approximately half
of the variables measured, including small effect sizes for
some measures of working memory, processing speed, and
executive functioning. However, several measures of execu-
tive functioning were not significantly affected in these same
individuals (e.g., n-back task and Tower Tasks) in the study
by Stout et al. (2011). It is possible that individuals who are
more than nine years from diagnosis do not experience
deficits in the executive construct of efficiency in sustaining
cognitive control and coordinating behavior across a
neuropsychological test battery. As noted above, poorer dis-
crimination, as demonstrated by paced timing CV, suggests the
effectiveness of the paced timing task may not be related to
attentional vigilance and may reflect significant difficulty with
motor demands and time perception in prodromal HD (Scahill
et al., 2013). Harrington et al. (2012) hypothesized the tasks
involving psychomotor planning/speed and sensory-perceptual
factors may measure core networks that are particularly affec-
ted in prodromal HD, while individuals are able to compensate
for deficits in other cognitive domains.

One of the limitations of the current study is that
PREDICT-HD participants are self-selected. This sample
was relatively well educated and dedicated to research
involving improved outcomes for individuals with prodromal
HD. These considerations should be taken into account, as
they may not reflect other individuals with prodromal HD
who do not chose to have genetic testing or become involved
in this type of longitudinal study. One of the strengths of the
current study is the large sample size. Such large samples of
individuals with prodromal HD enabled the authors to
examine IV within stratified groups of individuals at various
stages relative to the estimated time to diagnosis. Another
strength of the current study is that individuals underwent
extensive neuropsychological testing that surveyed most
cognitive domains. However, these tasks were selected based
on the assumption they would be sensitive to the brain
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changes of HD, and it is possible a battery including a
broader mix of tasks (in regards to HD sensitivity) may result
in a larger dispersion index in prodromal HD. Furthermore,
this study uses some tests that have been developed specifi-
cally for this study and have demonstrated sensitivity to
impairment in prodromal HD. As such, they are not available
to clinicians, limiting the ability to apply the results of the
current study to clinical practice in general.

To the best of our knowledge, this is the first study to
examine IIV in prodromal HD. Although future research is
needed to understand the potential value of across-task and
within-task II'V, individuals in this study, who were estimated
to be fewer than nine years from diagnosis, demonstrated
increased IV, suggesting [TV may be a marker for frontostriatal
dysfunction in prodromal HD. The current study suggests that
across-task IIV may not be the most sensitive marker of cog-
nitive dysfunction, as paced timing proficiency and a com-
mercially available brief measure of processing speed (SDMT)
were sensitive to cognitive decline in individuals estimated to
be fewer than 15 years from diagnosis. However, this needs to
be examined longitudinally using the PREDICT-HD data.

ACKNOWLEDGMENTS

We thank the PREDICT-HD sites, the study participants, the
National Research Roster for Huntington Disease Patients and
Families, the Huntington’s Disease Society of America and the
Huntington Study Group. This publication was supported by
the National Center for Advancing Translational Sciences, and the
National Institutes of Health (NIH), through Grant 2 ULI
TR000442-06. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the NIH.

Funding

This work was supported by the National Institutes of Health, National
Institute of Neurological Disorders and Stroke (J.S. Paulsen, grant
number NS040068), CHDI Foundation, Inc (J.S. Paulsen, grant
number A3917), Cognitive and Functional Brain Changes in
Preclinical Huntington’s Disease (HD) (J.S. Paulsen, grant number
5ROINS054893), 4D Shape Analysis for Modeling Spatiotemporal
Change Trajectories in Huntington’s (grant number 1U01NS082086),
Functional Connectivity in Premanifest Huntington’s Disease (grant
number 1U0INS082083), and Basal Ganglia Shape Analysis and
Circuitry in Huntington’s Disease (grant number 1U01NS082085).

Conflicts of Interest

H.J. Westervelt received grant funding from the National Institutes for
Health, National Institute of Neurological Disorders and Stroke (grant
number NS040068) for work on the PREDICT-HD study. J.S. Paulsen
received grant funding from the National Institutes for Health,
National Institute of Neurological Disorders and Stroke (grant number
NS040068). M. Musso, J.D. Long, E. Morgan, S.P. Woods,
M.M. Smith and W. Lu have no relevant conflicts of interest to disclose.

PREDICT-HD Investigators, Coordinators, Motor Raters,
Cognitive Raters

Stephen Cross, Patricia Ryan, Megan M. Smith, and Eric A. Epping
(University of Iowa, Iowa City, lowa, USA).

https://doi.org/10.1017/51355617714001076 Published online by Cambridge University Press

M. Musso et al.

Edmond Chiu, Joy Preston, Anita Goh, Stephanie Antonopoulos,
and Samantha Loi (St. Vincent’s Hospital, The University of
Melbourne, Kew, Victoria, Australia).

Phyllis Chua, and Angela Komiti (The University of Melbourne,
Royal Melbourne Hospital, Melbourne, Australia).

Lynn Raymond, Joji Decolongon, Mannie Fan, and Allison Cole-
man (University of British Columbia, Vancouver, British Columbia,
Canada).

Christopher A. Ross, Mark Varvaris, and Nadine Yoritomo (Johns
Hopkins University, Baltimore, Maryland, USA).

William M. Mallonee and Greg Suter (Hereditary Neurological
Disease Centre, Wichita, Kansas, USA).

Ali Samii, and Alma Macaraeg (University of Washington and VA
Puget Sound Health Care System, Seattle, Washington, USA).

Randi Jones, Cathy Wood-Siverio, and Stewart A. Factor (Emory
University School of Medicine, Atlanta, Georgia, USA).

Roger A. Barker, Sarah Mason, and Natalie Valle Guzman
(Cambridge Centre for Brain Repair, Cambridge, UK).

Elizabeth McCusker, Jane Griffith, Clement Loy, and David Gunn
(Westmead Hospital, Sydney, Australia).

Michael Orth, Sigurd Siipmuth, Katrin Barth, Sonja Trautmann,
Daniela Schwenk, and Carolin Eschenbach (University of Ulm,
Ulm, Germany).

Kimberly Quaid, Melissa Wesson, and Joanne Wojcieszek (Indiana
University School of Medicine, Indianapolis, IN, USA).

Mark Guttman, Alanna Sheinberg, and Irita Karmalkar (Centre for
Addiction and Mental Health, University of Toronto, Markham,
Ontario, Canada).

Susan Perlman and Brian Clemente (UCLA Medical Center, Los
Angeles, California, USA).

Michael D. Geschwind, Sharon Sha, and Gabriela Satris (University
of California San Francisco, California, USA).

Tom Warner and Maggie Burrows (National Hospital for Neurology
and Neurosurgery, London, UK).

Anne Rosser, Kathy Price, and Sarah Hunt (Cardiff University,
Cardiff, Wales, UK);

Frederick Marshall, Amy Chesire, Mary Wodarski, and Charlyne
Hickey (University of Rochester, Rochester, New York, USA).

Peter Panegyres, Joseph Lee, Maria Tedesco, and Brenton Maxwell
(Neurosciences Unit, Graylands, Selby-Lemnos & Special Care
Health Services, Perth, Australia).

Joel Perlmutter, Stacey Barton, and Shineeka Smith (Washington
University, St. Louis, Missouri, USA).

Zosia Miedzybrodzka, Daniela Rae, and Mariella D’ Alessandro
(Clinical Genetics Centre, Aberdeen, Scotland, UK).

David Craufurd, Judith Bek, and Elizabeth Howard (University of
Manchester, Manchester, UK).

Pietro Mazzoni, Karen Marder, and Paula Wasserman (Columbia
University Medical Center, New York, New York, USA).


https://doi.org/10.1017/S1355617714001076

11V in prodromal Huntington disease

Rajeev Kumar, Diane Erickson, and Breanna Nickels (Colorado
Neurological Institute, Englewood, Colorado, USA).

Vicki Wheelock, Lisa Kjer, Amanda Martin, and Sarah Farias
(University of California Davis, Sacramento, California, USA).

Oksana Suchowersky, Wayne Martin, Pamela King, Marguerite
Wieler, and Satwinder Sran (University of Alberta, Edmonton,
Alberta, Canada).

Anwar Ahmed, Stephen Rao, Christine Reece, Alex Bura, and Lyla
Mourany (Cleveland Clinic Foundation, Cleveland, Ohio, USA).

Executive Committee. Jane S. Paulsen, Principal Investigator, Eric
A. Epping, Megan M. Smith, Jeffrey D. Long, Hans J. Johnson,
H. Jeremy Bockholt, and Kelsey Montross.

Scientific Consultants. Brain: Jean Paul Vonsattell and Carol
Moskowitz (Columbia University Medical Center); Stacie Vik
(University of Iowa).

Cognitive. Deborah Harrington (University of California, San Diego);
Tamara Hershey (Washington University); Holly Westervelt (Rhode
Island Hospital/Alpert Medical School of Brown University); Megan
M. Smith, and David J. Moser (University of lowa).

Functional. Janet Williams and Nancy Downing (University
of Iowa).

Imaging. Hans J. Johnson (University of lowa); Elizabeth Aylward
(Seattle Children’s Research Institute); Christopher A. Ross (Johns
Hopkins University); Vincent A. Magnotta (University of Iowa);
and Stephen Rao (Cleveland Clinic, Cleveland, OH.).

Psychiatric. Eric A. Epping (University of Iowa); David Craufurd
(University of Manchester).

Core Sections. Biostatistics. Jeffrey D. Long, Ji-In Kim, James A.
Mills, Ying Zhang, Dawei Liu, Wenjing Lu, and Spencer Lourens
(University of lowa).

Ethics. Cheryl Erwin (Texas Tech University Health Sciences
Center); Eric A. Epping and Janet Williams (University of lowa);
Martha Nance (University of Minnesota).

Biomedical Informatics. H. Jeremy Bockholt and Ryan Wyse
(University of Iowa).

REFERENCES

Aylward, E.H., Liu, D., Nopoulos, P.C., Ross, C.A., Pierson, R.K.,
Mills, J.A., ... the PREDICT-HD Inestigators and Coordinators
of the Huntington Study Group (2012). Striatal volume
contributes to the prediction of onset of Huntington disease in
incident cases. Biological Psychiatry, 71, 822—828. doi:10.1016/
j-biopsych.2011.07.030

Ballard, C., O’Brien, J.,, Gray, A., Cormack, F., Ayre, G.,
Rowan, E., ... Tovee, M. (2001). Attention and fluctuating attention
in patients with dementia with Lewy bodies and Alzheimer disease.
Archives  of  Neurology,  58(6), 977.  doi:10.1001/
archneur.58.6.977

Beglinger, L.J., O’Rourke, J.J., Wang, C., Langbehn, D.R., Duff, K.,
Paulsen, J.S., & Huntington Study Group Investigators. (2010).
Earliest functional declines in Huntington disease. Psychiatry
Research, 178, 414-418. doi:10.1016/j.psychres.2010.04.030

https://doi.org/10.1017/51355617714001076 Published online by Cambridge University Press

19

Bellgrove, M.A., Hester, R., & Garavan, H. (2004). The functional
neuroanatomical correlates of response variability: Evidence from
a response inhibition task. Neuropsychologia, 42, 1910-1916.
doi:10.1016/j.neuropsychologia.2004.05.007

Benton, A.L., Hamsher, K., Varney, N., & Spreen, O. (1983).
Contributions to neuropsychological assessment: A clinical
manual. New York: Oxford University Press.

Brandt, J., & Benedict, R.H.B. (2001). Hopkins verbal learning
test-revised. Lutz: Psychological Assessment Resources.

Brandt, J., & Butters, N. (1986). The neuropsychology of
Huntington's disease. Trends in Neurosciences, 9, 118-120.
doi:10.1016/0166-2236(86)90039-1

Bunce, D., Anstey, K.J., Christensen, H., Dear, K., Wen, W., &
Sachdev, P. (2007). White matter hyperintensities and within-
person variability in community-dwelling adults aged
60-64 years. Neuropsychologia, 45(9), 2009-2015. doi:10.1016/j.
neuropsychologia.2007.02.006

Castellanos, F.X., Sonuga-Barke, E.J., Scheres, A., Di Martino, A.,
Hyde, C., & Walters, J.R. (2005). Varieties of attention-deficit/
hyperactivity disorder-related intra-individual variability. Biolo-
gical Psychiatry, 57, 1416-1423. doi:10.1016/j.biopsych.2004.
12.005

Cherbuin, N., Sachdev, P., & Anstey, K. (2010). Neuropsycholo-
gical predictors of transition from healthy cognitive aging to mild
cognitive impairment: The PATH through life study. American
Journal of Geriatric Psychiatry, 18, 723-733. doi:10.1097/
JGP.0b013e3181cdecfl

Christensen, H., Mackinnon, A.J., Korten, A.E., Jorm, A.F.,
Henderson, A.S., & Jacomb, P. (1999). Dispersion in cognitive
abilities as a function of age: A longitudinal study of an elderly
community sample. Aging, Neuropsychology, and Cognition,
6, 214-228. doi:10.1076/anec.6.3.214.779

Cole, V.T., Weinberger, D.R., & Dickinson, D. (2011).
Intra-individual variability across neuropsychological tasks in
schizophrenia: A comparison of patients, siblings, and healthy
controls. Schizophrenia Research, 129, 91-93. doi:10.1016/j.
schres.2011.03.007

Duchek, .M., Balota, D.A., Tse, C.-S., Holtzman, D.M., Fagan, A.
M., & Goate, AM. (2009). The utility of intraindividual
variability in selective attention tasks as an early marker for
Alzheimer's Disease. Neuropsychology, 23, 746-758. doi:10.1037/
a0016583

Duff, K., Paulsen, J.S., Mills, J., Beglinger, L.J., Moser, D.J., Smith,
M.M.,, ... the PREDICT-HD Inestigators and Coordinators of the
Huntington Study Group (2010). Mild cognitive impairment in
prediagnosed Huntington disease. Neurology, 75, 500-507.
doi:10.1212/WNL.0b013e3181eccfa2

Ekman, P., & Friesen, W.V. (1976). Measuring facial movement.
Environmental Psychology and Nonverbal Behavior, 1, 56-75.
doi:10.1007/BF01115465

Frazier-Wood, A.C., Bralten, J., Arias-Vasquez, A., Luman, M.,
Ooterlaan, J., Sergeant, J.,... Rommelse, N.N. (2011). Neurop-
sychological intra-individual variability explains unique genetic
variance of ADHD and shows suggestive linkage to chromo-
somes 12, 13, and 17. American Journal of Medical Genetics Part
B, 159B, 131-140. doi:10.1002/ajmg.b.32018

Georgiou, N., Bradshaw, J.L., Phillips, J.G., Chiu, E., & Bradshaw, J.A.
(1995). Reliance upon advance information and movement sequen-
cing in Huntington’s disease. Movement Disorders, 10, 472-48]1.
doi:10.1002/mds.870100412

Harrington, D.L., Smith, M.M., Zhang, Y., Carlozzi, N.E., Paulsen,
J.S., & the PREDICT-HD Inestigators and Coordinators of the


https://doi.org/10.1017/S1355617714001076

20

Huntington Study Group. (2012). Cognitive domains that predict
time to diagnosis in prodromal Huntington disease. Journal of
Neurology, Neurosurgery, and Psychiatry, 83, 612-619.
doi:10.1136/jnnp-2011-301732

Hilborn, J.V., Strauss, E., Hultsch, D.F., & Hunter, M.A. (2009).
Intraindividual variability across cognitive domains: Investiga-
tion of dispersion levels and performance profiles in older
adults. Journal of Clinical and Experimental Neuropsychology,
31, 412-424. doi:10.1080/13803390802232659

Hinton, S.C., Paulsen, J.S., Hoffmann, R.G., Reynolds, N.C.,
Zimbelman, J.L., Rao, S.M. (2007). Motor timing variability
increases in preclinical Huntington’s disease patients as estimated
onset of motor symptoms approaches. Journal of the Interna-
tional Neuropsychological Society, 13, 539-543. doi:10.1017/
S1355617707070671

Holtzer, R., Verghese, J., Wang, C., Hall, C., & Lipton, R.B. (2008).
Within-person across-neuropsychological test variability and inci-
dent dementia. JAMA, 300, 823-830. doi:10.1001/jama.300.7.823

Hultsch, D.F., MacDonald, S.W., Hunter, M.A., Levy-Bencheton,
J., & Strauss, E. (2000). Intraindividual variability in cognitive
performance in older adults: comparison of adults with mild
dementia, adults with arthritis, and healthy adults. Neuropsycho-
logy, 14, 588-598.

Hultsch, D.F., MacDonald, S.W., & Dixon, R.A. (2002). Variability
in reaction time performance of younger and older adults. The
Journals of Gerontology Series B: Psychological Sciences and
Social Sciences, 57, P101-P115. doi:10.1093/geronb/57.2.P101

Huntington Study Group. (1996). Unified Huntington’s Disease
Rating Scale: Reliability and consistency. Movement Disorders,
11, 136-142. doi:10.1002/mds.870110204

Johnson, S.A., Stout, J.C., Solomon, A.C., Langbehn, D.R.,
Aylward, E.H., Cruce, C.B., & Paulsen, J.S. (2007). Beyond
disgust: Impaired recognition of negative emotions prior to
diagnosis in Huntington's disease. Brain, 130, 1732-1744.
doi:10.1093/brain/awm107

Kaiser, S., Roth, A., Rentrop, M., Friederich, H.-C., Bender, S., &
Weisbrod, M. (2008). Intra-individual reaction time variability in
schizophrenia, depression, and borderline personality disorder.
Brain and Cognition, 66, 73-82. doi:10.1016/j.bandc.2007.05.007

Kieburtz, K., Penney, J.B., Como, P., Ranen, N., Shoulson, L.,
Feigin, A., ... Kremer, B. (1996). Unified Huntington’s disease
rating scale: Reliability and consistency. Movement Disorders,
11, 136-142. doi:10.1002/mds.870110204

Kirkwood, S.C., Siemers, E., Stout, J.C., Hodes, M.E., Conneally, P.M.,
Christian, J.C., & Foroud, T. (1999). Longitudinal cognitive and
motor changes among presymptomatic Huntington disease gene
carriers. Archives of Neurology, 56, 563-568. doi:10.1001/
archneur.56.5.563

Klein, C., Wendling, K., Huettner, P., Ruder, H., & Peper, M.
(2006). Intra-subject variability in attention-deficits hyperactivity
disorder. Biological Psychiatry, 60, 1088—1097. doi:10.1016/j.

biopsych.2006.04.003
Lee, J.M., Ramos, E.M., Lee, J.H., Gillis, T., Mysore, J.S., Hayden,
MR., ... Gusella, J.F. (2012). CAG repeat expansion in

Huntington disease determines age at onset in a fully dominant
fashion. Neurology, 78, 690-695. doi:10.1212/WNL.0b013e
3182491683

Long, J.D., Paulsen, J.S., Marder, K., Zhang, Y., Kim, J.-L., Mills, J.A.,
& the Researchers of the PREDICT-HD Huntington’s Study Group
(2014). Tracking motor impairments in the progression of Hunting-
ton’s disease. Movement Disorders, 29, 311-319. doi:10.1002
/mds.25657

https://doi.org/10.1017/51355617714001076 Published online by Cambridge University Press

M. Musso et al.

MacDonald, M.E., Ambrose, C.M., Duyao, M.P., Myers, R.H., Lin, C.,
Srinidhi, L., ... Gusella, J.F. (1993). A novel gene containing a
trinucleotide repeat that is expanded and unstable on Huntington’s
disease chromosomes. Cell, 72, 971-983. doi:10.1016/0092-8674
(93)90585-E

MacDonald, S.W., Backman, L., & Li, S.-C. (2009). Neural
underpinnings of within-person variability in cognitive
functioning. Psychology and Aging, 24, 792-808. doi:10.1037/
a0017798

Morgan, E.E., Woods, S.P., Grant, 1., & The H.I.V. Neurobeha-
vioral Research Program (HNRP) Group. (2012a). Intra-
individual neurocognitive variability confers risk of dependence in
activities of daily living among HIV-seropositive individuals
without HIV-Assoicated Neurocogntive Disorders. Archives of
Clinical Neuropsychology, 27, 293-303. doi:10.1093/arclin/acs003

Morgan, E.E., Woods, S.P., Rooney, A., Perry, W., Grant, 1., &
Letendre, S.L., the Neurobehavioral Research Program (HNRP)
Group. (2012b). Intra-Individual Variability across neurocogni-
tive domains in chronic Hepatitis C infection: Elevated dispersion
is associated with serostatus and unemployment risk. The Clinical
Neuropsychologist, 26, 654-674. doi:10.1080/13854046.2012.
680912

Murtha, S., Cismaru, R., Waechter, R., & Chertkow, H. (2002).
Increased variability accompanies frontal lobe damage in
dementia. Journal of the International Neuropsychological
Society, 8, 360-372. doi:10.1017.S1355617701020173

Papp, K.V., Snyder, P.J., Mills, J.A., Duff, K., Westervelt, H.J.,
Long, J.D., ... Paulsen, J.S. (2013). Measuring executive
dysfunction longitudinally and in relation to genetic burden,
brain volumetrics, and depression in prodromal Huntington
disease. Archives of Clinical Neuropsychology, 28, 156-168.
doi:10.1093/arclin/acs105

Paulsen, J.S. (2001). PREDICT-HD: Markers indentifying indivi-
duals at risk for Huntington disease [Abstract]. Archives of
Neurology, 58, 1317.

Paulsen, J.S., Langbehn, D.R., Stout, J.C., Aylward, E., Ross, C.A.,
Nance, M., ... The PREDICT-HD Investigators and Coordinators
of the Huntington Study Group (2008). Detection of Huntington's
disease decades before diagnosis: The Predict-HD study. Journal
of Neurology, Neurosurgery, and Psychiatry, 79, 874-880.
doi:10.1136/jnnp.2007.128728

Paulsen, J.S., Nopoulos, P.C., Aylward, E., Ross, C.A., Johnson, H.,
Magnotta, V.A., ... PREDICT-HD Investigators and Coordina-
tors of the Huntington Study Group (2010a). Striatal and white
mater predictors of estimated diagnosis for Huntington disease.
Brain  Research  Bulletin, 82, 201-207. doi:10.1016/j.
brainresbull.2010.04.003

Paulsen, J.S., Smith, M.M., Long, J.S., & the PREDICT HD
investigators and coordinators of the Huntington Study Group.
(2013). Cognitive decline in prodromal Huntington Disease:
implications for clinical trials. Journal of Neurology, Neurosur-
gery, and Psychiatry, 84, 1233-1239. doi:10.1136/jnnp-2013-
305114

Paulsen, J.S., Wang, C., Duff, K., Barker, R., Nance, M., Beglinger,
L., ... van Kammen, D.P. (2010b). Challenges assessing clinical
endpoints in early Huntington disease. Movement Disorders, 25,
2595-2603. doi:10.1002/mds.23337

Paulsen, J.S., Zhao, H., Stout, J.C., Brinkman, R.R., Guttman, M.,
Ross, C.A., ... The PREDICT-HD Investigators and Coordina-
tors of the Huntington Study Group (2001). Clinical markers of
early disease in persons near onset of Huntington's disease.
Neurology, 57, 658-662. doi:10.1212/WNL.57.4.658


https://doi.org/10.1017/S1355617714001076

11V in prodromal Huntington disease

Paulsen, J.S., Zimbelman, J.L., Hinton, S.C., Langbehn, D.R.,
Leveroni, C.L., Benjamin, M.L., & Rao, S.M. (2004). fMRI
biomarker of early neuronal dysfunction in presymptomatic
Huntington's disease. AJNR American Journal of Neuroradiology,
25, 1715-1721.

Penney, J.B., Young, A.B., Shoulson, I., Starosta-Rubenstein, S.,
Snodgrass, S.R., Sanchez-Ramos, J., ... Wexler, N.S. (1990).
Huntington's disease in Venezuela: 7 years of follow-up on
symptomatic and asymptomatic individuals. Movement
Disorders, 5, 93-99.

Pirogovsky, E., Gilbert, P.E., Jacobson, M., Peavy, G., Wetter, S.,
Goldstein, J., ... Murphy, C. (2007). Impairments in source
memory for olfactory and visual stimuli in preclinical and clinical
stages of Huntington's disease. Journal of Clinical and Experi-
mental Neuropsychology, 29, 395-404. doi:10.1080/138033
90600726829

Reitan, R M. (1958). Validity of the Trail Making Test as an
indicator of organic brain damage. Perceptual and Motor Skills,
8, 271-276. doi:10.2466/PMS.8.7.271-276

Rentrop, M., Rodewald, K., Roth, A., Simon, J., Walther, S.,
Fiedler, P., ... Kaiser, S. (2010). Intra-individual variability in
high-functioning patients with schizophrenia. Psychiatry
Research, 178, 27-32. doi:10.1016/j.psychres.2010.04.009

Rowe, K.C., Paulsen, J.S., Langbehn, D.R., Duff, K., Beglinger, L.J.,
Wang, C., ... Moser, D.J. (2010). Self-paced timing detects and
tracks change in prodromal Huntington disease. Neuropsychology,
24, 435, doi:10.1037/a0018905

Saint-Cyr, J.A., Taylor, A.E., & Lang, A.E. (1988). Procedural
learning and neostriatal dysfunction in man. Brain, 111, 941-959.
doi:10.1093/brain/111.4.941

Scahill, R.I., Hobbs, N.Z., Say, M.J., Bechtel, N., Henley, S.M.,
Hyare, H., ... The TRACK-HD Investigators (2013). Clinical
impairment in premanifest and early Huntington's disease is
associated with regionally specific atrophy. Human Brain
Mapping, 34, 519-529. doi:10.1002/hbm.21449

Smith, A. (1991). Symbol Digit Modalities Test. Los Angeles:
Western Psychological Services.

Smith, M.M., Mills, J.A., Epping, E.A., Westervelt, H.J., & Paulsen, J.S.
(2012). Depressive symptom severity is related to poorer
cognitive performance in prodromal Huntington disease.
Neuropsychology, 26, 664—669. doi:10.1037/a0029218

Stout, J.C., Jones, R., Labuschagne, 1., O’Regan, A.M., Say, M.J.,
Dumas, E.M., ... the PREDICT-HD Investigators and Coordina-
tors of the Huntington Study Group (2012). Evaluation of

https://doi.org/10.1017/51355617714001076 Published online by Cambridge University Press

21

longitudinal 12 and 24 month cognitive outcomes in premanifest
and early Huntington's disease. Journal of Neurology, Neurosur-
gery, and Psychiatry, 83, 687-694. doi:10.1136/jnnp-2011-
301940

Stout, J.C., Paulsen, J.S., Queller, S., Solomon, A.C., Whitlock, K.B.,
Campbell, J.C., ... the PREDICT-HD Investigators and Coordina-
tors of the Huntington Study Group (2011). Neurocognitive sings in
prodromal Huntington disease. Neuropsychology, 25, 1-14.
doi:10.1037/a0020937

Stroop, J.R. (1935). Studies of interference in serial verbal reactions.
Journal of Experimental Psychology: General, 18(6), 643—662.
doi:10.1037/0096-3445.121.1.15

Stuss, D.T., Murphy, K.J., & Binns, M.A. (1999). The frontal lobes
and performance variability: Evidence from reaction time.
Journal of the International Neuropsychological Society, 5, 123.

Stuss, D.T., Murphy, K.J., Binns, M. A., & Alexander, M.P. (2003).
Staying on the job: The frontal lobes control individual
performance variability. Brain, 126, 2363-2380. doi:10.1093/
brain/awg237

Stuss, D.T., Stethem, L.L., Hugenholtz, H., Picton, T., Pivik, J., &
Richard, M.T. (1989). Reaction time after head injury: Fatigue,
divided and focused attention, and consistency of performance.
Journal of Neurology, Neurosurgery, and Psychiatry, 52,
742-748. doi:10.1136/jnnp.52.6.742

Warner, J.P., Barron, L.H., & Brock, D.J. (1993). A new plymerase
chain reaction (PCR) assay for trinucleotide repeat that is unstable
and expanded on Huntington's disease chromosomes. Molecular
and Cellular Probes, 7, 235-239. doi:10.1006/mcpr.1993.1034r

Willingham, D.B., Nissen, M.J., & Bullemer, P. (1989). On the
development of procedural knowledge. Journal of Experimental
Psychology. Learning, Memory, and Cognition, 15, 1047-1060.
doi:10.1037/0278-7393.15.6.1047

Wechsler, D. (1997). Wechsler Adult Intelligence Scale. 3rd ed. San
Antonio: The Psychological Corporation.

Zakzanis, K.K. (1998). The Subcortical Dementia of Huntington’s
Disease. Journal of Clinical and Experimental Neuropsychology,
20, 565-578. doi:10.1076/jcen.20.4.565.1468

Zhang, Y., Long, J.D., Mills, J.A., Warner, J.H., Lu, W., Paulsen,
J.S., ... the PREDICT-HD Investigators and Coordinators of the
Huntington Study Group (2011). Indexing disease progression at
study entry with individuals at-risk for Huntington disease.
American Journal of Medical Genetics Part B, 156, 751-763.
doi:10.1002/ajmg.b.31232


https://doi.org/10.1017/S1355617714001076

	Intra-individual Variability in Prodromal Huntington Disease and Its Relationship to Genetic�Burden
	Introduction
	Method
	Participants
	Procedure
	Genetic Status and Estimating Years to Clinically Definitive Diagnosis
	Motor Examination

	Table 1Demographic information for participants
	Neurocognitive Assessment
	Measures

	Table 2Neuropsychological tasks administered to participants in the current�study
	Statistical Analyses

	Results
	Across-task Variability
	Within-Task IIV

	Table 3Mean T-�scores by CAG-age product (CAP)�group
	SDMT
	Effect Size

	Discussion
	Table 4Analysis of variance (ANOVA) and analysis of covariance (ANCOVA) results for CAG-Age Product (CAP) group�effect
	Table 5Correlations among neuropsychological variables
	Table 6Cohen&#x2019;s d effect�sizes
	Acknowledgments
	ACKNOWLEDGEMENTS
	References


