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ABSTRACT

Jason Douglas Rupp

NEURAL CORRELATES AND PROGRESSION OF SACCADE IMPAIRMENT IN

PREMANIFEST AND MANIFEST HUNTINGTON DISEASE

Huntington disease (HD) is an autosomal dominant disorder characterized by progressive
decline of motor, cognitive, and behavioral function. Saccades (rapid, gaze-shifting eye
movements) are affected before a clinical diagnosis of HD is certain (i.e. during the
premanifest period of the disease). Fundamental questions remain regarding the neural
substrates of abnormal saccades and the course of premanifest disease. This work
addressed these questions using magnetic resonance imaging (MRI) and a longitudinal

study of premanifest disease progression.

Gray matter atrophy is a characteristic of HD that can be reliably detected during the
premanifest period, but it is not known how such changes influence saccadic behavior.
We evaluated antisaccades (AS) and memory guided saccades (MG) in premanifest and
manifest HD, then tested for associations between impaired saccadic measures and gray
matter atrophy in brain regions involved in these saccadic tasks. The results suggest that
slowed vertical AS responses indicate cortical and subcortical atrophy and may be a

noninvasive marker of atrophic changes in the brain.
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We also investigated the brain changes that underlie AS impairment using an event-
related AS design with functional MRI (fMRI). We found that, in premanifest and
manifest HD, blood oxygenation level dependent (BOLD) response was abnormally
absent in the pre-supplementary motor area and dorsal anterior cingulate cortex following
incorrect AS responses. These results are the first to suggest that abnormalities in an
error-related response network underlie early disease-related saccadic changes, and they
emphasize the important influence of regions outside the striatum and frontal cortex in

disease manifestations.

Though saccadic abnormalities have been repeatedly observed cross sectionally, they
have not yet been studied longitudinally in premanifest HD. We found different patterns
of decline; for some measures the rate of decline increased as individuals approached
onset, while for others the rate was constant throughout the premanifest period. These
results establish the effectiveness of saccadic measures in tracking premanifest disease

progression, and argue for their use in clinical trials.

Together, these studies establish the utility of saccade measures as a marker of HD

neurodegeneration and suggest that they would be a valuable component of batteries

evaluating the efficacy of neuroprotective therapies.

Tatiana Foroud, PhD, Chair
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I. Introduction

A. Genetics of Huntington disease

Huntington disease (HD) is an autosomal  T5p)e 1. Association between CAG
dominant disorder caused by an abnormal  repeats and clinical outcomes.

expansion of a CAG trinucleotide repeat in ~ Number of o
CAG Repeats Clinical Outcome

<27 No disease

exon 1 of the huntingtin gene.! Current

recommendations (Table 1) suggest that
( ) sugg 27 - 35 No disease, possibly

thirty-five or fewer CAG repeats should be expanded in offspring
considered normal (CAG-), and that more 36 — 39 Possible disease

than 35 repeats in one allele can lead to (reduced penetrance)
disease’ (CAG+).  However, some 73 E;zZ?faeng:)"

additional nuances should be noted. First,

individuals with 27-35 repeats, while not at

risk for developing the disease, have an increased risk of further expansion during
meiosis and, thus, passing on a disease-causing allele to their children. However, some
recent reports indicate that HD may result from alleles with between 29 and 35 repeats,>®
though these cases appear to be rare. Second, there is reduced penetrance of the disease in
individuals with 36-39 repeats,” while the disease is fully penetrant in those with more
than 39 repeats.

The identification of the gene and responsible mutation makes presymptomatic gene
testing possible. Prior to the availability of testing, 40-80% of at-risk individuals
expressed intent to use the test once it became available,® though the actual use is only
10% in Indiana’ and ranges from 4-24% worldwide.’® Among those who did seek
testing, the most common reasons cited were to relieve the anxiety associated with
uncertainty, to plan for the future (including family planning), and to inform their

children.1%*?

Perhaps not surprisingly, both positive (CAG expansion present) and
negative (CAG expansion not present) test results lead to reports of distress, though at

different times.”® Distress immediately followed positive tests, but was experienced at



around 6 months following negative tests. By one year post-testing, distress in those who
had received a positive test had returned to baseline, while a slight decrease in distress
was found in those with a negative test. One important caveat is that individual responses
will greatly vary, and plans should be put in place early for both pre- and post-testing

counseling.*®

The genetic phenomenon of anticipation is seen in HD. Anticipation is the finding that
disease symptoms occur earlier in subsequent generations. One important observation in
understanding the mechanisms of anticipation in HD is that the size of the CAG
expansion explains about 70% of the variability in age of disease onset.* A second
observation that helps to explain anticipation in HD is that the size of the repeat tends to
expand in abnormally large alleles. Ziihlke et al." found a change in repeat size in 72%
of 54 transmissions involving an expanded allele (>40 repeats), while only 0.5% of 431
normal allele transmissions resulted in a change. The changes observed in the expanded
allele were classified as either small variations (+3 repeats) or large expansions (>4
repeats). While the percentage of altered transmissions was the same in both the maternal
and paternal lines, all 10 large expansions (4-28 repeats) resulted from paternal
transmission. While studies in mice suggest that this expansion occurs in post-meiotic
cells,'® a post-mortem human study found evidence of substantial pre- and post-meiotic
expansion.!” Interestingly, post-mitotic expansion of the CAG repeat in striatal neurons
has been described in mouse models*® and may help explain some of the variability seen
in HD.

The pathogenic repeat expansion is not unique to HD; at least 18 other nucleotide repeat
expansion disorders have been identified.”® Most involve trinucleotide repeats, though
tetra- and pentanucleotide repeat sequences can also be pathologically expanded. As is
the case in HD, larger expansions are more unstable and thus produce even larger
expansions, resulting in anticipation. The expansion seems to occur through a mechanism
that involves stalling and restarting of the replication fork.?’ Though it is not known why,
all 9 CAG repeat expansion disorders are neurodegenerative. The pathogenic

mechanisms of disease include a loss of function at the protein level and a gain of



function at either the RNA or protein level. HD is an example of protein gain of function
and will be discussed later. The other mechanisms are exemplified by the FMR1 gene
that leads to fragile X syndrome (FXS) or fragile X-associated tremor ataxia syndrome
(FXTAS) depending on the number of CGG repeats. A normal allele has 5-55 repeats in
the 5° untranslated region of the gene. If there are more than 200 repeats the gene is
transcriptionally silenced via methylation and deacetylation. Fewer transcripts leads to a

loss of protein, and the clinical result is FXS.2%

However, if the expansion is in an
intermediate range (55-200 repeats), a toxic mRNA is transcribed. This mRNA binds
proteins important for post-transcriptional modification and sequesters them in

intranuclear inclusions,*** leading to the clinically distinct disease FXTAS.

While modifier genes do not appear to affect the presence or absence of HD, they have
been shown to affect the symptoms and progression of the disease. One such modifier is
the normal allele of the huntingtin gene. Aziz et al.?® found that, in individuals with a
relatively small number of repeats in the expanded allele (closer to 40), age of onset was
delayed and the severity of motor and cognitive symptoms was reduced when the normal
allele was relatively small (closer to 10); when the number of repeats in the expanded
allele was large, age of onset was delayed and symptom severity was reduced when the
normal allele was relatively large. Eight other genes have also been proposed to influence
age of onset (GRIK2,26% APOE,***! TCERG1,** UCHL1,%” TP53,*® DFFB,* GRIN2B,*
GRIN2A*), though a study in a Venezuelan kindred confirmed only the effect of
GRIN2A®

B. Function of huntingtin protein

The CAG repeat is translated into a poly-glutamine (polyQ) tract in the huntingtin

protein. Unfortunately, the mechanism by which this polyQ tract produces disease is

36-44

unknown. Most studies point to a toxic gain of function in the mutant protein, though

haploinsufficiency may also play a role in the development of symptoms.**



Wild-type huntingtin appears to play many roles influenced by developmental timing,
cell type, and intracellular location.*> The protein is quite large (3144 amino acids, 348
kD), though it does not share sequence homology with other proteins.** Furthermore, it
contains only a few known sequence motifs and no structural domains with known
function.*® Huntingtin is ubiquitously expressed in neural and non-neural tissues, with
highest expression in neurons and the testes.*®*® A double-knockout is embryonic lethal
in mouse models prior to gastrulation.*®*° However, there are no apparent developmental

defects in individuals homozygous for the expansion,**™°

suggesting that the polyQ tract
does not exert its deleterious effects during the earliest stages of development. Following
gastrulation, decreased amounts of huntingtin have been shown to adversely affect

41;51

neurogenesis and maintenance of neuronal identity® in mice, but once again the

polyQ tract does not appear to play a role in these functions.

Because HD is neurodegenerative, the role of normal huntingtin in neurons has received
particular attention. It appears to have protective effects in response to a variety of
apoptotic stimuli including serum deprivation, mitochondrial toxins, death genes,
ischemic injury, and excitotoxicity.>*>® This property is conferred by the N-terminal 548
amino acids.>® Another role for huntingtin in the neuron is that it appears to simulate the
production of brain-derived neurotrophic factor’®*’(BDNF). BDNF is an important

58,59

neurotrophin for striatal cells; it is produced in cortical neurons and trafficked along

cortico-striatal afferents to striatal targets.®*® BDNF also reduces excitotoxic effects by

controlling glutamate release at the cortico-striatal synapse.>**®

Huntingtin also appears to play a role in vesicular trafficking. It facilitates the transport of
BDNF and mitochondria along axonal microtubules.”®® The protein also plays a role in
endo- and exocytosis at the synaptic terminal; it associates with clathrin via huntingtin-
interacting protein 1°72 (HIP-1). Huntingtin also associates with postsynaptic density
protein 95 (PSD-95), thereby reducing NMDA-mediated excitotoxic effects.”

Huntingtin has functional nuclear export and nuclear localization signals. Given that the

protein is found both in and around the nucleus, it may play a role in transporting



molecules out of the nucleus.” Also, the wild-type polyQ tract binds many transcription

factors that also contain a glutamine-rich domain.”"®

Further supporting the role of
huntingtin in transcriptional regulation is the observation of early gene-expression

changes in models of HD.”®

While it is not yet clear how mutant huntingtin causes neurodegeneration, understanding
its myriad normal functions can give clues as to potential sources of pathogenesis.
Furthermore, it has been observed that huntingtin is cleaved and that the N-terminal
fragment accumulates in insoluble aggregates,®® though it is not clear if these aggregates
play a role in neurodegeneration.”” In summary, the pathogenesis of HD is not clear,
though some combination of aggregate formation, excitotoxicity, oxidative stress, and
metabolic dysfunction are likely causes.

C. Clinical characteristics of Huntington disease

HD typically has a delayed onset; the average age of disease onset is 40 years, although
onset has occurred as early as age 2 and as late as age 80.22%2 The size of the CAG

expansion is negatively correlated with the age of disease onset®384

and explains up to
70% of the variability of age of onset.* This observation has led to the development of
models to estimate the number of years prior to onset and the probability of onset within
a given number of years.3* HD progresses steadily until death, typically 10-20 years after

diagnosis,®® which often occurs subsequent to falls, dysphagia, or aspiration.®

Diagnosis of HD is made using the Unified Huntington Disease Rating Scale-99°
(UHDRYS), an instrument that relies heavily on the motor manifestations of the disease.
Dentatorubro-pallidoluysian atrophy, Huntington’s disease-like syndromes 1-3, familial
prion disease, Friedrich’s ataxia, spinocrebellar ataxias, chorea-acanthocytosis, and
Wilson’s disease and other iron-accumulation disorders are phenotypically
indistinguishable from HD and must be considered as part of the differential

86;88;89

diagnosis, though a gene test showing the CAG expansion in the huntingtin gene is

confirmatory. The UHDRS asks the neurologist,



To what degree are you confident that this person meets the
operational definition of the unequivocOal presence of an otherwise
unexplained extrapyramidal movement disorder (e.g., chorea,
dystonia, bradykinesia, rigidity) in a person at risk for HD?

0 = normal (no abnormalities)

1 = non-specific motor abnormalities (less than 50% confidence)

2 = motor abnormalities that may be signs of HD (50-89%
confidence)

3 = motor abnormalities that are likely signs of HD (90-98%
confidence)

4 = motor abnormalities that are unequivocal signs of HD (>99%
confidence)

Before the unequivocal manifestation of HD (response of 4 to the above question), CAG+
individuals are considered to be in the premanifest period of the disease, during which

varying degrees of motor, cognitive, and behavioral abnormalities can be detected.
1. Motor abnormalities in Huntington disease

Though it had been described previously,®® George Huntington’s extensive description of
the disease in 1872% led to an enduring association with his name. Huntington focused
on the choreic movements, and the disease was referred to as Huntington’s chorea for
several years. Chorea can be explained by the preferential loss of indirect pathway

neurons in the striatum®™

) _ Figure 1. Basal ganglia signaling pathways. The
(Figure 1). This leads to |oss of indirect pathway striatal neurons (dotted red
line) leads to chorea in HD. Green: excitatory; red:

decreased inhibitory output to "™/
inhibitory.

globus pallidus externa (GPe),
increased inhibitory output from
GPe to subthalamic nucleus
(STN), and subsequent decreased
excitatory output from STN to r Thalamus
globus pallidus interna (GPi) and ~ GFPe [
substantia nigra pars reticulata \\ / SNpr/GP1
(SNpr). Decreased stimulation of STN

GPi/SNpr leads to a loss of




inhibitory output to the thalamus, which in turn excites the cortex and produces unwanted

motor output.

While chorea continues to play an important role in diagnosis, it is not a reliable marker

of disease severity.?*

This is partly explained by the observation that chorea often
lessens in the late stages of the disease as dystonia and rigidity become more prominent
features of HD.***® Other motor abnormalities include incoordination and

86,96

impersistence (e.g. the inability to maintain the force of a voluntary muscle

contraction). In the premanifest period, the loss of fine motor skills and delayed reaction

times are prevalent.”” 1%

Ocular motor abnormalities, particularly saccadic abnormalities, are also a common
feature of HD and have been noted for a number of years.’*?'% Saccades are rapid eye
movements that shift gaze from one location to another. The UHDRS includes a
qualitative evaluation of saccade initiation and velocity wherein the neurologist scores
performance on a five-point scale. Studies have shown that individuals with HD require

105199 \while normal individuals

blinks or head movements to facilitate saccade initiation,
do not require any facilitation. However, Becker et al."'° suggested that facilitating
movements are not required until the very late stages of severe HD. Since the UHDRS
five-point scale relies heavily on the observance of head movements or blinks when
initiating saccades, this evaluation is likely to be useful only during the late stages of the
disease. Velocity is also evaluated as part of the UHDRS, but efficacy of this measure is
also questionable. Many studies have shown that individuals with manifest HD have

105;108;110-116

slower saccades, though the effect is associated with age such that impairment

in saccade velocity is most pronounced at younger ages.'®**'%" \While two studies using
qualitative assessment of saccade velocity found differences in premanifest subjects, '8
subsequent studies using quantitative measures have not found saccadic slowing in either

premanifest or manifest HD.™*

Despite the shortcomings of saccadic testing in the UHDRS, quantitative saccades have

proven to be quite beneficial in detecting abnormalities even during the premanifest



period of HD. Furthermore, the development of portable saccadometry devices*® now
provides a reasonable means for quantitatively measuring saccades in a clinical setting.

Studies using quantitative saccades have reported increased latency of initiation****1%12}-

111;119;122;124

126 and variability of latency of voluntary saccades, and difficulty inhibiting

saccades toward a novel visual stimulus!!%122123:127

in both premanifest and manifest HD.
These results indicate that measures of latency, variability of latency, and correct
responses during voluntary saccade tasks are promising biomarkers during the
premanifest period of the disease. However, no studies have described the longitudinal

progression of these measures in premanifest HD.
2. Cognitive abnormalities in Huntington disease

Cognitive deficits are a considerable source of morbidity in HD, progressively worsen
during the course of the disease,® and are more strongly associated with functional
ability than motor symptoms.*?® The term subcortical dementia has been used to describe

129

the cognitive effects of the disease, but its use has been argued against™” in part because

the symptoms often do not meet DSM-IV criteria for dementia until very late in the
disease in spite of clear cognitive difficulty during earlier stages.’®%13013%2 A
Physician’s Guide to the Management of Huntington’s Disease® suggests heightened
alertness for the following complaints: disorganization, lack of initiation, perseveration,
impulsivity, irritability and temper outbursts, perceptual problems, unawareness, altered
attention, language difficulties, learning and memory problems, and difficulty estimating

time.

A vast array of neuropsychiatric instruments has been used to study cognitive loss in HD,
though some cognitive domains have been consistently identified as affected. For
example, CAG+ individuals do not employ effective decision-making strategies in a
simulated gambling task™®® or a twenty questions game.'*® One possible explanation is
that they are unable to appropriately modify their behavior in response to the
understanding gained from previous responses.*?**** Similarly, CAG+ individuals have

difficulty with tasks that require shifting attention from a learned preparatory set to a new



135

set Memory and learning problems are among the most common complaints of

patients and family members.**® Based on studies that distinguish between different
facets of memory, it appears that encoding and retrieval are impaired while recognition

remains relatively intact."***% Another important cognitive impairment in HD is related

139-141

to egocentric spatial judgment, which can negatively impact a person’s ability to

read maps, maintain a sense of direction, and vary motor actions in response to spatial
alterations. Dysfunctional language can severely impact the ability to communicate in
HD. Though a major contributor to dysfunction is related to the motor impairments of the
disease, non-motor impairments such as reduced fluency, decreased ability to switch

between semantic categories, and lack of comprehension of complex sentences and

implied information are also evident.***4®

3. Behavioral abnormalities in Huntington disease

Behavioral changes are quite common in HD, but unlike cognitive decline, behavior does
not generally correlate with other measures of disease progression.**’ Perhaps the most
extensively studied psychiatric disorder in HD is depression. While some studies have

found an increased risk of depression in CAG+ individuals (reviewed by Slaughter et

al.'*®), an extensive recent study found that the lifetime prevalence of depression is not

increased in CAG+ individuals compared to CAG- individuals who have a parent with

d.149

HD, although the cross sectional prevalence of depression is increase Suicidal

ideation is common and fluctuates throughout the disease process, with highest

prevalence in premanifest and late stage disease.'*® Successful suicide is believed to be

5-10 times higher in CAG+ individuals than in the general population.*****®

Irritability is another common feature of HD.**1***1% The prevalence has been shown to

149

be increased up to 10 years prior to estimated disease onset,”™ though no association

between irritability and years to onset was found. Other behavioral manifestations include

151;157-159 157;159-162 157;161;163-166

apathy,

anxiety, and psychosis.



D. Magnetic resonance imaging in Huntington disease

Magnetic resonance imaging (MRI) has provided the ability to study the
neurodegenerative effects of HD in vivo. Structural MRI analysis of gray matter has been
used the longest, and specific patterns of disease have been consistently observed.
Bilateral striatal atrophy has been identified in 95% of HD brains™®’ and is caused in part
by the preferential loss of medium spiny neurons.*®®** Loss begins in the caudal dorsal
medial caudate and progresses rostrally, ventrally, and laterally to eventually involve the
caudate head, putamen, and globus pallidus.'®”*"® Atrophy can be detected up to 20 years
prior to estimated disease onset, and the rate of volume loss increases significantly within

10 years prior to onset.'”* Striatal atrophy is a good indication of disease severity*’?"

and is associated with declining total functional capacity,’”® memory,!”"*"® executive

177,180

function, and psychomotor speed.'”"*® In part because of these findings, Kloppel

|.181

et al.”™®" suggested that striatal volume could be used to stratify patients in clinical trials in

order to create more homogeneous groups.

In addition to striatal volume loss, it is also clear that atrophy can be detected throughout

the brain.101;170;171;174;175;182-196 Rosas et a|.193

reported that the most consistent regions of
cortical thinning in manifest HD occurred in sensorimotor regions of the frontal lobe.
Studies of premanifest HD suggest that atrophy begins in the posterior regions of the
brain and progress anteriorly with advancing disease.***%% While loss of volume and
thickness has been most consistently described, there have been reports of increased gray
matter volume,*® increased ACC thickness,'** and enlarged gyral crowns™ in

premanifest HD, and increased frontal lobe volume in manifest HD.*®

A number of studies have investigated neural abnormalities in HD using functional
MRI¥™2% (fMRI), and these are summarized in Table 2 (modified from Bohanna et
al.'’®). Findings from these reports include both hypo- and hyperactivation of many
different regions, and direction of activity changes in CAG+ groups depends on the
specific task. Unfortunately, though not unexpectedly, these studies do not point to

abnormalities in one common circuit that lead to the observed cognitive deficits. Another

10



approach in fMRI studies has been to examine the functional connectivity between
regions. Wolf et al.?**?!% found reduced connectivity between the left lateral prefrontal
cortex (PFC), parietal cortex, and putamen in premanifest HD, and Thiruvady et al.”**
found reduced connectivity between ACC and lateral PFC in manifest HD. These studies
point to clear functional changes in the premanifest and manifest HD brain, and that
activation differences may be detectable before either task performance decline or

atrophy.?%

11
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Table 2. Summary of fMRI studies in premanifest and manifest HD.

Authors

Manifest HD

Clark et al.
(2002)

Kim et al.
(2004)

Georgiou-
Karistianis et
al. (2007)

Task

Porteus maze

Serial reaction
time

Simon task

Task-activated

regions

Striatum
Cerebellum
Occipital cortex
Temporal cortex
Parietal cortex
Frontal cortex

Striatum
Thalamus
Temporal cortex
Frontal cortex

Parietal cortex
SMA

Precentral gyrus
Controls only:
Putmen

HD only:

ACC

Insula

Premotor cortex
Frontal cortex

Hypoactivation
in CAG+

Striatum
Occipital cortex
Parietal cortex

Somato-motor cortex

Striatum
Frontal cortex
Occipital cortex

None

Hyperactivation
in CAG+

Frontal cortex

None

ACC
Insula
IPL

Superior temporal gyrus

IFG
Precuneus/SPL
Precentral gyrus

Dorsal premotor cortex
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Table 2. Summary of fMRI studies in premanifest and manifest HD.

Task-activated Hypoactivation
Authors Task regions in CAG+
Gavazzietal.  Repetitive finger Precentral gyrus Caudate
(2007) flexion and Cerebellum ACC
extension Insula Medial frontal gyrus
Wolf et al. Working Frontal cortex DLPFC
(2009) memory Parietal cortex VLPFC
Striatum IPL
Cerebellum Putamen
HD only: Cerebellum
Thalamus
Premanifest HD
Reading etal.  Interference task PFC ACC
(2004) Cingulate cortex

Parietal cortex
Occipito-temporal cortex

Paulsen et al. Time Striatum Caudate
(2004) discrimination Pre-SMA/cingulate Thalamus
Hennenlotter et  Disgust Insula Insula

al. (2004) processing Putamen Putamen

Hyperactivation
in CAG+

Infraparietal sulcus

Supramarginal gyrus
SMA

None

None

ACC
Pre-SMA

None
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Table 2. Summary of fMRI studies in premanifest and manifest HD.

Authors

Wolf et al.
(2007)

Zimbelman et
al. (2007)

Saft et al.
(2008)

Kloppel et al.
(2009)

Task

Working
memory

Time
reproduction

Auditory

processing and

habituation

Sequential finger

movements

Task-activated
regions

Striatum
Cerebellum
Parietal cortex
Frontal cortex

Putamen
Cerebellum
ACC

Frontal cortex
Temporal cortex

Frontal cortex
SPL

Hypoactivation
in CAG+

Middle frontal gyrus

Far from onset:
ACC
Insula

Close to onset:
Putamen

SMA

Insula

IFG

Close to onset:

IPL

ACC

Middle frontal gyrus
Insula

None

Hyperactivation
in CAG+

IPL
Superior frontal gyrus

Far from onset:
Sensorimotor cortex
Medial frontal gyrus
Precentral gyrus
Superior temporal gyrus
Cerebellum

Far from onset:
Thalamus
Caudate
Manifest HD:
Putamen

Caudal SMA
SPL



E. Saccade signaling pathways in the brain

There are several types of saccades that are used in a research setting (Figure 2). One of
the simplest types is a prosaccade (PS), a type of visually-guided saccade that shifts gaze
toward a visual stimulus. A PS is often termed reflexive, though the accuracy of the term
has been questioned®'? because cognitive processes clearly influence PS initiation. A
volitional saccade is a second type of saccade. It is an endogenously generated gaze shift
in response to a command. Antisaccades (AS), which require the suppression of a
reflexive saccade toward a peripheral visual stimulus and the voluntary generation of a
saccade to the mirror opposite location, and memory-guided saccades (MG), which

require making a saccade to one or more remembered positions that are no longer

Figure 2. Saccadic tasks and target locations. The dotted circle, not shown to
participants, indicates the correct location of gaze. A. The AS task requires
directing gaze away from the target. B. The MGs task requires fixation on the
center target until it is extinguished, then directing gaze toward the remembered
location of the peripheral target. C. The MGi task requires saccades toward the
peripheral targets as they appear, then replication of the sequence to the
remembered target locations. D. The MGc task requires fixation on the center target
until it is extinguished, then sequentially directing gaze toward the remembered
location of the 3 peripheral targets.




identified by a stimulus, are two types of volitional saccades that are particularly affected

in premanifest and early manifest HD.!%12%124

Saccades are generated via activity in the brainstem: oculomotor, trochlear, and abducens
nuclei; medullary reticular formation; midbrain reticular formation; interstitial nucleus of
Cajal; nucleus prepositus hypoglossi; paramedian pontine reticular formation; rostral
interstitial nucleus of the medial longitudinal fasciculus; superior colliculus.?* However,
many cortical regions influence the activity in these brainstem regions and thus control
saccade behavior. Functional imaging in humans and single neuron recordings in non-

human primates have helped to identify these fairly well-defined cortical regions.

PS generation is preceded or accompanied by activity in several cortical regions (Figure
3), including visual cortex, parietal cortex, and frontal and supplementary eye fields
(FEF, SEF) (reviewed in McDowell et al.?**). The visual stimulus is sent to primary (V1)
and secondary (V2/V3, middle occipital gyrus) visual cortex where its location is mapped
in visual space. Contrary to all other regions, visual cortex may activate more strongly

when making PS than when making volitional saccades.?™

216;217

Visual cortex then projects

and to the parietal cortex via the dorsal stream.**®
215;219-222

directly to the superior colliculus
Widespread and varied activation has been noted throughout the parietal cortex,
but the most consistently activated regions are located in the superior parietal lobule

(SPL). The parietal cortex is important for visuo-spatial processes.?***® The parietal

227,228

cortex has direct projections to the superior colliculus and is reciprocally connected

with regions in the frontal lobe, % particularly the FEF and SEF. FEF are located in

231,232

Brodmann area 6, immediately anterior to the motor strip and are important in

generating saccades.>*%** SEF are located on the dorsomedial surface of the frontal lobe,
just anterior to the supplementary motor area®*>?*® (SMA). While activated during PS,
SEF appear to be more important for tasks involving remembered ocular motor sequences

or predictable stimuli.?®*?** Both FEF and SEF project to the brainstem saccade

243-246 247-

generators,
249

and direct stimulus of either region is sufficient to produce a saccade.
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Figure 3. Schematic of cortical saccade pathways. The cerebral cortex exerts top-
down control on the brainstem saccade generators. Visual cortex, parietal cortex,
frontal cortex, and cingulate cortex have all been shown to activate during saccadic
tasks. ACC = anterior cingulate cortex; DLPFC = dorsolateral prefrontal cortex; FEF
= frontal eye fields; SEF = supplementary eye fields.

Parietal Cortex
*Visuo-spatial attention DLPFC
*Saccade inhibition *Saccade inhibition
Vector inversion *Maintenance of spatial
Online spatial remapping information over time
J
FEF
Visual Contex *Saccade generation
"Map stimuli in *Coding and remembering
wisualgpace location of saccades
al
SEF
*Saccade inhibition
*Motor sequence leaming
Brainstem Saccade
Generators ACC ) o
*Conflict monitoring
*Error monitoring

Volitional saccades activate the same regions as PS, though typically to a greater degree
(with the previously noted exception of the visual cortex). Parietal cortex plays a number
of important roles in AS performance. The inferior parietal lobule (IPL) appears to inhibit
saccades toward the peripheral stimulus,®° while an area along the intraparietal sulcus

219;251-254

(IPS) is responsible for vector inversion (remapping the location of the stimulus

to its mirror opposite location). FEF activity is detected prior to the initiation of an AS,

255236 and prospective saccadic coding.?>’

suggesting an increase of preparatory inhibition
Similar to FEF, SEF activation is detected prior to saccade initiation. Evidence suggests

that SEF activation may slow the PS response, thereby allowing the AS to be initiated
fl rst. 258-260

As with AS tasks, MG tasks elicit activation similar to PS though to a greater degree. In a
simple version of the task (MGs, Figure 2B), the parietal cortex, and IPS in particular, is

activated during the delay period after the stimulus but prior to the response,?* consistent

17



with its role in visuo-spatial attention. FEF activation is also persistent during the delay

period and may represent maintenance of the location of the cue.?*"261-26

In a more complex MG task (MGc, Figure 2D), both the location and sequence of the

visual stimuli must be remembered. Given the role supplementary motor areas in motor

267-269

sequence learning, it is not surprising that SEF plays a prominent role in the

220,270
<7 IPS

planning, learning, and execution of MGc tasks. is also activated under these

conditions and may represent an online visuo-spatial recoding of the stimulus locations in

order to account for new eye position after making a saccade to a previous target.”%*"*"

Greater activation compared to PS is also found in FEF,%"#%" supporting its important

role in volitional saccade generation.

In addition to activating regions that overlap with PS, volitional saccades also activate

214;221,222;250;255;276-278

dorsolateral prefrontal cortex (DLPFC) and anterior cingulate cortex

(ACC). These regions play an important role in both saccadic and non-saccadic cognitive
control: DLPFC is involved in attention, planning, spatial orientation, and

inhibition;?"#?%° and ACC is involved in conflict and error monitoring.?**%%?

During an AS task, DLPFC activation precedes the saccadic response prior to correct

trials, 255:277:283,284
PS. 23328528 |n MG tasks, DLPFC appears to play a role in inhibition?®®276283:287 anq

maintenance of spatial orientation.?®*?%82! Relevant to saccadic control, DLPFC sends
F292

and lesions in DLPFC lead to more AS errors, but do not affect

projections to FE 293,294

and superior colliculus.
ACC is activated during both AS and MG tasks. Prior to saccadic response in an AS task,
ACC activity is associated with subsequent correct responses,?® consistent with its role
in conflict monitoring; however, post-response ACC activation is associated with

incorrect responses,?3%:2%

consistent with an error monitoring role. This error monitoring
role appears to be the major contribution of ACC during MG tasks.??° While connectivity

in the context of saccades has not been studied in ACC, regions of the ACC activated by

18



saccadic tasks are connected with parietal cortex, motor and pre-motor cortex, and dorsal

prefrontal cortex.?%

F. Biomarkers of Huntington disease

Unfortunately, there are no current pharmacologic or therapeutic interventions shown to
delay or slow the onset or progression of HD. Therefore, it is essential that sensitive and
specific biomarkers in the prediagnostic period be identified that could be used to
evaluate future therapeutic interventions. Biomarkers are objective measurements that are
evaluated as an indicator of normal biological processes, pathogenic processes, or
pharmacologic responses to therapeutic interventions.”®” They must be sensitive and
specific for the process or response being evaluated, and they must also show reliability,
validity, responsiveness, precision, interpretability, acceptability, and feasibility.?*® It has
been shown that the proposed saccadic measurements are good candidates for HD
biomarkers.''**# We have recently shown that saccadic measures satisfy biomarker
criteria such as high between-session reliability, strong genetic influence, and limited

abnormalities in a CAG+ population.?*

Several studies have sought to identify potential prediagnostic biomarkers, and it is well-

established in cross sectional studies that prediagnostic CAG+ individuals experience

0 99;301;302 131;300;301;303;304

deficits in tests of attention,®® executive function,

d 98;99;118;131;300;305
)

memory,

and ocular movements,%&:9%111:119:120;1223306 4o\ yever,

psychomotor spee
biomarkers must be characterized longitudinally in order to be effective measures of
therapeutic intervention. In a large cross sectional sample of 438 prediagnostic
individuals, Paulsen and colleagues'® reported that the detectable changes begin one to
two decades prior to the estimated age of onset, and that this initial period is followed by
more rapid change in the years just prior to diagnosis. While this study was very well-
powered (a weakness of many prediagnostic biomarker studies), care must be taken when
making longitudinal interpretations of cross sectional data because cross sectional studies

cannot control for effects of learning, training, etc.
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Only a few longitudinal studies have explored rates of decline in prediagnostic CAG+
individuals. Some have reported differential rates of progression between premanifest
CAG+ and CAG- controls in measures of attention, psychomotor speed, and
memory; 397310 however, others have not been able to replicate these results.**3%
These discrepant results may be due to the modest sample sizes of most studies and to the

challenge presented by the extensive heterogeneity of the disease phenotype.
G. Statement of Purpose

HD is, in many ways, ideally suited for studying neurodegenerative disease; its
Mendelian inheritance is relatively straightforward, a simple gene test can
unambiguously predict future onset of the disease, and its late onset allows for a thorough
study of the prodromal phase. Studying the disease is not, however, without challenges.
The ubiquitous expression of huntingtin protein belies the focal neural pathology, and the
variable symptomology greatly complicates research intended to characterize the defining
characteristics of premanifest disease. The goal of these studies was to gain a better
understanding of the mechanisms of saccadic impairment in HD and of the potential for
using saccades to follow premanifest HD. This was accomplished through the following

aims:
1. Identify the neural correlates of saccade impairment in premanifest and manifest HD.

A. Using structural MRI and a focused region of interest (ROI) approach, identify
specific regions of brain atrophy associated with saccade impairment.

B. Using fMRI, determine the functional brain changes that underlie AS

impairment.

2. Determine the pattern of progression of neuropsychological and ocular motor decline

within the premanifest period of HD.

20



A. ldentify measures for which the rate of decline increases as premanifest
individuals approach onset.

B. Identify measures for which the rate of decline is faster in CAG+ than CAG-
individuals.

21



I1. Vertical antisaccade latency tracks gray matter atrophy in premanifest and early

manifest Huntington disease
A. Introduction

Huntington disease (HD) is an autosomal dominant disorder caused by an expanded
number of CAG repeats in the huntingtin gene.* The diagnosis of HD is currently based
on the Unified Huntington Disease Rating Scale (UHDRS), although abnormalities can
be detected before a clinical diagnosis of HD becomes certain (i.e. during the premanifest
period of the disease). These abnormalities are potential biomarkers that offer insights
into premanifest disease progression, and indicate the brain systems that are first to be
affected.

Quantitative measurements of saccadic eye movements are one such potential set of
biomarkers of disease progression. A saccade is a rapid eye movement that shifts gaze
from one location to another. An extensive and systematic study of manifest HD*’ found
that the most profound changes were in the ability to initiate voluntary saccades and to
maintain fixation. Subsequent studies in premanifest and manifest HD have found
abnormalities in antisaccade (AS) and memory guided (MG) measures of latency,

98;99;104;111;119-124,306 There

variability of latency, and error rates. is also evidence that the

rate of impairment increases in some MG tasks for measures of the variability of latency

315 Interestingly, despite early evidence that abnormalities of vertical

7

and error rate.

saccades were possibly more prominent than those of horizontal saccades,'®’ recent
studies have focused on horizontal saccades.
Striatal atrophy is a well-known and long-established sign of HD progression*"**®" and

can be detected using structural MRI up to 10 years prior to disease onset.’0%!"

However, atrophy is not limited to the striatum, and has also been detected in the

101;174;175;182-186;188-192;195;196;316

thalamus and multiple cortical regions. It has been

suggested that cortical atrophy begins in posterior regions and progresses

anteriorly,10t193:194
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The association between gray matter changes and saccade performance in HD has not
been described. This study examines the relationship between regional loss of cerebral
gray matter and saccadic parameters that differentiate between CAG- and CAG+ groups.
By understanding these relationships, clinically assessable markers can be derived that
are closely associated with the loss of both striatal and cortical tissue in the premanifest

period.

B. Methods

1. Participants

Participants were recruited primarily from individuals who had taken part in previous
studies at Indiana University. The inclusion criteria were: 1) a parent diagnosed with HD;
2) age between 18 and 65; 3) no diagnosis of HD, or if diagnosed, having received the
diagnosis within the past 2 years. 121 participants completed the saccade protocol, and a
subset of 31 participants was also imaged. All those who were imaged self-reported right
handedness. No participants reported a concurrent neurologic illness, major psychiatric
diagnosis (e.g. schizophrenia, bipolar disorder), or current alcohol or drug abuse.
Participants were asked not to disclose their CAG status, if known, to study staff. This
study was approved by the local institutional review board (IUPUI IRB Study Nos. 0109

and 0707) and all participants provided written informed consent.

2. Clinical Evaluation and Study Group Assignment

Molecular testing was used to determine the number of CAG repeats in the huntingtin
gene.®"’ Participants with 2 alleles having fewer than 28 repeats were considered CAG
unexpanded (CAG-; n=47; 12 in imaging subset), while those having at least 1 allele with
more than 38 CAG repeats were considered CAG expanded (CAG+; n=74; 19 in imaging

subset).
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An experienced movement disorder neurologist (J.W., X.B.) administered the motor
portion of the Unified Huntington Disease Rating Scale-99%" (UHDRS). The neurologists
were aware that the participants were at-risk for HD, but were blinded to the results of all
other study assessments, including huntingtin gene testing. On the basis of the motor
examination only, the neurologist assigned an overall confidence rating (UHDRS
diagnosis confidence level) that represented the likelihood of motor abnormalities
attributable to HD. The ratings are defined as: (0) normal (no abnormalities); (1)
nonspecific motor abnormalities (less than 50% confidence); (2) motor abnormalities that
may be signs of HD (50% to 89% confidence); (3) motor abnormalities that are likely
signs of HD (90% to 98% confidence); and (4) motor abnormalities that are unequivocal
signs of HD (> 99% confidence). Those CAG+ subjects with a confidence rating from 0-
3 were considered premanifest (preHD; n=49; 12 in imaging subset), while those
receiving a 4 were considered to have manifest HD (HD; n=25; 7 in imaging subset).
Estimated onset was defined as the age at which a person had a 50% probability of
having manifest disease, and the estimated time to onset (TTO) was calculated for each
preHD participant.2**® PreHD subjects were further classified as far from estimated
onset (Far; TTO>13 years; n=25) and near to estimated onset (Near; TTO<13 years;
n=24). Because of the small sample, dichotomization of the preHD group was not used in

the imaging data analysis.

3. Eye Movement Recording and Analysis

Participants were seated in front of a 22 inch computer LCD monitor in a standard
ophthalmology exam chair. Visual targets (3 mm red spot) were displayed on a monitor
placed 23.5 inches from the participant. As part of the pre-testing procedure, calibration
and validation were completed. Four saccadic tasks were administered (Figure 2): AS;
MG, simple (MGs); MG, intermediate (MGi); and MG, complex (MGc). The vertical and
horizontal positions of the participants’ pupils were recorded binocularly with two ultra-
miniature high-speed (250 Hz) video cameras attached to a headband. Four sensors
monitored head movements; eye positions were adjusted for small head movements

(Eyelinkll, SR Research Ltd, spatial resolution < 0.1 degree). Before each task, the
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examiner instructed the participant verbally and then provided a brief view of the task to
ensure that the participant understood the instructions. Each of the tasks consisted of 24
trials. After the participant completed the testing procedure, an interactive computerized
analysis of the right eye position was performed.

Measures of latency, variability of latency, and percentage of errors!!%!?

(including
missed flashes for MGc) were tested for group differences (CAG-, Far, Near, HD) using
analysis of covariance (ANCOVA) in SAS v9.13. A significant ANCOVA test (p<0.05)
was followed by one-tailed t-tests between CAG- and Far groups, Far and Near groups,
and Near and HD groups. Age, gender, and education were included in the model as
covariates when they had a significant effect (p<0.05). A linear trend analysis was also
performed with Far, Near, and HD groups to test for evidence of linear decline in CAG+
subjects, suggesting progressive impairment in the premanifest and early manifest stages
of disease. Those measures with a significant linear trend (p<0.05) were used in the

correlation analysis with structural measures.

4. Image Acquisition and Analysis

A subset of participants (31 total: 12 CAG-, 12 preHD, 7 HD) were imaged in a Siemens
(Erlangen, Germany) 3T Magnetom Trio-Tim scanner with a 12-channel head-coil array.
A whole-brain, high resolution (1.0 x 1.0 x 1.2 mm voxels) structural image volume was
acquired using a 3D magnetization prepared rapid gradient echo (MPRAGE) sequence.

4318321 \yas used

An automated parcellation and segmentation procedure in FreeSurfer V.
to extract cortical thickness and volume measures. Analyses focused on FreeSurfer
segmented and parcellated structures that overlap with regions known to mediate saccade
function: dorsolateral prefrontal cortex (DLPFC) in rostral middle frontal gyrus (rMFG),
frontal eye fields (FEF) in caudal MFG (cMFG), supplementary eye fields (SEF) in
superior frontal gyrus (SFG), inferior parietal lobule (IPL), and the caudate

104,214,253;262;322-327

nucleus. The rostral and caudal anterior cingulate cortex (rACC,

CACC) were also included because of their monitoring role in volitional
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saccades,214220:221:295:322:328-331 - ANCOVA was used to test for group differences (CAG-,
preHD, HD) in thickness and volume. A significant ANCOVA test (p<0.05) was
followed by two-tailed t-tests for all groupwise comparisons. Age, gender, and
intracranial volume (ICV) were included in the model as covariates, when they had a
significant effect (p<0.05).

5. Structural-Saccadic Relationships

Due to the modest size of the imaged sample, a Spearman nonparametric correlation
model was used to test for an association between saccade impairment and brain atrophy
in saccade-related regions. Only saccadic measures with a significant linear trend (see
above) and structural regions with a significant group difference were used. This assured
that the saccadic measures used are those that show progression, and that the
relationships between cortical volume and saccadic measures occur in regions where
cerebral degeneration can be measured. Gender, age, and ICV were included in the model

as partial variables.

C. Results

In the large primary sample, the 4 study groups (CAG-, Far, Near, HD) did not
significantly differ in education, gender, race, or handedness (p>0.6; Table 3), although
the Far group was significantly younger than the other three groups (p<0.0005). In the
subset of participants that underwent imaging, there were no significant group (CAG-,
preHD, HD) differences (p>0.1).
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Table 3. Participant demographics. Data for imaged participants are listed in parentheses.

PreHD

CAG- Far Imaged Subset Near HD
Number of 47 25 24 25
Participants (12) (12) (7)
Age* (years) 471 + 112 36.0 + 11.1 476 + 117 489 =+ 117

(46.1 + 11.4) (43.9 + 14.4) (455 =+ 15.0)

Education 152 +23 153 + 2.3 161 £32 153 £26
(years) (148 + 2.1) (16.6 + 4.1) (140 + 15)
Male:Female 12:35 8:17 10:14 8:17

(5:7) (5:7) (2:5)
Race _ 100 100 100 100
(% Caucasian) (100) (100) (100)
Hanc_iedness 89.4 88.0 87.5 88.0
(% right) (100) (100) (100)
CAG Repeatsin = 199 + 30 424 + 25 42,9 +£ 29 43.7 £ 4.0
Larger Allele (202 + 3.3) (425 + 2.2) (45.4 + 5.5)
Estimated Time 18.1 + 3.4 9.0 +21
to Onset (years) (13.1 + 6.4)

* The Far group was significantly younger than all other groups for the larger non-imaging sample (p<0.0005)



1. Saccade Abnormalities and Linear Decline

There was a significant difference (p<0.05) in the performance of the Far and Near
groups (Table 4) for: AS) percentage of horizontal errors, and latency of correct
horizontal and vertical AS; MGs) percentage of horizontal errors; and MGc) percentage
of errors. Additionally, there was a significant difference between the Near and HD
groups for the measures: AS) percentage of horizontal and vertical errors; MGs)
variability of latency of correct vertical saccades; MGi) percentage of errors; MGc)
percentage of errors and missed flashes. There were no saccadic measures for which a

significant difference between the CAG- and Far groups was detected.

A significant linear decline (p<0.05) across CAG+ groups (Far, Near, HD) was found for
the measures (Table 4): AS) percentage of horizontal and vertical errors, and horizontal
and vertical latency; MGs) latency of horizontal saccades; MGi) percentage of errors;

MGc) percentage of errors and missed flashes.

2. Atrophic Brain Changes

There was a significant group (CAG-, preHD, HD) effect on thickness and volume for
many cortical and subcortical regions (Table 5), consistent with previous studies. There
was a significant loss of thickness in preHD compared with CAG- subjects in the frontal
lobe (bilateral SFG, left rMFG and cMFG) and parietal lobe (bilateral IPL). There was
also a loss of volume bilaterally in the caudate. When comparing the HD with preHD
subjects, there was a loss of thickness in the parietal lobe (right IPL) and of volume
bilaterally in the caudate. There was a significant difference between CAG- and HD for
all above mentioned regions. There was no significant loss of thickness in the rACC or
cACC.
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Table 4. Group differences in saccade performance.

Antisaccades

% Errors

Latency
(ms)

Variability
of Latency
(ms)

Hrz

Vrt
Hrz
Vrt
Hrz

Vrt

Unadjusted Mean + SD

CAG-
203 =+

30.6
288.9
304.6

50.5

+ H+ I+

I+

55.4

I+

18.9

19.3
47.7
47.2
23.8

25.7

Memory Guided Saccades (simple)

% Errors

Latency
(ms)

Variability
of Latency
(ms)

Hrz
Vrt
Hrz
Vrt
Hrz

Vrt

248 =
17.6
299.9
319.2
82.6

94.8

+ H+ I+

I+

I+

15.0
17.3
64.1
68.0
40.6

46.6

16.3

25.8
283.4
300.2

60.0

73.1

255
27.5
309.7
306.3
104.1

91.9

I+

+ H+ I+

I+

I+

+ + H+ +

I+

I+

22.4

23.0
49.9
51.2
325

48.8

20.6
16.0
60.8
63.3
59.1

67.3

29.4

32.2
309.5
344.3

62.1

73.1

38.0
29.4
326.5
339.5
106.9

110.1

+ H+ I+

I+

I+

+ + H+ +

I+

I+

25.5
44.8
75.5
28.5

58.5

24.8
20.7
59.4
67.3
47.8

55.3

43.8

52.3
321.0
371.8

73.6

99.1

39.8
33.7
357.9
374.3
1115

150.4

I+

+ H+ I+

I+

I+

+ H+ H+ I+

I+

I+

28.5

29.2
54.6
56.1
74.0

75.6

23.4
25.7
82.0
105.3
50.3

70.8

Linear
Group Trend in
Differences CAG+
(pvalue) (pvalue)
b (0.02), c
(0.02) 0.0004
¢ (0.002) 0.002
b (0.02) 0.05
b (0.005) 0.03
T *
b (0.01) *
* *
T 0.02
T *
c (0.004) *

a - CAG- vs. Far; b - Far vs. Near; ¢ - Near vs. HD; * - non-significant test,; 1 - significant ANCOVA with no significant post hoc
tests. Significance of p<0.05 used for all tests. Hrz- horizontal, Vrt - vertical.
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Table 4. Group differences in saccade performance.

Unadjusted Mean + SD

Linear
Group Trend in
Differences CAG+
CAG- Far Near HD (pvalue) (pvalue)
Memory Guided Saccades (intermediate)
% Errors 148 + 14.9 245 + 21.0 329 + 287 55.8 £ 29.0 ¢ (0.0004) 0.0004
'(‘rf‘]tsncy 3509 + 88.0 3623 + 1139 3633 + 1215 3404 + 973 * E
Variability of 1514 + 485 1479 + 413 1514 + 785 1510 + 958 * *
Latency (ms)
Memory Guided Saccades (complex)
% Errors 183 + 14.0 242 + 202 437 + 257 667 + 200 2(00007).¢ ;4409
(0.0003)
% Muissed Flashes 79 + 109 114 + 15.7 142 + 18.8 28.8 + 28.3 ¢ (0.003) 0.01

a - CAG- vs. Far; b - Far vs. Near; ¢ - Near vs. HD; * - non-significant test, 1 - significant ANCOVA with no significant post hoc

tests. Significance of p<0.05 used for all tests. Hrz- horizontal, Vrt - vertical.
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Table 5. Gray matter atrophy in saccade-related brain regions.

Frontal Lobe

. Left!
Superior Frontal Gyrus Right!
Rostral Middle Frontal Gyrus L?ftlyzl

Right
Caudal Middle Frontal Gyrus L?ftl 1
Right
Parietal Lobe .
. . Left
Inferior Parietal Lobule Right!
Cingulate Cortex
i i Left
Rostral Anterior Cingulate Right"
. Left*®
Caudal Anterior Cingulate Right
Subcortical
Left!23

Caudate nucleus

Unadjusted Mean + SD

2.62
2.54
2.34
2.19
2.49
2.44

2.43
2.48

2.70
2.69

2.61
241

3436.7
Right"*® 3522.8

+ H+ + + + I+

+ I+

+ H+

+ +

+ I+

CAG-

0.14
0.12
0.12
0.11
0.10
0.10

0.11
0.12

0.23
0.17

0.29
0.23

400.1
439.2

Prediagnostic CAG+ Manifest HD Post hoc
251 + 0.13 248 + 0.06 a,b
244 + 0.11 243 + 0.07 a,b
2.23 + 0.09 220 + 0.11 a,b
2.16 + 0.11 2.13 + 0.03
239 + 0.11 2.32 + 0.08 a,b
242 + 0.12 2.35 + 0.04
229 + 0.12 2.20 + 0.13 a,b
2.38 + 0.16 227 + 0.16 a,b,c
2.76 * 0.23 2.66 + 0.21
261 =+ 0.20 2.67 + 0.14
271 + 0.29 253 + 0.14
242 + 0.22 2.37 + 0.30

3078.7 + 282.6 2268.4 + 447.6 a,b,c
3151.0 + 3545 2411.0 + 3415 a,bc

Cortical structural measure is gray matter thickness in mm while subcortical measure for the caudate nucleus is volume in mm”3.
Post hoc testing indicates a significant difference (p<0.05) between a) CAG- and preHD, b) CAG- and HD, and c) preHD and HD.
Superscripts indicate significant effects (p<0.05) of covariates: 1) age, 2) gender, 3) ICV.
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Table 6. Correlation coefficients (p values) of significant associations between measures
of brain atrophy and saccade impairment.

Frontal Lobe

SFG

Parietal Lobe
IPL

Subcortical

Caudate
nucleus

AS MGi MGc
% Errors Latency % Missed
(vertical) (vertical) 9% Errors 9% Errors Flashes
Left 0.53 -0.62
(0.04) (0.05)
Left -0.74
(0.01)
Left -0.88 -0.49 -0.58 -0.66
(0.0008) (0.05) (0.02) (0.005)
Right -0.91 -0.62
(0.0003) (0.01)

AS: antisaccade; IPL: inferior parietal lobule; MGc: memory guided, complex; MGi: memory
guided, intermediate; SFG: superior frontal gyrus.



Figure 4. Plots of vertical AS latency and structural measures. Filled circles represent
CAG+ individuals, and unfilled triangles represent CAG-. Plots are of vertical AS latency
vs. left SFG thickness (A) and right caudate volume (B).
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3. Structural-Saccadic Relationships in CAG+ Individuals

A significant negative association (Table 6) was found between vertical AS latency and
thickness in the left SFG (Figure 4A) and left IPL and bilateral caudate volume (p<0.05,
Figure 4B). The percentage of errors of MGi and MGc were negatively associated with
left caudate volume, and the percentage of missed flashes (MGc) was negatively
associated with bilateral caudate volume. The percentage of vertical AS errors was
positively associated with left SFC thickness. There were a number of saccadic and
structural measures tested that had no significant associations: percentage of horizontal
AS errors, horizontal AS and MGs latency, right SFG and IPL, and left rMFG and
cMFG.

D. Discussion

This study is the first to describe the gray matter correlates of saccade impairment in HD.
We found that horizontal and vertical eye movements dissociated Far, Near, and HD
groups. On the basis of saccade measures alone, it was not clear that either horizontal or
vertical movements were better suited for studying the disease. However, only vertical
AS latency was related to both cortical and subcortical gray matter loss in several areas,
suggesting that vertical AS are more informative of disease-related atrophy than either

horizontal AS or MG measures.
1. Eye movement findings

Our results confirm findings from previous studies that AS latency and error rate are
affected in preHD.!%%%!2* Horizontal and vertical latency are slowed in the premanifest
period (Far vs. Near). While we did not find a significant difference between the Near
and HD groups, we did find a significant linear trend across the 3 CAG+ groups. This
could be explained by a ceiling effect wherein latency does not continue to slow
indefinitely in individuals with manifest disease. We also found group differences in the

percentage of AS errors in both directions. The significant increases were found between
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the Near and HD groups in both horizontal and vertical directions, and between Far and
Near in horizontal AS only. This demonstrates that the AS task is quite useful for
measuring premanifest disease progression, and that both latency and percentage of errors

are informative.

The results from the MG tasks suggest that the more challenging MGi and MGc tasks are
more sensitive than MGs in measuring decline during the premanifest period. There was
significant impairment in the HD group in the percentage of errors (MGi and MGc) and
the percentage of missed flashes (MGc). Furthermore, the Near group made more errors
than the Far group during the MGc task. The linear trend among CAG+ groups was
significant for all three measures. The percentage of correct saccades in the MGc task
appears more sensitive than other MG measures in detecting a gradual progression in
premanifest and early manifest HD, although the very low percentage of correct
responses in manifest HD (33.3%) suggests that a ceiling effect may be reached when
studying progression beyond the earliest stages of manifest disease. It is also important to
note that none of the measures were able to detect differences between the CAG- and Far
from onset groups. This may be explained in part by the observation that the Far group

was significantly younger than the CAG- group.
Association Between Atrophy and Saccade Impairment

The neural correlates of these saccade impairments are largely unknown in HD. In
healthy individuals FEF and SEF are activated to a greater extent during volitional
saccades than during reflexive saccades.”*® These regions send projections to the
superior colliculus directly and via the caudate.’®*** Reflexive saccades are thought to
be triggered in the parietal lobe via direct projections to the superior

104,227,228;333

colliculus, though there is considerable evidence that the parietal lobe plays an

important role in AS and MG saccades as wel| 219-221:250-254;257;261-264

Importantly, the
frontal and parietal lobes are interconnected so that an absolute distinction between their
functions is unlikely.’*%?% The one study examining neural correlates of saccades in HD

used diffusion tensor imaging to examine the relationship between white matter integrity
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and voluntary saccades.®** They found that the variability of voluntary saccade latency
increased as the percentage of fibers connecting the FEF and the caudate decreased,
suggesting that fiber loss in this important connection in the saccadic pathway could be

the source of increased variability of latency in preHD.

In this study we examined the gray matter correlates of saccade function. We limited our
analysis to regions of interest in saccade function, including FEF, SEF, IPL, DLPFC, and
caudate (see Methods). The most striking associations between cerebral degeneration and
saccadic measures were with the latency of vertical AS. This was the only saccadic
measure that was sensitive to both cortical and subcortical atrophy, and it explained more
of the variation in size in left SFG, left IPL, and bilateral caudate than any of the other
saccadic measures. Subsequent analysis of the associations between the structural
measures (left SFG, left IPL, bilateral caudate) indicated that this finding is not entirely
explained by correlation between the structural measures; left IPL thickness was
significantly associated with the other structures (p<0.01), but left SFG thickness was not
associated with caudate volume (p>0.2). On the other hand, MG task performance is only
affected by subcortical atrophy. The caudate is a major site of cortical input to the basal

335:3% and appears to play a role in both the initiation®*” and inhibition®*® of

ganglia,
saccades. This is consistent with its role as a relay between the cortex and ocular motor
output.’® Our findings suggest that increased vertical AS latency is related to changes in
the caudate, SEF, and IPL, and that vertical AS latency may be one of the more sensitive

markers of cortical and subcortical volume loss in premanifest and early manifest HD.

One major strength of this study was that all imaging and saccadic data were collected at
the same study visit, thus avoiding any time-dependent discrepancies between the
saccadic and structural measures. Also, all participants in the study had a parent
diagnosed with HD which increased the degree of matching between the groups for
environmental and other non-measurable influences. On the other hand, this study was
limited by the relatively small number of individuals who were imaged. This precluded
whole brain analysis of the neural correlates of saccade function and reduced our power

to detect significant associations. We are also limited in our ability to conclude that there
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are no group differences in saccades between CAG- and individuals far from onset due to

the age differences between these groups.

This study is the first to describe the gray matter correlates of saccade impairment in HD.
The results suggest that cortical and subcortical atrophy contribute to slowed vertical AS
responses, while MG performance is only influenced by subcortical volume loss. While
there were few behavioral differences between vertical and horizontal AS, the strong
associations between gray matter loss and vertical AS latency suggest that future studies
would be well-served to measure vertical AS, which may be an early clinical indication

of disease manifestation.
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1. Abnormal error-related antisaccade activation in premanifest and early

manifest Huntington disease

A. Introduction

Huntington disease (HD) is an autosomal dominant disorder caused by an expanded
number of CAG repeats (CAG+) in the huntingtin gene.! The disease is characterized by
progressive worsening of motor, cognitive, and behavioral control. Diagnosis is based on
the Unified Huntington Disease Rating Scale®” (UHDRS), which emphasizes motor

abnormalities. However, many studies indicate that cognitive,®!3%:300-303

98;99;118;131;300;305 154;157;339-344

psychomotor,
and psychiatric signs can be detected during the premanifest

(presymptomatic) period, before a diagnosis of HD is certain.

Abnormalities in saccades, rapid eye movements that shift gaze from one location to
another, are widely observed in HD.%:99104111119-124308 o\vever, a distinction between
types of saccades is important. A prosaccade (PS) is a type of visually-guided saccade
that shifts gaze toward a visual stimulus. A PS is often termed reflexive, though the
accuracy of the term has been questioned®? because cognitive processes clearly influence
PS initiation. On the other hand, a volitional saccade is an endogenously generated
movement in response to a command. It is these volitional saccades that are particularly
affected in premanifest and early HD.!?119120122 An antisaccade (AS) is a type of
volitional saccade that requires the suppression of a reflexive saccade toward a peripheral
visual stimulus, and the voluntary generation of a saccade to the mirror opposite location
of the stimulus. As compared to those who do not have the disease-causing expansion
(CAG-), both premanifest and manifest HD subjects make more AS errors and have

longer and more variable latencies of AS initiation. %2224

PS are generated by activity in known brain regions, including the visual cortex, parietal
cortex, frontal and supplementary eye fields (FEF, SEF), striatum, and superior colliculus

214

(reviewed recently by McDowell and colleagues™). Given that AS require a conscious

executive component, their successful execution depends on multiple processes such as
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planning, reflex suppression, and error monitoring. Based on functional magnetic

resonance imaging (fMRI) studies, AS generation activates the same regions as does PS

214

generation, albeit to a greater extent,”" with the possible exception of the visual

cortex.?®?" In addition to regions activated by PS, AS also activate dorsolateral

prefrontal C0I,te)(214;221;222;250;255;276-278 (D LPFC)

cortex?21i295322:328331345 (A CC). Lesions in the DLPFC lead to more AS errors, but do not
280-282

and anterior cingulate
affect PS. 23252 The ACC plays a role in conflict monitoring generally, and
increased activity in the period preceding an AS is associated with better performance.?®®
On the other hand, increased ACC activity is associated with errant reflexive saccades
during the response phase of an AS task, %%

ACC as well.

suggesting an error monitoring role for the

Separating the preparatory period leading to an AS (i.e. knowing the instruction to make
an AS while awaiting the cue to execute it) and the response period (i.e. the presentation
of the peripheral stimulus and the saccadic response) is one strategy to help disentangle
planning and error. Using such an approach, Brown et al.*** identified the FEF, SEF,
DLPFC, ACC, and intraparietal sulcus (IPS) as active during AS preparation, while FEF,
SEF, and IPS regions were involved in the response period. Others have similarly
identified the pre-supplementary motor area (pre-SMA), FEF, and SEF as important

regions in maintaining the preparatory set necessary for correct AS performance.?834

A number of studies have investigated neural abnormalities in HD using fMR] .29
206:208-211:347 Findings from these reports include both hypo- and hyperactivation of many
different regions. However, the neural abnormalities underlying impaired AS in HD have
not been investigated. We used an event-related AS paradigm to investigate whether
performance of an AS task in a sample of individuals at-risk for HD (at least one parent
with diagnosed HD) was affected by: 1) abnormal brain activity while preparing for an
AS response, or 2) abnormal activity while executing an AS.
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B. Methods

1. Participants

Participants were recruited primarily from individuals who had taken part in previous
studies. The inclusion criteria were: 1) parent diagnosed with HD; 2) age between 18 and
65; 3) no diagnosis of HD, or if diagnosed, having received the diagnosis within the past
2 years; and 4) self-reported right-handedness. No participants reported a concurrent
neurologic illness, major psychiatric diagnosis (e.g. schizophrenia, bipolar disorder), or
current alcohol or drug abuse at any visit. Participants were asked not to disclose their
CAG status, if known, to study staff. This study was approved by the local institutional
review board (IUPUI IRB Study No. 0109). All participants provided written informed

consent.

2. Clinical Evaluation and Study Group Assignment

d®* to determine the number of

Molecular testing of the huntingtin gene was performe
CAG repeats. Individuals in the CAG unexpanded (CAG-) group had 2 alleles with fewer
than 28 CAG repeats (n=12). Individuals with at least 1 allele of more than 38 CAG
repeats were considered CAG expanded (CAG+; n=19). One CAG+ participant was not
included in the analysis due to excessive motion during imaging, resulting in a final

sample size of 18 CAG+ individuals.

An experienced movement disorder neurologist (J.W.) administered the motor portion of
the UHDRS.®" The neurologist was aware that the participants were at-risk for HD, but
was blind to the results of all other study assessments, including huntingtin gene testing.
On the basis of the motor examination only, the neurologist assigned an overall
confidence rating (UHDRS diagnosis confidence level) that represented the likelihood of
motor abnormalities attributable to HD. The ratings were defined as: (0) normal (no
abnormalities); (1) nonspecific motor abnormalities (less than 50% confidence); (2)

motor abnormalities that may be signs of HD (50% to 89% confidence); (3) motor
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abnormalities that are likely signs of HD (90% to 98% confidence); and (4) motor
abnormalities that are unequivocal signs of HD (= 99% confidence). Those CAG+
participants with a confidence rating from 0-2 were considered premanifest (preHD,
n=10), while those receiving a 3 or 4 were considered to have manifest HD (n=8).

Neuropsychological performance was evaluated using measures from four tests: 1)
Wechsler Adult Intelligence Scale-Revised®® (WAIS-R): Digit Symbol subtest; 2)
Symbol Digit Modalities Test *** (SDMT); 3) Stroop Color-Word Interference Task:**®
Word Reading, Color Naming, Interference; and 4) H-scan system:** Movement Time
(MT) and Alternate Button Tapping. Analysis of covariance (ANCOVA) was used to test
for group differences, with age, gender, and education included as covariates. Covariates

were removed from the model when not significant to preserve statistical power.

3. Antisaccade Paradigm

A mixed event-related design was used to study brain activation elicited by PS and AS

(Figure 5). Similar to Brown et al.,*?

participants were initially given a color-coded
instruction to perform a PS or an AS (Figure 5, panel 1). The instruction was then
extinguished with the simultaneous appearance of a peripheral stimulus. Subjects were
instructed to look at the stimulus (PS trials) or in the mirror-opposite location of the
stimulus (AS trials; Figure 5, panel 2). The peripheral stimulus was then extinguished and
a centrally-located white circle appeared, upon which participants fixated their gaze while
awaiting the next instruction (Figure 5, panel 3). Sixteen PS and sixteen AS trials were
presented in each 5:20 minute functional imaging scan in a pseudorandom order using E-
prime (www.pstnet.com/eprime.cfm). All but two participants completed four functional
imaging scans; one terminated the protocol after the third scan due to loss of sensation in

his arms, and eye movement data were not collected during one scan for another.
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Figure 5. The fMRI task protocol. A central circle turns green (G) for a PS (A)
and red (R) for an AS (B) (panel 1). The circle is extinguished as a horizontal
peripheral square (stimulus) appears. For a PS, participants look at the square; for an
AS, participants look directly opposite the square (panel 2). The central circle then
reappears (panel 3), upon which participants fixate while awaiting the next
instruction. Repetition time = 2000 ms. Dotted circle = correct eye position (shown
here for illustration purposes, but not visible to participants during testing).

3. Return to center; wait
(3000-15000 ms variable,
jittered)

2. Stimulus duration/
Response period (1 s)

1. Instruction period
(2or4s)

A. Prosaccade (PS) B. Antisaccade (AS)

4. Eye Movement Recording and Analysis

An R-LRO 6.1 eye-tracking system designed for fMRI (Applied Science Laboratories,
Bedford, MA) was used to track eye movements during imaging at a sampling rate
frequency of 60 Hz. Eye movements were analyzed offline using a semi-automated, in-
house software program written in Matlab (http://www.mathworks.com) as described
previously.'?® For each trial, the saccade was determined to be either correct or incorrect.
We also identified self-corrected AS errors, defined as an initial saccade made toward the
stimulus that was corrected by making a saccade away from the stimulus. No external
feedback was given to the participants regarding accuracy. The percentages of incorrect
trials and of self-corrected AS errors were then determined, and ANCOVA was used to

test for between-group differences (CAG-, preHD, manifest HD) with age, gender, and
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education included as covariates when appropriate. A significant ANCOVA (p < 0.05)

was followed by one-tailed t-tests of all pairwise comparisons.
5. Image Acquisition and Analysis

Subjects were imaged using a Siemens (Erlangen, Germany) 3T Magnetom Trio-Tim
scanner with a 12-channel head-coil. A whole-brain, structural image volume (1.0 x 1.0 x
1.2 mm voxels) was acquired first using a 3D magnetization prepared rapid gradient echo
(MPRAGE) sequence to enable anatomic registration of the functional volumes.**
Functional imaging was performed with a blood oxygenation level dependent (BOLD)
contrast sensitive gradient echo, echo-planar imaging sequence (repetition time 2000 ms,
echo time 29 ms, flip angle 76°, field of view 220 x 220 mm, 35 interleaved axial slices,
25 x 2,5 x 3.0 mm voxels) incorporating a 3D prospective acquisition correction

algorithm, which adjusts the acquisition in real time to account for head movement.

Given that atrophy in the caudate and putamen have been consistently

d 173178:182:183:186:192353:354 an automated segmentation procedure in FreeSurfer

describe
V4*2! was used to extract caudate and putamen volumes from each individual’s structural
image. We then used ANCOVA with age, gender, and intracranial volume (ICV) as
covariates to test for group differences. Post hoc analysis was carried out on all measures

with a significant group effect using a two-tailed t-test for all pairwise comparisons.

Image analysis was performed using SPM5 (Wellcome Trust Centre for Neuroimaging,
University College London, UK, http://www.fil.ion.ucl.ac.uk/spm/). Functional image
volumes were corrected for slice acquisition timing differences and rigid-body realigned
to the initial volume of the first functional imaging scan, which was also a reference
volume for MPRAGE co-registration. The MPRAGE volume segmentation into tissue
classes generated nonlinear spatial transformation parameters enabling a conversion of
functional image volumes to a common coordinate system (Montreal Neurological

Institute; MNI). The resulting functional image volumes were resampled to 2 mm
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isotropic voxels and smoothed by a 6 mm full-width at half-maximum isotropic Gaussian

kernel >%°

Brain responses to eye movements in each participant were modeled in a general linear
model using SPM’s canonical hemodynamic response function. Six movement
parameters (three translations and three rotations) obtained during realignment were
included as regressors to account for residual movement-induced effects. Serial
correlations in the fMRI time series were accounted for using an autoregressive model
implementing classical (restricted maximum likelihood) parameter estimation. A high-
pass filter with a cut-off of 1/128 Hz was applied to each voxel’s time series to remove

low frequency noise.

A first level model yielded contrast images for each participant that represented the mean
BOLD response to three eye movement conditions: [correct AS > correct PS], [correct
AS > incorrect AS], [incorrect AS > correct AS]. Incorrect AS trials included both self-
corrected and uncorrected AS errors. BOLD activity associated with PS error trials was
not modeled due to the very small number of errors made by all participants on the PS
trials. Event onsets were defined for: 1) the preparation phase, which included the times
of the instructional stimulus presentations; and 2) the response phase, which included the
times of the peripheral stimulus presentations. This second approach was feasible since
all participant reaction times were less than 750 msec. A second level, random effects
analysis within the CAG- group was then used to identify activated regions that achieved
a corrected cluster level significance (Pcuster<0.05) under a voxel-wise height threshold of
Pvoxei<0.001. The correction for multiple comparisons was performed within a whole-
brain search volume common across all CAG- participants, with implicit rejection of
cerebrospinal fluid voxels and exclusion of predominantly white matter voxels
(probability of white matter from SPM segmentation>0.70). Functional regions of
interest (ROI) were defined for each significant cluster in the CAG- group under each eye
movement condition described above. These ROIs were then used as the criterion to

define “normal” activation in an unaffected, healthy sample. Mean activity within each
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ROl was extracted in all participants using the MarsBaR toolbox

(http://marsbar.sourceforge.net/).

To compare the mean activation among the groups, it is important to account for the
frequency of incorrect responses.’® Thus, a multiple linear regression model
implemented in SAS version 9.13 was used to examine the relationship between mean
activation and group, percentage of incorrect AS, and the interaction between group and
percentage of incorrect AS. The preHD group was treated as the reference group in the
model so that comparisons could be made between the CAG- and preHD groups and
between the preHD and manifest HD groups. Age, gender, and education were included

as covariates in the model when they had a significant effect on the model (p<0.05).

C. Results

The demographics, neuropsychological test performance, and caudate and putamen
volumes of the sample are shown in Table 7. The groups did not differ significantly in
age, education, or gender, and there was no significant difference in the number of CAG
repeats in the larger allele for the two CAG+ groups. There was a significant difference
(p<0.03) between the groups in measures of psychomotor speed (movement time and
alternate button tapping). Post hoc testing revealed a difference between the CAG- and
manifest HD groups (p=0.005) for movement time and between the manifest HD group
and both the CAG- and preHD groups (p<0.01) for alternate button tapping. As expected,

and consistent with previous studies,*’3"8182183:186:192:353:354

the groups also differed in
caudate and putamen volumes bilaterally, and all three pairwise group comparisons were

highly significant (p<0.001).
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Table 7. Participant demographics.

Age (years)
Education (years)
Gender (M:F)

# of CAG repeats in
larger allele

Movement Time (s)°

Alternate Button
Tapping (s/30 round
trips)”*

Stroop Color Naming
(correct/45 s)

Stroop Word Reading
(correct/45 s)

Stroop Interference
(correct/45 s)

Symbol Digit Modalities
Test (correct/90 s)

WAIS-R Digit Symbol
(correct/90 s)

Caudate Left*>
(m m3) Righta,b,c

Putamen Left*>
(m m3) Righta,b,c

CAG-
(n=12)
46.4+11.4
148+2.1

5:7
20.2+3.3

0.14+0.03

17.3+3.0

76.9 £16.7

97.0+23.9

47.2 £10.7

54.2+8.8

59.0+14.9

3437 £ 400
3523 +439
5448 + 885
5116 £ 701

PreHD
(n=10)
44,2 +15.2
15.7+ 3.2

4:6
422+21

0.16 £ 0.05

18.1+3.0

85.3+10.3

1039+ 154

48.9+9.2

48.8 +13.3

60.4 +10.3

3151+ 251
3215 + 343
4925 + 785
4679 + 893

Manifest
HD (n=8)
42.8+ 134
158+4.4

3:5
455+5.1

0.19+0.05

21.9+41

70.5+14.6

945+14.2

43+8.9

41.8+9.0

50.0+14.9

2384 + 463
2541 + 368
3644 + 720
3359 £ 616

Post hoc testing indicates a significant difference (p<0.05) between a) CAG- and preHD,
b) CAG- and manifest HD, and c) preHD and manifest HD.
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1. Antisaccade task performance

ANCOVA was used to test for group differences in the percentages of incorrect PS and
AS. A significant group effect was found for both the percentages of incorrect PS and AS
(p<0.02) (Figure 6). For the PS task, post hoc testing revealed that the CAG- group made
significantly fewer errors than both CAG+ groups (p<0.01), although the error rates were
low overall. For the AS task, the manifest HD group made significantly more errors than

the CAG- and preHD Figure 6. Performance on the PS and AS tasks. For the
groups (p<0.05), and PS task, the CAG- group made significantly fewer errors
than the preHD and manifest HD group. For the AS task,
the manifest HD group made significantly more errors than
a difference between the  the CAG- and preHD groups.

CAG- and preHD

there was a trend toward

50 H
OCAG-

groups (p=0.08). More . D preHD l
than 85% of AS errors o BManifest HD l
were self-corrected in all E 30 ]

c
groups, with no § 20 I l

[+}]
statistical difference | & 1 1

10 4 T l
between the roups
g p o I—l— I

(p:0-6)- Incorrect PS Incorrect AS

2. BOLD responses during AS task (Table 8, Figure 7).

a. Preparation, [correct AS > correct PS]. Eleven functional ROIs emerged as significant
within the CAG- group (Figure 7A): Left and right DLPFC; left and right FEF; right
anterior insula/frontal operculum; pre-SMA/dorsal ACC (dACC); left and right parietal

eye field (PEF); left and right middle occipital gyrus; and right calcarine cortex.

When testing extracted mean activations in a multiple linear regression model, there was
a significant main effect of group and an interaction between group and percentage of
incorrect AS in the left middle occipital gyrus (p=0.03). Further testing revealed a
significant difference between the slopes and intercepts of the regression lines in the
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preHD and manifest HD groups (Table 8, Figure 8A). There was also a significant effect
of the percentage of incorrect AS in the left DLPFC (Figure 8B), pre-SMA/JACC, left
and right PEF, and left middle occipital gyrus (p<0.03). In all cases, the BOLD response
decreased as the percentage of incorrect AS responses increased.

b. Response, [correct AS > correct PS]. One functional ROI emerged as significant within

the CAG- group in the right PEF (Figure 7B). There were no significant effects of group,
percentage of incorrect AS, or their interaction in this ROI (p>0.3, Table 8).

c. Preparation and response, [correct AS > incorrect AS]. No functional ROIs were

defined as there were no regions that met our criteria in the CAG- group during either
preparation or response.

d. Preparation, [incorrect AS > correct AS]. Two functional ROIs were significant within
CAG- group (Figure 7C): Left and right calcarine cortices. ANCOVA revealed a

significant effect of group in the left calcarine cortex (p=0.03). Post hoc testing showed a

significant difference between the CAG- and preHD groups (p = 0.02, Table 8).

e. Response, [incorrect AS > correct AS]. Six functional ROIs emerged as significant
within the CAG- group (Figure 7D): 1) Left inferior frontal gyrus (IFG); 2) pre-SMA, 3)
dACC,; 4) posterior cingulate cortex (PCC); 5) right inferior parietal lobule (IPL); and 6)

left middle temporal gyrus (MTG).

A significant interaction between group and percentage of incorrect AS (p<0.03) was
found for all functional ROIs except the PCC, with the same general pattern across these
ROIs (Table 8). In all cases the slope of the regression line was significantly different
between the CAG- and preHD groups (p<0.02), but not significantly different between
the preHD and manifest HD groups (p>0.3). Specifically, the BOLD response decreased
as the percentage of incorrect AS increased in the CAG- group, but not in either of the
CAG+ groups (Figures 8C: pre-SMA, and 4D: dACC).
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Table 8. ROI locations and sizes as defined by CAG- controls, and non-zero linear regression parameter estimates and p values
(with preHD as the reference group) from the modeling of ROI-extracted mean activations.

Correct AS > Correct
PS

Preparation
Left DLPFC
Right DLPFC
Left FEF
Right FEF

Right Anterior
Insula/Frontal
Operculum

Pre-SMA/JACC

Parameter Estimates (p values)

Contrast/ROI
Group Percentage of Group x Percentage
Incorrect AS of Incorrect AS
[PreHD vs
[PreHD vs Manifest HD]
Peak MNI PreHD vs CAG-] x X Percentage
Size Location PreHD vs Manifest Percentage of of Incorrect
(mm?®) (x,y,2) CAG- HD Incorrect AS AS
464 -30, 44, 34 -0.02 (0.02)
1480 28, 44, 22
3184 -18, 0, 66
3696 18, 4, 62
640 38, 20,4
6776 -4, 10, 50 -0.03 (0.01)

Covariates that remained in the model due to a significant effect (p<0.05) are indicated by superscripts: * education, 1 age. dACC: dorsal
anterior cingulate cortex; DLPFC: dorsolateral prefrontal cortex; FEF: frontal eye field; IPL: inferior parietal lobule; MTG: middle
temporal gyrus; PCC: posterior cingulate cortex; PEF: parietal eye field; pre-SMA: pre-supplementary motor area.
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Table 8. ROI locations and sizes as defined by CAG- controls, and non-zero linear regression parameter estimates and p values
(with preHD as the reference group) from the modeling of ROI-extracted mean activations.

Contrast/ROI Parameter Estimates (p values)
Group Percentage of Group x Percentage
Incorrect AS of Incorrect AS
[PreHD vs
[PreHD vs Manifest HD]
Peak MNI PreHD vs CAG-] x X Percentage
Size Location PreHD vs Manifest Percentage of of Incorrect
(mm?®) (x,y,2) CAG- HD Incorrect AS AS
Left PEF* 1584 -20, -58, 52 -0.03 (0.001)
Right PEF* 4384 18, -66, 52 -0.04 (0.0008)
Left Middle 480 -26, -80, 20 -1.66 -0.05 (0.0004) 0.05 (0.01)
Occipital Gyrus*" (0.02)
Right Middle 1024 30, -80, 20

Occipital Gyrus
Right Calcarine 1240 12,-80, 6
Gyrus

Stimulus-response
Right PEF 1136 8, -60, 54

Covariates that remained in the model due to a significant effect (p<0.05) are indicated by superscripts: * education, 1 age. dACC: dorsal
anterior cingulate cortex; DLPFC: dorsolateral prefrontal cortex; FEF: frontal eye field; IPL: inferior parietal lobule; MTG: middle
temporal gyrus; PCC: posterior cingulate cortex; PEF: parietal eye field; pre-SMA: pre-supplementary motor area.



Table 8. ROI locations and sizes as defined by CAG- controls, and non-zero linear regression parameter estimates and p values
(with preHD as the reference group) from the modeling of ROI-extracted mean activations.

Contrast/ROI Parameter Estimates (p values)
Group Percentage of Group x Percentage
Incorrect AS of Incorrect AS
[PreHD vs
[PreHD vs Manifest HD]
Peak MNI PreHD vs CAG-] x X Percentage
Size Location PreHD vs Manifest Percentage of of Incorrect
(mm?®) (x,y,2) CAG- HD Incorrect AS AS
Incorrect AS >
Correct AS
Preparation
ek Left Calcarine 2912 -14,-54, 8 2.54
Gyrus (0.02)
Right Calcarine 1304 20, -54, 14
Gyrus
Stimulus-response
Left Inferior 632 -42, 20, -18 5.40 -0.15 (0.01)
Frontal Gyrus (0.001)
Pre-SMA 1704 16, 16, 58 4.93 -0.13 (0.003)

(0.0001)

Covariates that remained in the model due to a significant effect (p<0.05) are indicated by superscripts: * education, 1 age. dACC: dorsal
anterior cingulate cortex; DLPFC: dorsolateral prefrontal cortex; FEF: frontal eye field; IPL: inferior parietal lobule; MTG: middle
temporal gyrus; PCC: posterior cingulate cortex; PEF: parietal eye field; pre-SMA: pre-supplementary motor area.
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Table 8. ROI locations and sizes as defined by CAG- controls, and non-zero linear regression parameter estimates and p values
(with preHD as the reference group) from the modeling of ROI-extracted mean activations.

dACC
PCC
Right IPL

Left MTG

Contrast/ROI Parameter Estimates (p values)
Group Percentage of Group x Percentage
Incorrect AS of Incorrect AS
[PreHD vs
[PreHD vs Manifest HD]
Peak MNI PreHD vs CAG-] x X Percentage
Size Location PreHD vs Manifest Percentage of of Incorrect
(mm?®) (x,y,2) CAG- HD Incorrect AS AS
1224 0, 16, 24 6.20 -0.18 (0.003)
(0.0002)
664 2,-14, 36 4.53
(0.002)
456 50, -42, 38 2.68 -0.07 (0.02)
(0.0007)
720 -60, -34, -4 4.56 -0.11 (0.001)
(<0.0001)

Covariates that remained in the model due to a significant effect (p<0.05) are indicated by superscripts: * education, 1 age. dACC:
dorsal anterior cingulate cortex; DLPFC: dorsolateral prefrontal cortex; FEF: frontal eye field; IPL: inferior parietal lobule; MTG:
middle temporal gyrus; PCC: posterior cingulate cortex; PEF: parietal eye field; pre-SMA: pre-supplementary motor area.
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Figure 7. Functional ROIs defined in CAG- participants for each saccade comparison. (A) Significant activation during
preparation for the [correct AS > correct PS] comparison in the bilateral DLPFC, FEF, PEF, and middle occipital gyri; the right insula
and calcarine cortex; and the pre-SMA/JACC. (B) Significant response-related activation for [correct AS > correct PS] in the right
PEF. (C) Significant activation during preparation for the [incorrect AS > correct AS] comparison in the bilateral calcarine cortices.
(D) Significant activation during responses for [incorrect AS > correct AS] in the left IFG, pre-SMA, dACC, PCC, right IPL, and left
MTG. AS = antisaccade; dACC = dorsal anterior cingulate cortex; DLPFC = dorsolateral prefrontal cortex; FEF = frontal eye fields;
IFG = inferior frontal gyrus; IPL = inferior parietal lobule; L = left; MTG = middle temporal gyrus; PCC = posterior cingulate cortex;
PEF = parietal eye fields; pre-SMA = pre-supplementary motor area.
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Figure 8. BOLD response [incorrect AS > correct AS] as a function of the percentage of incorrect AS. In the left middle
occipital gyrus (MOG) (A), activation is dependent on the percentage of incorrect AS in the CAG- and preHD groups but not in the
manifest HD group, and the manifest HD group has lower overall activation. In the left DLPFC (B), activation decreases as the
percentage of incorrect AS increases in all 3 groups. In the pre-SMA (C) and dACC (D) activation is dependent on the percentage of
incorrect AS in the CAG- group but not in either CAG+ group; the CAG- group has greater overall activation. Furthermore, there are
no differences in activation between the preHD and manifest HD groups. dACC = dorsal anterior cingulate cortex; DLPFC =
dorsolateral prefrontal cortex; pre-SMA = pre-supplementary motor area.
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D. Discussion

1. Identified brain regions

This is the first study to explore the BOLD fMRI response during an AS task in CAG+
individuals. The brain regions activated by AS (with a baseline of PS) within the CAG-

group closely resemble those from previous studies of other populations®?2%%*

(Figure
7A). In particular, our healthy control CAG- participants activated the DLPFC, FEF,
PEF, insula, ACC, pre-SMA. The increased activation in the visual cortex was consistent

255

with some studies,*® though other studies have found the opposite pattern.”**#'" During

the response phase, activation was limited to the right PEF.

Activation related to AS errors (with a baseline of correct AS) was limited to visual
cortex during preparation, but was more widespread during the response phase as
evidenced by activation in the IFG, pre-SMA, ACC, PCC, IPL, and MTG. Previous

283;295

studies have typically identified the ACC as being activated by errant saccades, and

|.295

Polli et a also found increased activation in the IFG, pre-SMA, and anterior insula.

Similar error-monitoring activity in the ACC and in a more dorsal pre-SMA area has

I 281,356-363
H

been described in non-saccadic tasks as wel suggesting that these areas are

critical to the monitoring of errant behavior more generally.

2. Abnormal Activation in CAG+ Groups

Abnormalities in AS performance are sensitive markers of the premanifest period of
HD.10119%84 Giyen these previous findings, it would be reasonable to hypothesize that
activation abnormalities would be found either in the preparation or response phase of an
AS task (compared to a PS baseline). Our analysis found some group differences in the
left middle occipital gyrus while subjects prepared to make AS, but further examination
makes this finding of questionable significance: In particular, although the regression line
was significantly less negative in the manifest HD, no one in this group had an AS error

rate of less than 20%. Since the BOLD response was dependent on the percentage of
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incorrect AS in the other 2 groups, it is possible that the differences in this group can be
explained solely by the restriction of range. Instead, the cortical activity that did
distinguish between these groups was related to AS errors in the response phase (with a
baseline of correctly executed AS). Specifically, activity was inversely related to the
percentage of incorrect AS in the CAG- controls, but not in the preHD or manifest HD
patients. In the case of the preHD, restriction of range cannot explain this difference, as

the distribution of error rates was similar across both the preHD and the CAG- groups.

Activity in the ACC and pre-SMA (two of the five areas in which group x error
interaction emerged) is likely to be particularly important. Both of these regions are
repeatedly noted as sites of error-related activation, even in studies that do not involve
ocular motor responses.?23°¢%%3 Fyrthermore, an event related potential (ERP) study of
error processing showed decreased error-related negativity (ERN) during a Flanker task
in patients with manifest HD.**® That is, brain responses to provoked behavioral errors
were less prominent in HD subjects than in healthy controls—a result that mirrors our
findings with AS errors.

Detection of errant behavior, or of events that violate expectations, is a necessary
function for executive control, and the failure to process such errors will lead to poor
adaptive behavior. The dopaminergic mesocorticolimbic brain circuit has received much
attention for its hypothesized roles in reward related processing.*****" However, a key
element in this processing is the learned anticipation of outcomes based on experience,
and the detection of events that do not conform to these learned expectations. For
example, seminal work by Schultz and his collaborators has shown that dopaminergic
midbrain neurons increase their firing to unanticipated events, and decrease their firing
when an anticipated (cued) reward fails to arrive.**®*®° Holroyd and Coles®” elaborate
on such findings and hypothesize that medial frontal (ACC, pre-SMA\) areas are signaled
by this midbrain activity, provoking their engagement in error (deviant event) processing.
Moreover, midbrain dopaminergic neurons are smaller and have a loss of tyrosine
hydroxylase mRNA in HD.*"* Thus, one potential explanation of our findings is an early

loss of midbrain signaling in preHD patients.
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Although both the ACC and pre-SMA are consistently implicated in error-related
activation, there are also questions about the exact nature of each region’s role in
saccadic pathways. Compelling evidence from a rare patient with a small focal lesion to
the left supplementary eye field (SEF), posterior to the pre-SMA,?*%*"? suggests SEF
involvement in resolving conflict both from internally generated saccadic plans and
during rule switching, but not in saccade generation per se. Similarly, functional imaging
data show that activity in caudal SMA is related to sudden changes in planned saccades,
while SEF activity is related to successfully implemented plan changes.*”® In primates,
Schall et al.** localized different populations of neurons in the ACC, pre-SMA, and
adjacent SEF, wherein one population of neurons accounted for conflict-related
activation, one for reinforcement-related activation, and one for error-related activation;

thus, one region may play a role in multiple functions.

The ACC also has connections to important regions in saccadic pathways. In a meta-

analysis of cingulate cortex, Beckmann et al.?%

characterized a cluster in the dACC (their
“cluster 4”) that overlaps with the region activated in our study by AS error trials, and
which appears to mediate conflict resolution and error detection. Through tractography,
Beckmann et al.>*® showed this dACC region has white matter projections to prefrontal
and premotor areas, as well as to the dorsal striatal regions that are an early site of
degeneration in HD. Picard and Strick®” similarly identified an overlapping rostral

cingulate motor zone in their meta-analysis as governing conflict and action selection.

Reinforcing our findings in HD, other disorders with presumed frontal and dopaminergic
involvement also show functional brain abnormalities linked to errors in AS. In
particular, similar error-related activation in the ACC was significantly reduced in a
sample of schizophrenic patients®’® at peak coordinates [8, 13, 25]/[-13, 17, 25] that were

quite close to our own [0, 16, 24]. Conversely, Thakkar et al "’

reported that in autism
spectrum disorders there is dACC hyperactivation in response to correct AS, which was

in turn related to rigid and repetitive behavior.
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While pre-SMA and cingulate cortex have received the most attention for their roles in
error-related activation, there is evidence that the IPL and IFG have related roles. A

number of studies identify the IPL as playing an important role in the inhibition of an

2811322357360 \vhile others have found that the IPL is activated in

322;357,360;363

unwanted response,
response to error commission.®%30%33 |nterestingly, most of these studies
found evidence for asymmetric activation of the right IPL. Findings in the IFG have been
reported even more rarely than in the IPL, but Hodgson et al.*”® showed that lesions in
ventrolateral frontal cortex (including IFG) predict impaired AS performance. There is
also evidence of error-related activation in the IFG.?*>*%? These previous findings and the
similarity of the activation patterns between the IPL and IFG and the pre-SMA and
dACC suggest that these regions may play a role in the error-related network along with
pre-SMA and cingulate cortex, although more study is necessary.

This study was limited by the inability to dichotomize the preHD group into groups
estimated to be closer to or farther from onset. Similarly, we were unable to use estimated
time to onset™ in our analysis because of the limited number of participants in the preHD
group. As we focused our group analysis on those regions with significant activation in
the CAG- healthy control group, we cannot make conclusions regarding the recruitment
of other brain regions in an attempt to compensate for pathology in regions normally
involved in task performance. However, our method did permit detecting deviant
activation in CAG+ individuals in regions usually involved in task performance (though
only decreased activation was found). Unlike prior studies, and contrary to expectations,
there was only a marginal difference in the percentage of incorrect AS between the CAG-
and preHD groups (p = 0.08). However, it is likely that a smaller sample size and
adaptation of the task to a more difficult mixed event-related design contributed to this

finding.

In summary, this is the first study to examine the underlying functional neuroanatomy
associated with AS performance in HD. While future studies, including longitudinal ones,
are necessary to determine the temporal appearance of abnormalities within the context of

disease progression, our data suggest that impaired AS performance may be related to
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abnormal cortical activity during the processing of saccadic errors. Importantly, deficits
in this error-related activity appear to occur early in the disease process (i.e., in
premanifest individuals with normal AS performance), pointing to a prodromal decline in

an important supervisory executive network.
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IV. Progression in prediagnostic Huntington disease

A. Introduction

Huntington disease (HD) is an autosomal dominant disorder characterized by progressive
decline of motor, cognitive, and behavioral function. The disease-causing mutation is a
trinucleotide (CAG) repeat expansion in the 5’ translated region of the huntingtin gene.1
The average age of onset is 40 years, although onset occurs as early as age 2 and as late

as age 80.51:82

Disease onset is insidious, often with a long prediagnostic period prior to the clinical
diagnosis. Typically, diagnosis is made based on the presence of unequivocal motor signs
consistent with HD. Unfortunately, there are no current pharmacologic or therapeutic
interventions shown to delay or slow the onset or progression of HD. Therefore, it is
essential that sensitive and specific biomarkers in the prediagnostic period be identified
that could be used to evaluate future therapeutic interventions.

Several studies have sought to identify potential prediagnostic biomarkers. Some cross

sectional studies reported prediagnostic CAG expanded individuals (CAG+) exhibited

deficits in tests of attention,®® 301:302 131;300;301;303;304

d,131;300

executive function, memory,

psychomotor spee and ocular movements; 1119120122306 ho\vever other studies of
these same domains have not confirmed these results.*?312379383 |n 3 Jarge cross
sectional sample of 438 prediagnostic individuals, Paulsen and colleagues'® reported the
commencement of detectable changes begins one to two decades prior to the estimated
age of onset, and this initial period is followed by more rapid change in the years just
prior to diagnosis. Few studies have explored longitudinal rates of decline in
prediagnostic CAG+ individuals. There have been reports of differential rates of
progression between prediagnostic CAG+ and nonexpanded (CAG-) controls in measures
of attention, psychomotor speed, and memory;*¥%*31° however, others have not been
able to replicate these results.®**>'* These discrepant results may be due to the modest

sample sizes of most studies.
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The goal of this study was to examine longitudinal rates of change in a sample of at-risk
individuals for a series of neurocognitive, psychomotor, and oculomotor measures. We
use estimated time to onset in two ways: 1) as a continuous variable to evaluate change
within a group of CAG+ individuals, and 2) as a means of dichotomizing a group of
CAG+ individuals (into those Near and Far from onset) in order to compare the rate of
decline in each with the rate in CAG- individuals. We hypothesize that the rate of
progression is not uniform within the prediagnostic period and that it increases as CAG+
individuals approach onset. In addition, the rate of change is faster in CAG+ than in
CAG- individuals.

B. Methods

1. Participants

Participants were recruited primarily through the National Research Roster for
Huntington Disease Patients and Families (HD Roster). The inclusion criteria were: 1) a
parent diagnosed with HD; 2) between the ages of 18 and 65; and 3) a non-diagnostic
motor exam at the first study visit (Unified Huntington Disease Rating Scale-99°%
(UHDRYS) diagnostic confidence level less than 4). All participants completed two study
visits, approximately 2.5 years apart. The testing protocol was identical at both visits.
Medical history, current medications, and history of alcohol and recreational drug use
were collected at both visits. Any participants reporting a concurrent neurologic illness,
major psychiatric diagnosis (e.g. schizophrenia, bipolar disorder), or current alcohol or
drug abuse were excluded from the analyses. Participants were asked not to disclose their
CAG status, if known, to study staff. This study was approved by the local institutional
review board (IUPUI IRB Study No. 0109-12). All participants provided written

informed consent.
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2. Clinical Evaluation and Study Group Assignment

d®' to determine the number of

Molecular testing of the huntingtin gene was performe
CAG repeats. Normal controls (NC; n=68) were defined as those having 2 unexpanded
alleles (<28 CAG repeats). Individuals with at least 1 expanded allele (>38 CAG repeats)
were considered CAG expanded (CAG+; n=39). Subjects whose larger allele contained
28 to 38 CAG repeats, inclusive, were considered inconclusive and were not used in the

analyses (n=10).

Two movement disorder neurologists (J.W., X.B.) administered the motor exam portion
of the UHDRS. Both were aware that the participants were at-risk for HD, but were
blinded to the results of all other study assessments, including the results of huntingtin
gene testing. The motor examination was performed for each participant at both study
visits. On the basis of the motor examination only, they assigned an overall confidence
rating which represented the likelihood that any observed abnormalities represented HD.
The ratings were defined as: (0) normal (no abnormalities); (1) nonspecific motor
abnormalities (less than 50% confidence); (2) motor abnormalities that may be signs of
HD (50% to 89% confidence); (3) motor abnormalities that are likely signs of HD (90%
to 98% confidence); and (4) motor abnormalities that are unequivocal signs of HD (>99%
confidence). CAG+ subjects with a confidence rating from 0-3 at their second visit were
considered prediagnostic (n=34). Five subjects who were prediagnostic at their first visit
became diagnostic (confidence rating of 4) at their second visit. Estimated onset was
defined as the age at which a person had a 50% probability of having manifest disease,

and the estimated time to onset®*'®

(TTO) was calculated for each participant at each
study visit. The distribution of TTO at the first study visit was reviewed and one subject
was removed due to a very large TTO (>3.5 SD from the mean) so that 38 CAG+

subjects were included in the analyses.
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3. Study Assessment

The study battery included an assessment of neurocognitive performance, psychomotor
speed, and saccadic eye movements. All testing was conducted in a private examination

room by trained study staff.

Neurocognitive performance and psychomotor speed were evaluated using measures
from six tests: 1) Wechsler Adult Intelligence Scale-Revised®*® (WAIS-R): Arithmetic,
Picture Arrangement, and Digit Symbol subtests; 2) Stroop Color-Word Interference
Task:**® Word Reading, Color Naming, Interference; 3) Trail Making Test:®** Parts A
and B; 4) WAIS-111:** Letter-Number Sequencing Test; 5) California Verbal Learning
Test"™®” (CVLT): Total Learning, Semantic Clustering, Short Delay Recall, Long Delay
Recall, Recognition Discriminability; 6) H-scan system:** reaction time (RT) (Auditory
RT, Visual RT, Decision RT) and motor speed (Movement Time (MT), Decision MT,
Alternate Button Tapping). We also assessed depressive symptomatology using the
Center for Epidemiologic Studies Depression Scale (CES-D).

Saccadic eye movement testing was performed as described previously.'® Briefly, the
participant was seated 1 meter from a large white screen in front of a bar with vertical
and horizontal target lights (light-emitting diodes, LED). Three saccadic tasks were
administered: anti-saccade (AS), memory guided, simple version (MG1), and memory
guided, complex version (MG2). The vertical and horizontal positions of the participant’s
pupils were recorded binocularly with two ultra-miniature high-speed (250 Hz) video
cameras attached to a headband and digitized at 250 Hz for later analysis (Eyelink Il, SR
Research Ltd, spatial resolution < 0.1 degree). Before each task, the examiner instructed
the participant verbally to ensure that the participant understood the instructions. Each of
the tasks consisted of 25 trials. After the participant completed the testing procedure, an
interactive computerized analysis'®® of the right eye position was performed. Current
analyses focused on the AS and MG measures (saccadic latency, the standard deviation
of saccade latency, and percentage of errors) previously reported to demonstrate

abnormalities in prediagnostic HD.™*
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4. Statistical Analysis

We tested for group differences in depression at each visit using a Fisher’s exact test. All
analyses evaluated the change in the performance of neurocognitive, psychomotor, and
oculomotor tasks between the two study visits in the NC and prediagnostic CAG+

participants.

To evaluate longitudinal change during the prediagnostic period, we analyzed
neurocognitive, psychomotor, and oculomotor performance using a repeated measures,
mixed linear model (SAS v9.13). The model included three terms: 1) a main effect of
TTO, indicating a linear relationship between TTO and performance; 2) a main effect of
visit, indicating a change in performance between the study visits, and perhaps indicating
either training/learning or disease progression between the visits; and 3) an interaction
between TTO and visit, indicating an effect of TTO on the between-visits change in
performance. The model also included age, sex, and education as covariates, when there
was a significant effect (p<0.05). This analysis included only prediagnostic CAG+

participants.

We also evaluated how the rate of change in prediagnostic CAG+ subjects compared with
that in CAG- subjects. To do this, a median split in the TTO distribution was used to
define two prediagnostic groups: 1) Far from onset (Far), defined as those participants
whose TTO at the first study visit was greater than 11 years (n=19); and 2) Near to onset

(Near), defined as those participants whose TTO was less than 11 years (n=19).

The rate of change in the prediagnostic (CAG+) and NC (CAG-) groups for each study

measure was calculated for each participant as follows:

rate = (visit 2 measure — visit 1 measure) / months between visits.

These rates were analyzed using analysis of covariance (ANCOVA) to test for group

effects (3 groups: NC, Far, Near) with sex, age, and education as covariates. For variables
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with a significant group effect (p<0.05), post hoc analysis was performed using two-sided

t-tests of all pairwise comparisons.

For all analyses we employed a nominal significance value (p<0.05). We recognize that
we are testing multiple outcomes; however, our approach was to review results to identify

trends or domains consistently affected in prediagnostic individuals.

C. Results

The 106 participants included in the analysis completed two visits approximately 2.5
years apart (28.6 + 5.2 months). The three groups (NC, Far, Near) did not differ
significantly (p>0.6) for sex, race, handedness, education, or months between study
visits, nor was there a significant difference (p=0.1) between the Near and Far groups for
the number of CAG repeats (Table 9). The groups did, however, differ significantly for
age (p=0.02), with the Far group being significantly younger than the other two groups
(Table 9). Due to technical difficulties, saccade tasks were completed in only a subset of
the participants (n=74). The prevalence of depression was assessed in our patients using

the CES-D. At the first study visit, there was no significant difference between the NC,

Table 9. Participant demographics.

NC Far Near
Number of participants 68 19 19
Age at first visit® (years) 45.2+8.7 39.5+9.2 47.7+10.8
Months between visits? 28.2+4.1 29.5£7.0 29.1+6.6
Education® (years) 15.6+2.8 15.5+1.9 15.6+3.4
Male:Female 19:49 6:13 7:12
Race (% Caucasian) 98.5% 100% 100%
Handedness (% right) 91.2% 89.5% 89.5%
CAG repeats® 41.742.7 43.4+4.0
Estimated time to onset computed 18.2+4.7 8.1+1.7
from first visit® (years)

4 Mean #SD
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Far, and Near groups (p=0.4). At the second visit, the prevalence was significantly higher

in the Far group (p=0.01).

1. Repeated Measures Analysis in CAG+ Individuals

Repeated measures analysis was used to examine the main effects of TTO and visit, and
the interaction between the two on each of the performance outcomes. Representative
plots of the data are shown in Figure 9. Each subject’s performance at the first and
second visits is connected by a line. For alternate button tapping (Figure 9A), a
significant main effect of TTO indicated that subjects require more time to complete 30
round trips as they approach onset. A similar trend is not seen for variability of latency of
MG1 (Figure 9C) or for percentage of errors of MG2 (Figure 9E), indicating no
significant effect of TTO. The interaction between TTO and visit can be seen by
examining the changes from visit 1 to visit 2. For alternate button tapping (Figure 9A) the
changes for subjects with a larger estimated TTO tend to be relatively flat, and become
steeper as onset approaches. For variability of latency of MG1 and the percentage of
errors of MG2 (Figure 9, panels C and E), the changes for subjects with a larger
estimated TTO suggest improvement or learning from the first to second visit, while the
changes for subjects with a smaller estimated TTO suggest a failure to learn from the first
visit or reduction in performance that cannot be compensated for with learning effects. To
facilitate visualization of the interaction, the slope of the line in Figure 9A, C and E has
been plotted as a single point for each subject in Figure 9, panels B, D, and F,

respectively.

The results of the repeated measures analysis are shown in Table 10. A significant main
effect of TTO (p<0.04) was found for subtests of the H Scan (audio and visual RT, MT,
decision MT, and alternate button tapping), WAIS (picture arrangement, digit symbol,
and letter number sequencing), CVLT (long delay recall), Stroop (color naming, word
reading, and interference), Trail Making (Part A), and the AS task (percentage of errors).
In all cases, performance was worse in subjects with a smaller TTO than in those with a

larger TTO. A significant main effect of visit (p<0.05) was found for subtests of the H
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Scan (alternate button tapping), WAIS (picture arrangement), the MG1 task (percentage
of errors, latency, and variability of latency), and the MG2 task (percentage of errors). Of
these measures, only picture arrangement demonstrated an overall improvement at the
second visit, indicating a learning effect. Performance on the other tests with a significant
visit effect was worse at the second visit. A significant interaction between TTO and visit
(p<0.02) was found for subtests of the H Scan (MT and alternate button tapping), the
MG1 task (variability of latency), and the MG2 task (percentage of errors). For all four
measures, the rate of decline was more rapid as subjects approached onset.

2. ANCOVA in CAG+ and CAG- Individuals

ANCOVA was used to test for differences in the rate of change between NC, Far, and
Near groups. Table 11 shows the raw group means and the p values adjusted for
covariates. Significant group differences (p<0.03) were found for 3 measures from the H-
Scan (audio and visual RT, and alternate button tapping). For all three measures, post hoc
testing demonstrated that the rate of change was significantly greater (p<0.007) for the
Near group as compared with the NC. Furthermore, a significantly faster rate of change
was found in the Near group as compared with the Far group (p=0.007) for alternate
button tapping. For the saccadic tasks, all measures from the MG1 task (percentage of
errors, latency, and variability of latency) and the percentage of errors from the MG2 task
also yielded significant group effects (p<0.03). Subsequent post-hoc testing found that
the rate of change was significantly faster in the Near group as compared with the NC
group (p<0.008) for all but the variability of latency of MG1, though a trend was also
found for this measure (p=0.055). Furthermore, the rate of change was faster in the Near
group as compared with the Far group (p=0.04) for all but the percentage of errors of
MGL1. Additionally, the Far group declined faster than the NC for the percentage of errors
of MG1 (p=0.02). No other study measure showed a significant group effect for the rate
of change.
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Figure 9. Performance of CAG+ subjects. Progression is shown both by connecting a
subject’s performance at each study visit with a line vs. TTO at each visit (A,C,E) and as
the change in performance/TTO year vs. TTO at the first study visit (B,D,F). A,B:
Alternate Button Tapping; C,D: Variability of latency of MG1; E,F: Percentage of Errors
of MG2.
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Figure 9. Performance of CAG+ subjects. Progression is shown both by connecting a
subject’s performance at each study visit with a line vs. TTO at each visit (A,C,E) and as
the change in performance/TTO year vs. TTO at the first study visit (B,D,F). A,B:
Alternate Button Tapping; C,D: Variability of latency of MG1; E,F: Percentage of Errors
of MG2.
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Figure 9. Performance of CAG+ subjects. Progression is shown both by connecting a
subject’s performance at each study visit with a line vs. TTO at each visit (A,C,E) and as
the change in performance/TTO year vs. TTO at the first study visit (B,D,F). A,B:
Alternate Button Tapping; C,D: Variability of latency of MG1; E,F: Percentage of Errors
of MG2.
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Table 10. Results of repeated measure mixed model.

170 Visit TTO*Visit
H Scan
Audio Reaction Time 0.01 NS NS
Visual Reaction Time 0.004 NS NS
Decision Reaction Time NS NS NS
Movement Time 0.0007 NS 0.009
Decision Movement Time 0.0003 NS NS
Alternate Button Tapping 0.005 0.02 0.02
WAIS-R/WAIS 111
Arithmetic NS NS NS
Picture Arrangement 0.02 0.05 NS
Digit Symbol 0.02 NS NS
Letter Number Sequencing 0.03 NS NS
CVLT
Total Learning NS NS NS
Semantic Clustering NS NS NS
Short Delay Recall NS NS NS
Long Delay Recall 0.04 NS NS
Recognition Discriminability NS NS NS
Stroop
Color Naming 0.004 NS NS
Word Reading 0.004 NS NS
Interference 0.04 NS NS
Trail Making Test
Part A 0.02 NS NS
Part B NS NS NS
Anti-Saccade
Percentage of Errors 0.0001 NS NS
Latency NS NS NS
Variability of Latency NS NS NS

1 NS = not statistically significant (p>0.05)
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Table 10. Results of repeated measure mixed model.

17O

Memory Guided 1

Percentage of Errors NS

Latency NS

Variability of Latency NS
Memory Guided 2

% of Errors NS

% of Missed Flashes NS

1 NS = not statistically significant (p>0.05)
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0.05
0.03
0.005

0.0003
NS

TTO*Visit

NS
NS
0.01

0.0008
NS
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Table 11. Results of ANCOVA with three groups.

H Scan
Audio Reaction Time
Visual Reaction Time

Alternate Button
Tapping

Memory Guided 1
Percentage of Errors

Latency
Variability of
Latency

Memory Guided 2
% of Errors

Mean + SD p-values
NCvs. NCvs. Farvs.
NC Far Near Group Far Near Near
-0.00038 + 0.00077 -0.00022 + 0.00062  0.00031+ 0.0012 0.007 0.4 0.002 0.06
-0.00016 + 0.00064 5.8E-05 + 0.00067 0.00029 + 0.00094 0.03 0.5 0.007 0.1
-0.011 £ 0.076 -0.0042 + 0.063 0.053+0.13 0.005 0.7 0.002 0.007
-0.20 £ 0.40 0.34+£0.78 0.53 £0.87 0.005 0.02 0.003 0.5
-0.015+1.94 0.26 £2.41 2.19+3.13 0.03 0.8 0.008 0.04
0.47 £2.55 -0.13+2.38 1.91+2.77 0.03 0.2 0.055 0.01
-0.036 £ 1.16 -0.25+1.16 0.86 £ 0.92 0.01 0.9 0.006 0.01



D. Discussion

The identification of potential biomarkers of disease progression in prediagnostic HD is a
largely unmet requisite for performing neuroprotective drug trials in CAG+ individuals.
We have used two complementary approaches to examine longitudinal changes in
prediagnostic CAG+ subjects, and to compare these changes between CAG- and CAG+

subjects.

Initial analyses using a repeated measures model with only prediagnostic CAG+ subjects
confirmed that performance on a number of neurocognitive, psychomotor, and
oculomotor tests declines during the prediagnostic period. The results from this study
indicate that psychomotor measures (H Scan subtests, digit symbol) are particularly
sensitive, and that certain neurocognitive and oculomotor measures are also sensitive to

declining performance in the prediagnostic period.

The central hypothesis of the study was that the rate of decline in functioning increases as
subjects approach estimated disease onset. This hypothesis was addressed through the
interaction term: TTO X visit. Four subtests (MT, alternate button tapping, variability of
latency of MG1, and percentage of errors of MG2) were able to detect a significant
change in the rate of decline as subjects approach onset. In all cases, the rate of decline
increased as the subjects approached their estimated age of onset. Our results also
emphasize the importance of longitudinal studies. For variability of latency of MG1 and
percentage of errors of MG2, no cross sectional effect of TTO was detectable. However,
it is clear that longitudinal performance changes as subjects approach onset for these two
measures. Subjects with a larger estimated TTO tend to perform slightly better at their
second visit, indicating a training or learning effect; but those with a smaller estimated
TTO perform worse at their second visit, suggesting that they no longer benefit from
having done the task previously. It is also noteworthy that all of the measures with a
significant TTO x visit interaction have a motor component, suggesting that motor
measures (with or without a cognitive component) may be the most sensitive to detect

rate differences during the prediagnostic period.
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We also tested the hypothesis that the rate of decline is different between CAG- and
CAG+ subjects. The CAG+ subjects were dichotomized into either a Far from or Near to
onset group. Of the seven subtests with a significant ANCOVA test (p<0.05), post hoc
tests revealed a difference between the NC and Near groups for six of the subtests. For
the seventh subtest (variability of latency of MG1), a trend was also found (p=0.055).
Only the percentage of errors of MG1 was sufficiently sensitive to detect a difference
between the NC and Far groups. Interestingly, this measure did not detect a significant
difference in the rate of decline during the prediagnostic period using either method,
suggesting that the rate of change is different between CAG- and CAG+ subjects but that

the rate is constant throughout the prediagnostic period.

ANCOVA confirmed the results from the repeated measures analysis that supported a
changing rate of decline during the prediagnostic period for alternate button tapping,
variability of latency of MG1, and percentage of errors of MG2. The only discrepancies
between the two methods were with MT and latency of MG1. Further examination of
these data suggests that a difference in the rate of decline in MT is subtle and that
dichotomization of the sample increased variability so that differences could not be
detected. On the other hand, it appears that the significant difference found in latency of
MGL1 is likely due to a few subjects, and a larger sample may be required to have
sufficient power to test this hypothesis.

These results provide a functional correlate to longitudinal anatomical findings. Aylward

et al.'’

reported significantly smaller striatal volume cross sectionally in subjects up to
20 years before onset; however, the rate of striatal atrophy was significantly increased
only 10 years prior to onset. Many previous cross sectional studies detected performance
differences during the prediagnostic period;'00"11119:120:122:131:300-304306 hoy\yever, fewer
longitudinal studies have been performed and differences in the rate of change during the
prediagnostic period have not been consistently reported.****"** Our data would appear
to suggest that the differences in rates are subtle but can be detected with particular
measures. As seen from the ANCOVA, the most significant differences in rate of change

are between the NC and Near groups, indicating that the most rapid decline occurs close
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to onset. Furthermore, by directly plotting the rate of change for each subject against
TTO at the first visit (Figure 9), it appears that for alternate button tapping and the
percentage of errors of MG2 the rate of decline increases only as subjects are within
approximately 10 years of their estimated age of onset. However, for the variability of
latency of MGL1 the rate of decline appears to increase earlier in the prediagnostic period.
Further work is required to see if this pattern is consistent, but it may indicate that
saccadic measures are more sensitive in detecting differences in rate of change early in
the prediagnostic period; however, they may not be more sensitive than other measures

when examining the entire prediagnostic period.

While in many instances CAG+ individuals further from their estimated onset do not
appear to decline more rapidly than CAG-, this does not imply an absence of pathology.
Others have noted the likelihood of compensatory mechanisms sufficient to mask the
behavioral effects of underlying pathology early in the prediagnostic period. This study
does not use methods to investigate underlying neural integrity (e.g. MRI, fMRI, EEG,
etc.) and thus cannot test whether there is an absence of pathology in our subjects or

neuronal compensation that masks pathological changes.

This study had several strengths and weaknesses. One strength was that all study
participants had a parent with HD and thus were at-risk for HD. This generates groups
that have greater matching for unmeasurable factors as compared to a study in which the
CAG- group is not at-risk for HD. In addition, all subjects completed a uniform study
visit that evaluated a number of domains reported to be affected early in disease
progression. The study also had several weaknesses. The size of the sample is similar to
that of previous studies but is still relatively modest to detect small differences in rates of
change. Furthermore, the sample of CAG+ individuals tended to have a smaller number
of expanded repeats with fewer subjects having greater than 50 repeats. As a result, we
have limited power to test whether those with a larger number of CAG repeats (i.e. >50
CAG) have more rapid rates of decline as compared with those having the more typical
number of repeats (39-50 CAG repeats). We collected data regarding depression using

the CES-D and found that depressive symptomology was significantly higher in the Far
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group than the other two groups at the second visit. One possible explanation may be that
as subjects approach onset (Near group), the depressive symptoms worsen and they seek
medical attention to alleviate its effects. Unfortunately, we were not able to assess this
explanation because we did not ask subjects if they had sought out medical care for
depression. Finally, both a strength and a weakness of the study was that the CAG+
individuals were distributed throughout the prediagnostic continuum as estimated by their
TTO. This allowed the use of TTO as a continuous variable and evaluated a linear
relationship between TTO and performance; however, it also likely resulted in extensive
heterogeneity within each group when the CAG+ participants were divided into Near and

Far groups.

We are currently collecting data for a third time point in these subjects. We will evaluate
whether these new data provide improved model fitting to better estimate the rate of
disease progression across study variables in a sample of subjects who are either
prediagnostic or in the early stages of clinically diagnosable disease. We anticipate that
these data will further improve our ability to identify sensitive and specific biomarkers in

the early stages of disease progression.
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V. Summary

Many studies have examined the changes that take place in premanifest HD, and it is

98-100;118;131,300;306 98;99;111;119;120;122;306 99;131,;157;300-

clear that motor,
305;383

ocular motor, cognitive,
and behavioral abnormalities can be reliably detected. 161309341386 £\ rthermore,

imaging  studies have shown striatal and extra-striatal gray  matter

100;101;171;174,175;182-186;188-192;195;196,316 184;196;316;334,387-

changes and white matter abnormalities
%0 during the premanifest period of the disease. Taken together, this is overwhelming

evidence that neurodegeneration begins many years prior to diagnosis of HD.

The current standard of therapy for HD is to manage the symptoms of the disease, though
this strategy has limited success.*** Neuroprotective intervention promises to slow the
rate of progression and delay or even prevent disease onset. It would ideally occur during
the premanifest period before quality of life is adversely and irreparably affected. A
significant challenge to evaluating neuroprotective therapies in premanifest HD is that the
only acceptable endpoint for regulatory agencies is disease onset; Hersch and Rosas®®
suggest that a study using this endpoint would require up to 3000 subjects and 6 years of
follow-up to detect a 40% decline in the frequency of onset. One strategy to avoid such
costly and unreasonable studies is to evaluate a therapy in both manifest HD using
regulatory agency-acceptable outcomes and in premanifest HD using biomarkers of
progression. The hope is that demonstration of efficacy in manifest HD combined with
premanifest biomarker improvement would be sufficient to gain regulatory approval,

though this method has not yet been tried.*%

The work presented herein further establishes saccades as effective measures of
premanifest disease progression. In response to previous work showing the cross
sectional sensitivity of saccadic measures, we decided to further characterize the nature
of saccades in HD by investigating the neural correlates of saccade impairment and the
longitudinal progression of saccadic measures in premanifest HD. This work has shown
that saccadic impairment is associated with cortical and subcortical atrophy, that

identifiable functional brain changes underlie saccade impairment, and that saccade

78



performance decline can be detected over a relatively short period of time in premanifest
HD.

Because of the early and extensive atrophy that occurs in the striatum, many attempts
have been made to interpret cognitive and motor abnormalities in the context of striatal
atrophy. Indeed, it has been hypothesized that degeneration in the putamen is associated
with motor deficits, while degeneration in the caudate is associated with cognitive
deficits.™ This is supported by imaging studies reporting that putamen atrophy was
associated with atrophy in cortical regions that make up the motor cortico-striatal loop,
and caudate atrophy with those that make up the cognitive part of the loop.*** While it is
impossible to completely separate the striatum from cortical regions given the density of
neuronal connections between the two, our findings suggest that cortical and striatal
atrophy contribute to saccade dysfunction in a non-redundant manner. The AS task in
particular appears well suited for evaluating cortical changes; AS performance is
associated with gray matter loss in SFG and IPL, and there is a strikingly absent BOLD
response in ACC and pre-SMA following AS errors. It is likely that saccades are not
unique in this regard and that cortical changes also contribute to other signs and

symptoms of the disease.

Further studies are needed in order to better understand the connection between brain
pathology and saccade performance. In particular, whole-brain rather than ROI-based
approaches provide an opportunity to discover truly unexpected findings. While an ROI
approach is helpful in that it reduces the number of potentially spurious and biologically
implausible findings, it also constrains the conclusions that can be drawn. For example,
based on our study design we were able to discuss abnormalities in our a priori ROIs, but
could not make any conclusions regarding functional compensation outside of these ROIs
as others have done.”%*® These studies should also be carried out longitudinally, as
evidence of co-decline will strengthen the likelihood of causative relationships between
atrophy and saccade decline. Another imaging method with great potential is the use of
diffusion tensor imaging (DTI). This method relies on the diffusion characteristics of

water to examine microstructural changes, including the integrity of fibers connecting
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discrete regions. The use of DTI in studying HD is growing, and one study has shown a
negative association between fiber tract integrity connecting FEF and caudate and the
variability of latency of voluntary saccades. Being able to link gray matter atrophy,
functional abnormalities, and white matter tract integrity should provide important

insights to the nature of saccade, cognitive, and motor dysfunction in HD.

Previous studies identified saccades as potential biomarkers of premanifest disease

prog ression 111;119;120;122

and our imaging studies have provided biological insight into the
underlying neural mechanisms of impairment. A longitudinal study was conducted to
further explore the potential of saccadic measures as biomarkers. This study confirmed
impairment in premanifest HD and provided the first look at the longitudinal behavior of
saccades in this population. Not surprisingly, we found different patterns of decline.
Some measures declined constantly in premanifest HD, though more rapidly in CAG+
than in CAG-. These measures would be useful in clinical trials to evaluate the
effectiveness of a therapy to slow disease progression. Another pattern of decline was one
in which the rate of decline increased just prior to disease onset. One possible explanation
is that some additional disease process is triggered, leading to more rapid decline.
Another explanation is that, prior to this increase, compensatory mechanisms attenuated
decline, but that a critical threshold was reached, beyond which compensation was no
longer effective. Measures with this pattern of decline could be used to evaluate the
ability of an intervention to prevent a disease-augmenting trigger or to facilitate
compensation. Importantly, these changes could be detected over a relatively short period
of time. However, still more work needs to be done to longitudinally characterize
saccades. More time points are needed to confirm the findings described above.
Furthermore, examination over a shorter time period would be helpful to determine the

minimum length of a clinical trial in which saccades could be useful.

While studies have consistently confirmed the potential of saccades to track premanifest
disease, technological advancements have also taken place that make the wide-spread use
of quantitative saccades possible.*?® Scleral search coils are still considered the gold

standard for quantitatively measuring eye movements, but they are slightly invasive and
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can lead to discomfort, increased intraocular pressure, and temporary reduction in visual

acuity.>

We used a non-invasive, high-frequency video-recording system, but
widespread use of such a system is limited by both its cost and, more importantly, its
relative immobility. Fortunately, the newly developed systems mentioned above are non-
invasive, and their ease-of-use and portability make adoption in a clinical setting much

more likely.

In addition to saccades, other measures will likely be included in a battery to follow
disease progression. Structural MRI, particularly of the striatum, would be a good fit
given the extensive characterization that is already in place. Qualitative assessment of the
striatum seems unlikely to be sufficiently sensitive, so quantitative measurements must be
made. While such measurements previously required extensive human effort, the
methods that we employed use computer processing capabilities to reduce human time
involvement. Furthermore, these methods remove inter-rater variability by using a
standard algorithm to define structures. A third measure that would almost certainly be
included in such a battery would be speeded or self-paced finger tapping. Both of these

d’98-100

have been repeatedly shown to be quite sensitive in the premanifest perio and there

is fMRI evidence of neural substrates for this impairment*® (Table 2).

The relative temporal appearance of disease-related changes is an important question, but
one that is not often addressed explicitly in published studies partly because the sample
sizes for such an assessment would need to be quite large. However, the results that have
been published allow for some speculation on the matter. It appears that striatal atrophy is
among the earliest detectable changes; it has been found up to 20 years prior to estimated

disease onset*’*

(Figure 10). Motor impairment, including speeded and self-paced finger
tapping,'® and incorrect and slowed saccades (unpublished data) appears to be present
10-15 years prior to onset. Cognitive impairment, while detectable in premanifest disease,

appears to onset around 10 years prior to onset.'®

Psychiatric manifestations of the
disease, while prevalent, do not follow a prescribed time course, nor do they progress
with other disease-related impairment.®® The fMRI findings described above are

interesting in that none of the premanifest CAG+ subjects had normal activation in
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response to AS errors even  Taple 10. Temporal appearance of changes in
though they were predicted to be premanlfest HD. Striatal at_rophy is one of the
_ earliest detectable changes in premanifest HD,
as much as 18 years prior to  with motor and cognitive impairment following.
disease onset. While these Psychiatric manifestations vary in their temporal
_ appearance. Prelminary fMRI studies indicate
functional changes may be some  early activation abnormalities in response to
of the earliest that can be €rrors, though more study is necessary.

detECtEd’ more studies are needed Psychiatric Manifestations (variable onset and course)

to confirm these initial findings.

Striatal Atrophy

Motor Impairment

There are  many reliable

measures of impairment and oGyl g T

disease progression during Abnormal error response (?)

premanifest HD, but it is unlikely Premanifost Disease Progression
that one measure will be

sufficient to track progression throughout the disease continuum. For example, we have
seen that the percentage of errors during MGc is sensitive early in premanifest disease but
that individuals with manifest disease often complete only a few correct trials, suggesting
a limiting floor effect of the task. On the other hand, cognitive measures may not be as
sensitive during the earliest periods, but they may have utility further into the manifest
disease range. Because these measures will be used to evaluate therapeutic efficacy in
clinical trials, longitudinal characterization will inform a selection of measures that are

able to capture a wide range of disease progression.

While prevention remains the ultimate goal of therapy in HD, there are significant
obstacles that must be overcome. First, prevention will require correcting the pathogenic
nature of mutant huntingtin, yet there are many fundamental questions that remain
regarding the pathogenesis of the disease. Second, the disease is clearly progressive and
begins many years before a clinical diagnosis can be made. Given the protein’s
ubiquitous expression throughout both development and the body, it is not unreasonable

to expect that as yet unidentified pathology exists from birth or even earlier. It is in this
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sense that Hersch and Rosas®® argue that neuroprotective therapy in HD is inherently not

preventative.

Neuroprotective therapy that delays disease onset seems to be a more attainable goal, at
least in the short term. Intervention would begin during the premanifest period of the
disease. Given our current understanding of premanifest disease progression, the above-
mentioned evaluative battery consisting of quantitative saccades, finger tapping, and MRI
would inform physicians regarding the earliest signs of the disease. Therapy would begin
with these earliest signs of the disease, probably 10-15 years prior to predicted onset, in
order to preserve quality of life. Although it is tempting to intervene even earlier, there
are important considerations that temper the “earlier is better” approach. For example, it
is impossible to establish therapeutic efficacy before the presence of any signs or
symptoms of the disease, underscoring the importance of identifying early markers of
disease progression. In fact, efficacy is probably the most important of these
considerations because it is central to other discussions of therapeutic and financial cost-
benefit analyses. Furthermore, | am hopeful that development and implementation of
effective neuroprotective therapies will also lead to a better understanding of the disease,
which in turn will increase our ability to identify earlier disease processes, thus providing

the opportunity to intervene even earlier.

While not prevention, | believe that the development of these neuroprotective
interventions could have effects extending beyond simply delaying onset. More people
may seek presymptomatic gene testing if a disease-altering therapy is available, though
predicting responses to gene testing is notoriously imprecise in HD.5*° Assuming that
presymptomatic testing does increase, the associated counseling and family planning
combined with delayed onset could have important consequences on the future

prevalence of the disease.

83



10.

11.

REFERENCES

Huntington's Disease Collaborative Research Group. A novel gene containing a
trinucleotide repeat that is expanded and unstable on Huntington's disease
chromosomes. Cell 1993;72:971-83.

Rosenblatt, A., Ranen, N., Nance, M., and Paulsen, J. S. A Physician's Guide to
the Management of Huntington's Disease. 2. 1999. New York, New York,
Huntington's Disease Society of America.

Ref Type: Pamphlet

Andrich J, Arning L, Wieczorek S, Kraus PH, Gold R, Saft C. Huntington's
disease as caused by 34 CAG repeats. Mov Disord. 2008;23:879-81.

Herishanu YO, Parvari R, Pollack Y, Shelef I, Marom B, Martino T, Cannella M,
Squitieri F. Huntington disease in subjects from an Israeli Karaite community
carrying alleles of intermediate and expanded CAG repeats in the HTT gene:
Huntington disease or phenocopy? J.Neurol.Sci. 2009;277:143-6.

Kenney C, Powell S, Jankovic J. Autopsy-proven Huntington's disease with 29
trinucleotide repeats. Mov Disord. 2007;22:127-30.

Groen JL, de Bie RM, Foncke EM, Roos RA, Leenders KL, Tijssen MA. Late-
onset Huntington disease with intermediate CAG repeats: true or false?
J.Neurol.Neurosurg.Psychiatry 2010;81:228-30.

Rubinsztein DC, Leggo J, Coles R, Almgvist E, Biancalana V, Cassiman JJ,
Chotai K, Connarty M, Crauford D, Curtis A, Curtis D, Davidson MJ, Differ AM,
Dode C, Dodge A, Frontali M, Ranen NG, Stine OC, Sherr M, Abbott MH, Franz
ML, Graham CA, Harper PS, Hedreen JC, Hayden MR, . Phenotypic
characterization of individuals with 30-40 CAG repeats in the Huntington disease
(HD) gene reveals HD cases with 36 repeats and apparently normal elderly
individuals with 36-39 repeats. Am.J.Hum.Genet. 1996;59:16-22.

Meiser B, Dunn S. Psychological impact of genetic testing for Huntington's
disease: an update of the literature. J.Neurol.Neurosurg.Psychiatry 2000;69:574-
8.

Babul R, Adam S, Kremer B, Dufrasne S, Wiggins S, Huggins M, Theilmann J,
Bloch M, Hayden MR. Attitudes toward direct predictive testing for the
Huntington disease gene. Relevance for other adult-onset disorders. The Canadian
Collaborative Group on Predictive Testing for Huntington Disease. JAMA
1993;270:2321-5.

Tibben A. Predictive testing for Huntington's disease. Brain Res.Bull.
2007;72:165-71.

Mastromauro C, Myers RH, Berkman B. Attitudes toward presymptomatic testing
in Huntington disease. Am.J.Med.Genet. 1987;26:271-82.

84



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Jacopini GA, D'Amico R, Frontali M, Vivona G. Attitudes of persons at risk and
their partners toward predictive testing. Birth Defects Orig.Artic.Ser.
1992;28:113-7.

International Huntington Association and the World Federation of Neurology
Research Group on Huntington's Chorea. Guidelines for the molecular genetics
predictive test in Huntington's disease. J.Med.Genet. 1994;31:555-9.

Rosenblatt A, Brinkman RR, Liang KY, Almqgvist EW, Margolis RL, Huang CY,
Sherr M, Franz ML, Abbott MH, Hayden MR, Ross CA. Familial influence on
age of onset among siblings with Huntington disease. Am.J.Med.Genet.
2001;105:399-403.

Zuhlke C, Riess O, Bockel B, Lange H, Thies U. Mitotic stability and meiotic
variability of the (CAG)n repeat in the Huntington disease gene. Hum.Mol.Genet.
1993;2:2063-7.

Kovtun IV, McMurray CT. Trinucleotide expansion in haploid germ cells by gap
repair. Nat.Genet. 2001;27:407-11.

Yoon SR, Dubeau L, de YM, Wexler NS, Arnheim N. Huntington disease
expansion mutations in humans can occur before meiosis is completed.
Proc.Natl.Acad.Sci.U.S.A 2003;100:8834-8.

Gonitel R, Moffitt H, Sathasivam K, Woodman B, Detloff PJ, Faull RL, Bates
GP. DNA instability in postmitotic neurons. Proc.Natl.Acad.Sci.U.S.A
2008;105:3467-72.

Brouwer JR, Willemsen R, Oostra BA. Microsatellite repeat instability and
neurological disease. Bioessays 2009;31:71-83.

Mirkin SM. DNA structures, repeat expansions and human hereditary disorders.
Curr.Opin.Struct.Biol. 2006;16:351-8.

Fu YH, Kuhl DP, Pizzuti A, Pieretti M, Sutcliffe JS, Richards S, Verkerk AJ,
Holden JJ, Fenwick RG, Jr., Warren ST, . Variation of the CGG repeat at the
fragile X site results in genetic instability: resolution of the Sherman paradox.
Cell 1991;67:1047-58.

Willemsen R, Oostra BA, Bassell GJ, Dictenberg J. The fragile X syndrome: from
molecular genetics to neurobiology. Ment.Retard.Dev.Disabil.Res.Rev.
2004;10:60-7.

Hagerman PJ, Hagerman RJ. Fragile X-associated tremor/ataxia syndrome
(FXTAS). Ment.Retard.Dev.Disabil.Res.Rev. 2004;10:25-30.

Iwahashi CK, Yasui DH, An HJ, Greco CM, Tassone F, Nannen K, Babineau B,
Lebrilla CB, Hagerman RJ, Hagerman PJ. Protein composition of the intranuclear
inclusions of FXTAS. Brain 2006;129:256-71.

Aziz NA, Jurgens CK, Landwehrmeyer GB, van Roon-Mom WM, van Ommen
GJ, Stijnen T, Roos RA. Normal and mutant HTT interact to affect clinical
severity and progression in Huntington disease. Neurology 2009;73:1280-5.

85



26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Rubinsztein DC, Leggo J, Chiano M, Dodge A, Norbury G, Rosser E, Craufurd
D. Genotypes at the GIuRG6 kainate receptor locus are associated with variation in
the age of onset of Huntington disease. Proc.Natl.Acad.Sci.U.S.A 1997;94:3872-6.

Chattopadhyay B, Ghosh S, Gangopadhyay PK, Das SK, Roy T, Sinha KK, Jha
DK, Mukherjee SC, Chakraborty A, Singhal BS, Bhattacharya AK, Bhattacharyya
NP. Modulation of age at onset in Huntington's disease and spinocerebellar ataxia
type 2 patients originated from eastern India. Neurosci.Lett. 2003;345:93-6.

MacDonald ME, Vonsattel JP, Shrinidhi J, Couropmitree NN, Cupples LA, Bird
ED, Gusella JF, Myers RH. Evidence for the GIuR6 gene associated with younger
onset age of Huntington's disease. Neurology 1999;53:1330-2.

Naze P, Vuillaume I, Destee A, Pasquier F, Sablonniere B. Mutation analysis and
association studies of the ubiquitin carboxy-terminal hydrolase L1 gene in
Huntington's disease. Neurosci.Lett. 2002;328:1-4.

Panas M, Avramopoulos D, Karadima G, Petersen MB, Vassilopoulos D.
Apolipoprotein E and presenilin-1 genotypes in Huntington's disease. J.Neurol.
1999;246:574-7.

Kehoe P, Krawczak M, Harper PS, Owen MJ, Jones AL. Age of onset in
Huntington disease: sex specific influence of apolipoprotein E genotype and
normal CAG repeat length. J.Med.Genet. 1999;36:108-11.

Holbert S, Denghien I, Kiechle T, Rosenblatt A, Wellington C, Hayden MR,
Margolis RL, Ross CA, Dausset J, Ferrante RJ, Neri C. The GIn-Ala repeat
transcriptional activator CA150 interacts with huntingtin: neuropathologic and
genetic evidence for a role in Huntington's disease pathogenesis.
Proc.Natl.Acad.Sci.U.S.A 2001;98:1811-6.

Chattopadhyay B, Baksi K, Mukhopadhyay S, Bhattacharyya NP. Modulation of
age at onset of Huntington disease patients by variations in TP53 and human
caspase activated DNase (hCAD) genes. Neurosci.Lett. 2005;374:81-6.

Arning L, Kraus PH, Valentin S, Saft C, Andrich J, Epplen JT. NR2A and NR2B
receptor gene variations modify age at onset in Huntington disease.
Neurogenetics. 2005;6:25-8.

Andresen JM, Gayan J, Cherny SS, Brocklebank D, korta-Aranburu G, Addis EA,
Cardon LR, Housman DE, Wexler NS. Replication of twelve association studies
for Huntington's disease residual age of onset in large Venezuelan kindreds.
J.Med.Genet. 2007;44:44-50.

Rudnicki DD, Margolis RL. Repeat expansion and autosomal dominant
neurodegenerative disorders: consensus and controversy. Expert.Rev.Mol.Med.
2003;5:1-24.

Harper PS. New genes for old diseases: the molecular basis of myotonic
dystrophy and Huntington's disease. The Lumleian Lecture 1995.
J.R.Coll.Physicians Lond 1996;30:221-31.

86



38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

Duyao MP, Auerbach AB, Ryan A, Persichetti F, Barnes GT, McNeil SM, Ge P,
Vonsattel JP, Gusella JF, Joyner AL, . Inactivation of the mouse Huntington's
disease gene homolog Hdh. Science 1995;269:407-10.

Nasir J, Floresco SB, O'Kusky JR, Diewert VM, Richman JM, Zeisler J,
Borowski A, Marth JD, Phillips AG, Hayden MR. Targeted disruption of the
Huntington's disease gene results in embryonic lethality and behavioral and
morphological changes in heterozygotes. Cell 1995;81:811-23.

Zeitlin S, Liu JP, Chapman DL, Papaioannou VE, Efstratiadis A. Increased
apoptosis and early embryonic lethality in mice nullizygous for the Huntington's
disease gene homologue. Nat.Genet. 1995;11:155-63.

White JK, Auerbach W, Duyao MP, Vonsattel JP, Gusella JF, Joyner AL,
MacDonald ME. Huntingtin is required for neurogenesis and is not impaired by
the Huntington's disease CAG expansion. Nat.Genet. 1997;17:404-10.

Ordway JM, Tallaksen-Greene S, Gutekunst CA, Bernstein EM, Cearley JA,
Wiener HW, Dure LS, Lindsey R, Hersch SM, Jope RS, Albin RL, Detloff PJ.
Ectopically expressed CAG repeats cause intranuclear inclusions and a
progressive late onset neurological phenotype in the mouse. Cell 1997;91:753-63.

Rubinsztein DC. Lessons from animal models of Huntington's disease. Trends
Genet. 2002;18:202-9.

Dragatsis I, Levine MS, Zeitlin S. Inactivation of Hdh in the brain and testis
results in progressive neurodegeneration and sterility in mice. Nat.Genet.
2000;26:300-6.

Cattaneo E, Zuccato C, Tartari M. Normal huntingtin function: an alternative
approach to Huntington's disease. Nat.Rev.Neurosci. 2005;6:919-30.

Trottier Y, Devys D, Imbert G, Saudou F, An I, Lutz Y, Weber C, Agid Y, Hirsch
EC, Mandel JL. Cellular localization of the Huntington's disease protein and
discrimination of the normal and mutated form. Nat.Genet. 1995;10:104-10.

Ferrante RJ, Gutekunst CA, Persichetti F, McNeil SM, Kowall NW, Gusella JF,
MacDonald ME, Beal MF, Hersch SM. Heterogeneous topographic and cellular
distribution of huntingtin expression in the normal human neostriatum.
J.Neurosci. 1997;17:3052-63.

Fusco FR, Chen Q, Lamoreaux WJ, Figueredo-Cardenas G, Jiao Y, Coffman JA,
Surmeier DJ, Honig MG, Carlock LR, Reiner A. Cellular localization of
huntingtin in striatal and cortical neurons in rats: lack of correlation with neuronal
vulnerability in Huntington's disease. J.Neurosci. 1999;19:1189-202.

Wexler NS, Young AB, Tanzi RE, Travers H, Starosta-Rubinstein S, Penney JB,
Snodgrass SR, Shoulson I, Gomez F, Ramos Arroyo MA, . Homozygotes for
Huntington's disease. Nature 1987;326:194-7.

Myers RH, Leavitt J, Farrer LA, Jagadeesh J, McFarlane H, Mastromauro CA,
Mark RJ, Gusella JF. Homozygote for Huntington disease. Am.J.Hum.Genet.
1989;45:615-8.

87



51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

61.

62.

Auerbach W, Hurlbert MS, Hilditch-Maguire P, Wadghiri YZ, Wheeler VC,
Cohen SI, Joyner AL, MacDonald ME, Turnbull DH. The HD mutation causes
progressive lethal neurological disease in mice expressing reduced levels of
huntingtin. Hum.Mol.Genet. 2001;10:2515-23.

Reiner A, Del MN, Meade CA, Yang H, Dragatsis I, Zeitlin S, Goldowitz D.
Neurons lacking huntingtin differentially colonize brain and survive in chimeric
mice. J.Neurosci. 2001;21:7608-19.

Rigamonti D, Bauer JH, De-Fraja C, Conti L, Sipione S, Sciorati C, Clementi E,
Hackam A, Hayden MR, Li Y, Cooper JK, Ross CA, Govoni S, Vincenz C,
Cattaneo E. Wild-type huntingtin protects from apoptosis upstream of caspase-3.
J.Neurosci. 2000;20:3705-13.

Zhang Y, Li M, Drozda M, Chen M, Ren S, Mejia Sanchez RO, Leavitt BR,
Cattaneo E, Ferrante RJ, Hayden MR, Friedlander RM. Depletion of wild-type
huntingtin in mouse models of neurologic diseases. J.Neurochem. 2003;87:101-6.

Leavitt BR, Van Raamsdonk JM, Shehadeh J, Fernandes H, Murphy Z, Graham
RK, Wellington CL, Raymond LA, Hayden MR. Wild-type huntingtin protects
neurons from excitotoxicity. J.Neurochem. 2006;96:1121-9.

Zuccato C, Ciammola A, Rigamonti D, Leavitt BR, Goffredo D, Conti L,
MacDonald ME, Friedlander RM, Silani V, Hayden MR, Timmusk T, Sipione S,
Cattaneo E. Loss of huntingtin-mediated BDNF gene transcription in
Huntington's disease. Science 2001;293:493-8.

Zuccato C, Tartari M, Crotti A, Goffredo D, Valenza M, Conti L, Cataudella T,
Leavitt BR, Hayden MR, Timmusk T, Rigamonti D, Cattaneo E. Huntingtin
interacts with REST/NRSF to modulate the transcription of NRSE-controlled
neuronal genes. Nat.Genet. 2003;35:76-83.

Altar CA, Cai N, Bliven T, Juhasz M, Conner JM, Acheson AL, Lindsay RM,
Wiegand SJ. Anterograde transport of brain-derived neurotrophic factor and its
role in the brain. Nature 1997;389:856-60.

Baquet ZC, Gorski JA, Jones KR. Early striatal dendrite deficits followed by
neuron loss with advanced age in the absence of anterograde cortical brain-
derived neurotrophic factor. J.Neurosci. 2004;24:4250-8.

Ivkovic S, Ehrlich ME. Expression of the striatal DARPP-32/ARPP-21 phenotype
in GABAergic neurons requires neurotrophins in vivo and in vitro. J.Neurosci.
1999;19:5409-19.

Mizuno K, Carnahan J, Nawa H. Brain-derived neurotrophic factor promotes
differentiation of striatal GABAergic neurons. Dev.Biol. 1994;165:243-56.

Ventimiglia R, Mather PE, Jones BE, Lindsay RM. The neurotrophins BDNF,
NT-3 and NT-4/5 promote survival and morphological and biochemical
differentiation of striatal neurons in vitro. Eur.J.Neurosci. 1995;7:213-22.

88



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Jovanovic JN, Czernik AJ, Fienberg AA, Greengard P, Sihra TS. Synapsins as
mediators of BDNF-enhanced neurotransmitter release. Nat.Neurosci.
2000;3:323-9.

Bemelmans AP, Horellou P, Pradier L, Brunet I, Colin P, Mallet J. Brain-derived
neurotrophic factor-mediated protection of striatal neurons in an excitotoxic rat
model of Huntington's disease, as demonstrated by adenoviral gene transfer.
Hum.Gene Ther. 1999;10:2987-97.

Canals JM, Checa N, Marco S, Akerud P, Michels A, Perez-Navarro E, Tolosa E,
Arenas E, Alberch J. Expression of brain-derived neurotrophic factor in cortical
neurons is regulated by striatal target area. J.Neurosci. 2001;21:117-24.

Perez-Navarro E, Gavalda N, Gratacos E, Alberch J. Brain-derived neurotrophic
factor prevents changes in Bcl-2 family members and caspase-3 activation
induced by excitotoxicity in the striatum. J.Neurochem. 2005;92:678-91.

Trushina E, Dyer RB, Badger JD, Ure D, Eide L, Tran DD, Vrieze BT, Legendre-
Guillemin V, McPherson PS, Mandavilli BS, Van HB, Zeitlin S, McNiven M,
Aebersold R, Hayden M, Parisi JE, Seeberg E, Dragatsis I, Doyle K, Bender A,
Chacko C, McMurray CT. Mutant huntingtin impairs axonal trafficking in
mammalian neurons in vivo and in vitro. Mol.Cell Biol. 2004;24:8195-209.

Gauthier LR, Charrin BC, Borrell-Pages M, Dompierre JP, Rangone H,
Cordelieres FP, De MJ, MacDonald ME, Lessmann V, Humbert S, Saudou F.
Huntingtin controls neurotrophic support and survival of neurons by enhancing
BDNF vesicular transport along microtubules. Cell 2004;118:127-38.

Engqvist-Goldstein AE, Warren RA, Kessels MM, Keen JH, Heuser J, Drubin
DG. The actin-binding protein Hip1R associates with clathrin during early stages
of endocytosis and promotes clathrin assembly in vitro. J.Cell Biol.
2001;154:1209-23.

Metzler M, Legendre-Guillemin V, Gan L, Chopra V, Kwok A, McPherson PS,
Hayden MR. HIP1 functions in clathrin-mediated endocytosis through binding to
clathrin and adaptor protein 2. J.Biol.Chem. 2001;276:39271-6.

Waelter S, Scherzinger E, Hasenbank R, Nordhoff E, Lurz R, Goehler H, Gauss
C, Sathasivam K, Bates GP, Lehrach H, Wanker EE. The huntingtin interacting
protein HIP1 is a clathrin and alpha-adaptin-binding protein involved in receptor-
mediated endocytosis. Hum.Mol.Genet. 2001;10:1807-17.

Smith R, Brundin P, Li JY. Synaptic dysfunction in Huntington's disease: a new
perspective. Cell Mol.Life Sci. 2005;62:1901-12.

Sun'Y, Savanenin A, Reddy PH, Liu YF. Polyglutamine-expanded huntingtin
promotes sensitization of N-methyl-D-aspartate receptors via post-synaptic
density 95. J.Biol.Chem. 2001;276:24713-8.

Xia J, Lee DH, Taylor J, Vandelft M, Truant R. Huntingtin contains a highly
conserved nuclear export signal. Hum.Mol.Genet. 2003;12:1393-403.

89



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Perutz MF, Johnson T, Suzuki M, Finch JT. Glutamine repeats as polar zippers:
their possible role in inherited neurodegenerative diseases.
Proc.Natl.Acad.Sci.U.S.A 1994;91:5355-8.

Harjes P, Wanker EE. The hunt for huntingtin function: interaction partners tell
many different stories. Trends Biochem.Sci. 2003;28:425-33.

Li SH, Li XJ. Huntingtin-protein interactions and the pathogenesis of
Huntington's disease. Trends Genet. 2004;20:146-54.

Goehler H, Lalowski M, Stelzl U, Waelter S, Stroedicke M, Worm U, Droege A,
Lindenberg KS, Knoblich M, Haenig C, Herbst M, Suopanki J, Scherzinger E,
Abraham C, Bauer B, Hasenbank R, Fritzsche A, Ludewig AH, Bussow K,
Coleman SH, Gutekunst CA, Landwehrmeyer BG, Lehrach H, Wanker EE. A
protein interaction network links GIT1, an enhancer of huntingtin aggregation, to
Huntington's disease. Mol.Cell 2004;15:853-65.

Rubinsztein DC, Carmichael J. Huntington's disease: molecular basis of
neurodegeneration. Expert.Rev.Mol.Med. 2003;5:1-21.

DiFiglia M, Sapp E, Chase KO, Davies SW, Bates GP, Vonsattel JP, Aronin N.
Aggregation of huntingtin in neuronal intranuclear inclusions and dystrophic
neurites in brain. Science 1997;277:1990-3.

Farrer LA, Conneally PM. A genetic model for age at onset in Huntington
disease. Am.J.Hum.Genet. 1985;37:350-7.

Folstein SE. Huntington's disease: a disorder of families. Baltimore: Johns
Hopkins University Press, 1989.

Andrew SE, Goldberg YP, Kremer B, Telenius H, Theilmann J, Adam S, Starr E,
Squitieri F, Lin B, Kalchman MA, . The relationship between trinucleotide (CAG)
repeat length and clinical features of Huntington's disease. Nat.Genet.
1993;4:398-403.

Langbehn DR, Brinkman RR, Falush D, Paulsen JS, Hayden MR. A new model
for prediction of the age of onset and penetrance for Huntington's disease based
on CAG length. Clin.Genet. 2004;65:267-77.

Foroud T, Gray J, Ivashina J, Conneally PM. Differences in duration of
Huntington's disease based on age at onset. J.Neurol.Neurosurg.Psychiatry
1999;66:52-6.

Walker FO. Huntington's disease. Lancet 2007;369:218-28.

Huntington Study Group. Unified Huntington's Disease Rating Scale-99.
Rochester NY: Huntington Study Group, 1999.

Wild EJ, Tabrizi SJ. Huntington's disease phenocopy syndromes.
Curr.Opin.Neurol. 2007;20:681-7.

Wild EJ, Tabrizi SJ. The differential diagnosis of chorea. Pract.Neurol.
2007;7:360-73.

Huntington G. On chorea. Med Surg Rep 2010;26:317-21.

90



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Starr PA, Kang GA, Heath S, Shimamoto S, Turner RS. Pallidal neuronal
discharge in Huntington's disease: support for selective loss of striatal cells
originating the indirect pathway. Exp.Neurol. 2008;211:227-33.

Glass M, Dragunow M, Faull RL. The pattern of neurodegeneration in
Huntington's disease: a comparative study of cannabinoid, dopamine, adenosine
and GABA(A) receptor alterations in the human basal ganglia in Huntington's
disease. Neuroscience 2000;97:505-19.

Deng YP, Albin RL, Penney JB, Young AB, Anderson KD, Reiner A. Differential
loss of striatal projection systems in Huntington's disease: a quantitative
immunohistochemical study. J.Chem.Neuroanat. 2004;27:143-64.

Mahant N, McCusker EA, Byth K, Graham S. Huntington's disease: clinical
correlates of disability and progression. Neurology 2003;61:1085-92.

Young AB, Shoulson I, Penney JB, Starosta-Rubinstein S, Gomez F, Travers H,
Ramos-Arroyo MA, Snodgrass SR, Bonilla E, Moreno H, . Huntington's disease
in Venezuela: neurologic features and functional decline. Neurology 1986;36:244-
9.

Gordon AM, Quinn L, Reilmann R, Marder K. Coordination of prehensile forces
during precision grip in Huntington's disease. Exp.Neurol. 2000;163:136-48.

Biglan KM, Ross CA, Langbehn DR, Aylward EH, Stout JC, Queller S, Carlozzi
NE, Duff K, Beglinger LJ, Paulsen JS. Motor abnormalities in premanifest
persons with Huntington's disease: the PREDICT-HD study. Mov Disord.
2009;24:1763-72.

Kirkwood SC, Siemers E, Bond C, Conneally PM, Christian JC, Foroud T.
Confirmation of subtle motor changes among presymptomatic carriers of the
Huntington disease gene. Arch.Neurol. 2000;57:1040-4.

Kirkwood SC, Siemers E, Hodes ME, Conneally PM, Christian JC, Foroud T.
Subtle changes among presymptomatic carriers of the Huntington's disease gene.
J.Neurol.Neurosurg.Psychiatry 2000;69:773-9.

Paulsen JS, Langbehn DR, Stout JC, Aylward E, Ross CA, Nance M, Guttman M,
Johnson S, MacDonald M, Beglinger LJ, Duff K, Kayson E, Biglan K, Shoulson
I, Oakes D, Hayden M. Detection of Huntington's disease decades before
diagnosis: the Predict-HD study. J.Neurol.Neurosurg.Psychiatry 2008;79:874-80.

Tabrizi SJ, Langbehn DR, Leavitt BR, Roos RA, Durr A, Craufurd D, Kennard C,
Hicks SL, Fox NC, Scahill RI, Borowsky B, Tobin AJ, Rosas HD, Johnson H,
Reilmann R, Landwehrmeyer B, Stout JC. Biological and clinical manifestations
of Huntington's disease in the longitudinal TRACK-HD study: cross-sectional
analysis of baseline data. Lancet Neurol. 2009;8:791-801.

André-Thomas M, Abely X, de Ajuriaguerra J, Eullien L. Troubles de I'élevation
des globes oculaires dans un case de chorée de Huntington. Revue Neurologique
(Paris) 1945;77:248-50.

Cogan D. Paralysis of down-gaze. Archives of Ophthalmology 1974;91:192-9.

91



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Lasker AG, Zee DS. Ocular motor abnormalities in Huntington's disease. Vision
Res. 1997;37:3639-45.

Avanzini G, Girotti F, Caraceni T, Spreafico R. Oculomotor disorders in
Huntington's chorea. J.Neurol.Neurosurg.Psychiatry 1979;42:581-9.

Koeppen AH. The nucleus pontis centralis caudalis in Huntington's disease.
J.Neurol.Sci. 1989;91:129-41.

Leigh RJ, Newman SA, Folstein SE, Lasker AG, Jensen BA. Abnormal ocular
motor control in Huntington's disease. Neurology 1983;33:1268-75.

Starr A. A disorder of rapid eye movements in Huntington's chorea. Brain
1967;90:545-64.

Zangemeister WH, Mueller-Jensen A. The co-ordination of gaze movements in
Huntington's disease. Neuro-Opthalmology 1985;5:193-206.

Becker W, Jurgens R, Kassubek J, Ecker D, Kramer B, Landwehrmeyer B. Eye-
head coordination in moderately affected Huntington's Disease patients: do head
movements facilitate gaze shifts? Exp.Brain Res. 2009;192:97-112.

Golding CV, Danchaivijitr C, Hodgson TL, Tabrizi SJ, Kennard C. Identification
of an oculomotor biomarker of preclinical Huntington disease. Neurology
2006;67:485-7.

Lasker AG, Zee DS, Hain TC, Folstein SE, Singer HS. Saccades in Huntington's
disease: slowing and dysmetria. Neurology 1988;38:427-31.

Oepen G, Clarenbach P, Thoden U. Disturbance of eye movements in
Huntington's chorea. Arch.Psychiatr.Nervenkr. 1981;229:205-13.

Beenen N, Buttner U, Lange HW. The diagnostic value of eye movement
recordings in patients with Huntington's disease and their offspring.
Electroencephalogr.Clin.Neurophysiol. 1986;63:119-27.

Garcia Ruiz PJ, Cenjor C, Ulmer E, Hernandez J, Cantarero S, Fanjul S, Garcia de
YJ. [Speed of ocular saccades in Huntington disease. Prospective study].
Neurologia 2001;16:70-3.

Bollen E, Reulen JP, Den Heyer JC, Van der KW, Roos RA, Buruma OJ.
Horizontal and vertical saccadic eye movement abnormalities in Huntington's
chorea. J.Neurol.Sci. 1986;74:11-22.

Rubin AJ, King WM, Reinbold KA, Shoulson I. Quantitative longitudinal
assessment of saccades in Huntington's disease. J.Clin.Neuroophthalmol.
1993;13:59-66.

Siemers E, Foroud T, Bill DJ, Sorbel J, Norton JA, Jr., Hodes ME, Niebler G,
Conneally PM, Christian JC. Motor changes in presymptomatic Huntington
disease gene carriers. Arch.Neurol. 1996;53:487-92.

Blekher T, Johnson SA, Marshall J, White K, Hui S, Weaver M, Gray J, Yee R,
Stout JC, Beristain X, Wojcieszek J, Foroud T. Saccades in presymptomatic and
early stages of Huntington disease. Neurology 2006;67:394-9.

92



120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

Antoniades CA, Altham PM, Mason SL, Barker RA, Carpenter R. Saccadometry:
a new tool for evaluating presymptomatic Huntington patients. Neuroreport
2007;18:1133-6.

Ali FR, Michell AW, Barker RA, Carpenter RH. The use of quantitative
oculometry in the assessment of Huntington's disease. Exp.Brain Res.
2006;169:237-45.

Blekher TM, Yee RD, Kirkwood SC, Hake AM, Stout JC, Weaver MR, Foroud
TM. Oculomotor control in asymptomatic and recently diagnosed individuals with
the genetic marker for Huntington's disease. Vision Res. 2004;44:2729-36.

Hicks SL, Robert MP, Golding CV, Tabrizi SJ, Kennard C. Oculomotor deficits
indicate the progression of Huntington's disease. Prog.Brain Res. 2008;171:555-
8.

Peltsch A, Hoffman A, Armstrong I, Pari G, Munoz DP. Saccadic impairments in
Huntington's disease. Exp.Brain Res. 2008;186:457-69.

Tian JR, Zee DS, Lasker AG, Folstein SE. Saccades in Huntington's disease:
predictive tracking and interaction between release of fixation and initiation of
saccades. Neurology 1991;41:875-81.

Winograd-Gurvich CT, Georgiou-Karistianis N, Evans A, Millist L, Bradshaw JL,
Churchyard A, Chiu E, White OB. Hypometric primary saccades and increased
variability in visually-guided saccades in Huntington's disease. Neuropsychologia
2003;41:1683-92.

Lasker AG, Zee DS, Hain TC, Folstein SE, Singer HS. Saccades in Huntington's
disease: initiation defects and distractibility. Neurology 1987;37:364-70.

Rothlind JC, Brandt J, Zee D, Codori AM, Folstein S. Unimpaired verbal memory
and oculomotor control in asymptomatic adults with the genetic marker for
Huntington's disease. Arch.Neurol. 1993;50:799-802.

Paulsen JS, Conybeare RA. Cognitive changes in Huntington's disease.
Adv.Neurol. 2005;96:209-25.

Kirkwood SC, Siemers E, Stout JC, Hodes ME, Conneally PM, Christian JC,
Foroud T. Longitudinal cognitive and motor changes among presymptomatic
Huntington disease gene carriers. Arch.Neurol. 1999;56:563-8.

Paulsen JS, Hayden M, Stout JC, Langbehn DR, Aylward E, Ross CA, Guttman
M, Nance M, Kieburtz K, Oakes D, Shoulson I, Kayson E, Johnson S, Penziner E.
Preparing for preventive clinical trials: the Predict-HD study. Arch.Neurol.
2006;63:883-90.

Stout JC, Weaver M, Solomon AC, Queller S, Hui S, Johnson SA, Gray J,
Beristain X, Wojcieszek J, Foroud T. Are cognitive changes progressive in
prediagnostic HD? Cogn Behav.Neurol. 2007;20:212-8.

Stout JC, Rodawalt WC, Siemers ER. Risky decision making in Huntington's
disease. J.Int.Neuropsychol.Soc. 2001;7:92-101.

93



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

Lange KW, Sahakian BJ, Quinn NP, Marsden CD, Robbins TW. Comparison of
executive and visuospatial memory function in Huntington's disease and dementia
of Alzheimer type matched for degree of dementia.
J.Neurol.Neurosurg.Psychiatry 1995;58:598-606.

Lawrence AD, Sahakian BJ, Hodges JR, Rosser AE, Lange KW, Robbins TW.
Executive and mnemonic functions in early Huntington's disease. Brain 1996;119
(Pt5):1633-45.

Butters N, Salmon D, Heindel WC. Specificity of the memory deficits associated
with basal ganglia dysfunction. Rev.Neurol.(Paris) 1994;150:580-7.

Delis DC, Kramer JH, Kaplan E, Ober BA. The California Verbal Learning Test.
New York: Psychological Corporation, 1987.

Massman PJ, Delis DC, Butters N, Levin BE, Salmon DP. Are all subcortical
dementias alike? Verbal learning and memory in Parkinson's and Huntington's
disease patients. J.Clin.Exp.Neuropsychol. 1990;12:729-44.

Mohr E, Brouwers P, Claus JJ, Mann UM, Fedio P, Chase TN. Visuospatial
cognition in Huntington's disease. Mov Disord. 1991;6:127-32.

Mohr E, Walker D, Randolph C, Sampson M, Mendis T. Utility of clinical trial
batteries in the measurement of Alzheimer's and Huntington's dementia.
Int.Psychogeriatr. 1996;8:397-411.

Davis JD, Filoteo JV, Kesner RP, Roberts JW. Recognition memory for hand
positions and spatial locations in patients with Huntington's disease: differential
visuospatial memory impairment? Cortex 2003;39:239-53.

Randolph C, Mohr E, Chase TN. Assessment of intellectual function in dementing
disorders: validity of WAIS-R short forms for patients with Alzheimer's,
Huntington's, and Parkinson's disease. J.Clin.Exp.Neuropsychol. 1993;15:743-53.

Randolph C. Implicit, explicit, and semantic memory functions in Alzheimer's
disease and Huntington's disease. J.Clin.Exp.Neuropsychol. 1991;13:479-94,

Ho AK, Sahakian BJ, Robbins TW, Barker RA, Rosser AE, Hodges JR. Verbal
fluency in Huntington's disease: a longitudinal analysis of phonemic and semantic
clustering and switching. Neuropsychologia 2002;40:1277-84.

Rich JB, Troyer AK, Bylsma FW, Brandt J. Longitudinal analysis of phonemic
clustering and switching during word-list generation in Huntington's disease.
Neuropsychology. 1999;13:525-31.

Speedie LJ, Brake N, Folstein SE, Bowers D, Heilman KM. Comprehension of
prosody in Huntington's disease. J.Neurol.Neurosurg.Psychiatry 1990;53:607-10.

Weigell-Weber M, Schmid W, Spiegel R. Psychiatric symptoms and CAG
expansion in Huntington's disease. Am.J.Med.Genet. 1996;67:53-7.

Slaughter JR, Martens MP, Slaughter KA. Depression and Huntington's disease:
prevalence, clinical manifestations, etiology, and treatment. CNS.Spectr.
2001;6:306-26.

94



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Julien CL, Thompson JC, Wild S, Yardumian P, Snowden JS, Turner G, Craufurd
D. Psychiatric disorders in preclinical Huntington's disease.
J.Neurol.Neurosurg.Psychiatry 2007;78:939-43.

Di ML, Squitieri F, Napolitano G, Campanella G, Trofatter JA, Conneally PM.
Suicide risk in Huntington's disease. J.Med.Genet. 1993;30:293-5.

Craufurd D, Thompson JC, Snowden JS. Behavioral changes in Huntington
Disease. Neuropsychiatry Neuropsychol.Behav.Neurol. 2001;14:219-26.

Baliko L, Csala B, Czopf J. Suicide in Hungarian Huntington's disease patients.
Neuroepidemiology 2004;23:258-60.

Robins Wahlin TB, Backman L, Lundin A, Haegermark A, Winblad B, Anvret M.
High suicidal ideation in persons testing for Huntington's disease. Acta
Neurol.Scand. 2000;102:150-61.

Kirkwood SC, Siemers E, Viken R, Hodes ME, Conneally PM, Christian JC,
Foroud T. Longitudinal personality changes among presymptomatic Huntington
disease gene carriers. Neuropsychiatry Neuropsychol.Behav.Neurol 2002;15:192-
7.

Pflanz S, Besson JA, Ebmeier KP, Simpson S. The clinical manifestation of
mental disorder in Huntington's disease: a retrospective case record study of
disease progression. Acta Psychiatr.Scand. 1991;83:53-60.

Burns A, Folstein S, Brandt J, Folstein M. Clinical assessment of irritability,
aggression, and apathy in Huntington and Alzheimer disease. J.Nerv.Ment.Dis.
1990;178:20-6.

Paulsen JS, Ready RE, Hamilton JM, Mega MS, Cummings JL. Neuropsychiatric
aspects of Huntington's disease. J.Neurol.Neurosurg.Psychiatry 2001;71:310-4.

Levy ML, Cummings JL, Fairbanks LA, Masterman D, Miller BL, Craig AH,
Paulsen JS, Litvan I. Apathy is not depression. J.Neuropsychiatry Clin.Neurosci.
1998;10:314-9.

Thompson JC, Snowden JS, Craufurd D, Neary D. Behavior in Huntington's
disease: dissociating cognition-based and mood-based changes. J.Neuropsychiatry
Clin.Neurosci. 2002;14:37-43.

Marder K, Zhao H, Myers RH, Cudkowicz M, Kayson E, Kieburtz K, Orme C,
Paulsen J, Penney JB, Jr., Siemers E, Shoulson I. Rate of functional decline in
Huntington's disease. Huntington Study Group. Neurology 2000;54:452-8.

Marshall J, White K, Weaver M, Flury WL, Hui S, Stout JC, Johnson SA,
Beristain X, Gray J, Wojcieszek J, Foroud T. Specific psychiatric manifestations
among preclinical Huntington disease mutation carriers. Arch.Neurol.
2007:64:116-21.

Anderson KE, Marder KS. An overview of psychiatric symptoms in Huntington's
disease. Curr.Psychiatry Rep. 2001;3:379-88.

95



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Shiwach RS, Norbury CG. A controlled psychiatric study of individuals at risk for
Huntington's disease. Br.J.Psychiatry 1994;165:500-5.

Lovestone S, Hodgson S, Sham P, Differ AM, Levy R. Familial psychiatric
presentation of Huntington's disease. J.Med.Genet. 1996;33:128-31.

Mendez MF. Huntington's disease: update and review of neuropsychiatric aspects.
Int.J.Psychiatry Med. 1994;24:189-208.

Jensen P, Sorensen SA, Fenger K, Bolwig TG. A study of psychiatric morbidity
in patients with Huntington's disease, their relatives, and controls. Admissions to
psychiatric hospitals in Denmark from 1969 to 1991. Br.J.Psychiatry
1993;163:790-7.

Vonsattel JP. Huntington disease models and human neuropathology: similarities
and differences. Acta Neuropathol. 2008;115:55-69.

Vonsattel JP, Myers RH, Stevens TJ, Ferrante RJ, Bird ED, Richardson EP, Jr.
Neuropathological classification of Huntington's disease.
J.Neuropathol.Exp.Neurol. 1985;44:559-77.

Margolis RL, Ross CA. Expansion explosion: new clues to the pathogenesis of
repeat expansion neurodegenerative diseases. Trends Mol.Med. 2001;7:479-82.

Bohanna I, Georgiou-Karistianis N, Hannan AJ, Egan GF. Magnetic resonance
imaging as an approach towards identifying neuropathological biomarkers for
Huntington's disease. Brain Res.Rev. 2008;58:209-25.

Aylward EH, Sparks BF, Field KM, Yallapragada V, Shpritz BD, Rosenblatt A,
Brandt J, Gourley LM, Liang K, Zhou H, Margolis RL, Ross CA. Onset and rate
of striatal atrophy in preclinical Huntington disease. Neurology 2004;63:66-72.

Aylward EH, Codori AM, Rosenblatt A, Sherr M, Brandt J, Stine OC, Barta PE,
Pearlson GD, Ross CA. Rate of caudate atrophy in presymptomatic and
symptomatic stages of Huntington's disease. Mov Disord. 2000;15:552-60.

Harris GJ, Pearlson GD, Peyser CE, Aylward EH, Roberts J, Barta PE, Chase GA,
Folstein SE. Putamen volume reduction on magnetic resonance imaging exceeds
caudate changes in mild Huntington's disease. Ann.Neurol. 1992;31:69-75.

Kassubek J, Juengling FD, Kioschies T, Henkel K, Karitzky J, Kramer B, Ecker
D, Andrich J, Saft C, Kraus P, Aschoff AJ, Ludolph AC, Landwehrmeyer GB.
Topography of cerebral atrophy in early Huntington's disease: a voxel based
morphometric MRI study. J.Neurol.Neurosurg.Psychiatry 2004;75:213-20.

Mascalchi M, Lolli F, Della NR, Tessa C, Petralli R, Gavazzi C, Politi LS,
Macucci M, Filippi M, Piacentini S. Huntington disease: volumetric, diffusion-
weighted, and magnetization transfer MR imaging of brain. Radiology
2004,;232:867-73.

Aylward EH, Rosenblatt A, Field K, Yallapragada V, Kieburtz K, McDermott M,
Raymond LA, Almgvist EW, Hayden M, Ross CA. Caudate volume as an
outcome measure in clinical trials for Huntington's disease: a pilot study. Brain
Res.Bull. 2003;62:137-41.

96



177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Backman L, Robins-Wahlin TB, Lundin A, Ginovart N, Farde L. Cognitive
deficits in Huntington's disease are predicted by dopaminergic PET markers and
brain volumes. Brain 1997;120 ( Pt 12):2207-17.

Brandt J, Bylsma FW, Aylward EH, Rothlind J, Gow CA. Impaired source
memory in Huntington's disease and its relation to basal ganglia atrophy.
J.Clin.Exp.Neuropsychol. 1995;17:868-77.

Starkstein SE, Brandt J, Bylsma F, Peyser C, Folstein M, Folstein SE.
Neuropsychological correlates of brain atrophy in Huntington's disease: a
magnetic resonance imaging study. Neuroradiology 1992;34:487-9.

Peinemann A, Schuller S, Pohl C, Jahn T, Weindl A, Kassubek J. Executive
dysfunction in early stages of Huntington's disease is associated with striatal and
insular atrophy: a neuropsychological and voxel-based morphometric study.
J.Neurol.Sci. 2005;239:11-9.

Kloppel S, Henley SM, Hobbs NZ, Wolf RC, Kassubek J, Tabrizi SJ, Frackowiak
RS. Magnetic resonance imaging of Huntington's disease: preparing for clinical
trials. Neuroscience 2009;164:205-19.

Aylward EH, Brandt J, Codori AM, Mangus RS, Barta PE, Harris GJ. Reduced
basal ganglia volume associated with the gene for Huntington's disease in
asymptomatic at-risk persons. Neurology 1994;44:823-8.

Aylward EH, Codori AM, Barta PE, Pearlson GD, Harris GJ, Brandt J. Basal
ganglia volume and proximity to onset in presymptomatic Huntington disease.
Arch.Neurol. 1996;53:1293-6.

Aylward EH, Anderson NB, Bylsma FW, Wagster MV, Barta PE, Sherr M,
Feeney J, Davis A, Rosenblatt A, Pearlson GD, Ross CA. Frontal lobe volume in
patients with Huntington's disease. Neurology 1998;50:252-8.

Douaud G, Gaura V, Ribeiro MJ, Lethimonnier F, Maroy R, Verny C,
Krystkowiak P, Damier P, Bachoud-Levi AC, Hantraye P, Remy P. Distribution
of grey matter atrophy in Huntington's disease patients: a combined ROI-based
and voxel-based morphometric study. Neuroimage. 2006;32:1562-75.

Harris GJ, Codori AM, Lewis RF, Schmidt E, Bedi A, Brandt J. Reduced basal
ganglia blood flow and volume in pre-symptomatic, gene-tested persons at-risk
for Huntington's disease. Brain 1999;122 ( Pt 9):1667-78.

Hersch SM, Gevorkian S, Marder K, Moskowitz C, Feigin A, Cox M, Como P,
Zimmerman C, Lin M, Zhang L, Ulug AM, Beal MF, Matson W, Bogdanov M,
Ebbel E, Zaleta A, Kaneko Y, Jenkins B, Hevelone N, Zhang H, Yu H,
Schoenfeld D, Ferrante R, Rosas HD. Creatine in Huntington disease is safe,
tolerable, bioavailable in brain and reduces serum 80H2'dG. Neurology
2006;66:250-2.

Jurgens CK, van de WL, van Es AC, Grimbergen YM, Witjes-Ane MN, van der
GJ, Middelkoop HA, Roos RA. Basal ganglia volume and clinical correlates in
‘preclinical’ Huntington's disease. J.Neurol. 2008;255:1785-91.

97



189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Kipps CM, Duggins AJ, Mahant N, Gomes L, Ashburner J, McCusker EA.
Progression of structural neuropathology in preclinical Huntington's disease: a
tensor based morphometry study. J Neurol.Neurosurg.Psychiatry 2005;76:650-5.

Muhlau M, Weindl A, Wohlschlager AM, Gaser C, Stadtler M, Valet M, Zimmer
C, Kassubek J, Peinemann A. VVoxel-based morphometry indicates relative
preservation of the limbic prefrontal cortex in early Huntington disease. J.Neural
Transm. 2007;114:367-72.

Nopoulos P, Magnotta VA, Mikos A, Paulson H, Andreasen NC, Paulsen JS.
Morphology of the cerebral cortex in preclinical Huntington's disease.
Am.J.Psychiatry 2007;164:1428-34.

Paulsen JS, Magnotta VA, Mikos AE, Paulson HL, Penziner E, Andreasen NC,
Nopoulos PC. Brain structure in preclinical Huntington's disease. Biol.Psychiatry
2006;59:57-63.

Rosas HD, Liu AK, Hersch S, Glessner M, Ferrante RJ, Salat DH, van der KA,
Jenkins BG, Dale AM, Fischl B. Regional and progressive thinning of the cortical
ribbon in Huntington's disease. Neurology 2002;58:695-701.

Rosas HD, Salat DH, Lee SY, Zaleta AK, Pappu V, Fischl B, Greve D, Hevelone
N, Hersch SM. Cerebral cortex and the clinical expression of Huntington's
disease: complexity and heterogeneity. Brain 2008;131:1057-68.

Ruocco HH, Lopes-Cendes I, Li LM, Santos-Silva M, Cendes F. Striatal and
extrastriatal atrophy in Huntington's disease and its relationship with length of the
CAG repeat. Braz.J.Med.Biol.Res. 2006;39:1129-36.

Thieben MJ, Duggins AJ, Good CD, Gomes L, Mahant N, Richards F, McCusker
E, Frackowiak RS. The distribution of structural neuropathology in pre-clinical
Huntington's disease. Brain 2002;125:1815-28.

Clark VP, Lai S, Deckel AW. Altered functional MRI responses in Huntington's
disease. Neuroreport 2002;13:703-6.

Gavazzi C, Nave RD, Petralli R, Rocca MA, Guerrini L, Tessa C, Diciotti S,
Filippi M, Piacentini S, Mascalchi M. Combining functional and structural brain
magnetic resonance imaging in Huntington disease. J.Comput.Assist. Tomogr.
2007;31:574-80.

Georgiou-Karistianis N, Sritharan A, Farrow M, Cunnington R, Stout J, Bradshaw
J, Churchyard A, Brawn TL, Chua P, Chiu E, Thiruvady D, Egan G. Increased
cortical recruitment in Huntington's disease using a Simon task.
Neuropsychologia 2007;45:1791-800.

Hennenlotter A, Schroeder U, Erhard P, Haslinger B, Stahl R, Weindl A, von
Einsiedel HG, Lange KW, Ceballos-Baumann AO. Neural correlates associated
with impaired disgust processing in pre-symptomatic Huntington's disease. Brain
2004;127:1446-53.

98



201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Kim JS, Reading SA, Brashers-Krug T, Calhoun VD, Ross CA, Pearlson GD.
Functional MRI study of a serial reaction time task in Huntington's disease.
Psychiatry Res. 2004;131:23-30.

Kloppel S, Draganski B, Siebner HR, Tabrizi SJ, Weiller C, Frackowiak RS.
Functional compensation of motor function in pre-symptomatic Huntington's
disease. Brain 2009;132:1624-32.

Paulsen JS, Zimbelman JL, Hinton SC, Langbehn DR, Leveroni CL, Benjamin
ML, Reynolds NC, Rao SM. fMRI biomarker of early neuronal dysfunction in

presymptomatic Huntington's Disease. AJNR Am.J.Neuroradiol. 2004;25:1715-
21.

Reading SA, Dziorny AC, Peroutka LA, Schreiber M, Gourley LM, Yallapragada
V, Rosenblatt A, Margolis RL, Pekar JJ, Pearlson GD, Aylward E, Brandt J,
Bassett SS, Ross CA. Functional brain changes in presymptomatic Huntington's
disease. Ann.Neurol. 2004;55:879-83.

Saft C, Schuttke A, Beste C, Andrich J, Heindel W, Pfleiderer B. fMRI reveals
altered auditory processing in manifest and premanifest Huntington's disease.
Neuropsychologia 2008;46:1279-809.

Wolf RC, Vasic N, Schonfeldt-Lecuona C, Landwehrmeyer GB, Ecker D.
Dorsolateral prefrontal cortex dysfunction in presymptomatic Huntington's
disease: evidence from event-related fMRI. Brain 2007;130:2845-57.

Wolf RC, Vasic N, Schonfeldt-Lecuona C, Ecker D, Landwehrmeyer GB.
Cortical dysfunction in patients with Huntington's disease during working
memory performance. Hum.Brain Mapp. 2009;30:327-39.

Zimbelman JL, Paulsen JS, Mikos A, Reynolds NC, Hoffmann RG, Rao SM.
fMRI detection of early neural dysfunction in preclinical Huntington's disease.
J.Int.Neuropsychol.Soc. 2007;13:758-69.

Wolf RC, Sambataro F, Vasic N, Schonfeldt-Lecuona C, Ecker D,
Landwehrmeyer B. Aberrant connectivity of lateral prefrontal networks in
presymptomatic Huntington's disease. Exp.Neurol. 2008;213:137-44.

Wolf RC, Sambataro F, Vasic N, Schonfeldt-Lecuona C, Ecker D,
Landwehrmeyer B. Altered frontostriatal coupling in pre-manifest Huntington's
disease: effects of increasing cognitive load. Eur.J.Neurol. 2008;15:1180-90.

Thiruvady DR, Georgiou-Karistianis N, Egan GF, Ray S, Sritharan A, Farrow M,
Churchyard A, Chua P, Bradshaw JL, Brawn TL, Cunnington R. Functional
connectivity of the prefrontal cortex in Huntington's disease.
J.Neurol.Neurosurg.Psychiatry 2007;78:127-33.

Hutton SB. Cognitive control of saccadic eye movements. Brain Cogn
2008;68:327-40.

Sparks DL. The brainstem control of saccadic eye movements. Nat.Rev.Neurosci.
2002;3:952-64.

99



214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

McDowell JE, Dyckman KA, Austin BP, Clementz BA. Neurophysiology and
neuroanatomy of reflexive and volitional saccades: evidence from studies of
humans. Brain Cogn 2008;68:255-70.

Dyckman KA, Camchong J, Clementz BA, McDowell JE. An effect of context on
saccade-related behavior and brain activity. Neuroimage. 2007;36:774-84.

Collins CE, Lyon DC, Kaas JH. Distribution across cortical areas of neurons
projecting to the superior colliculus in new world monkeys. Anat.Rec.A
Discov.Mol.Cell Evol.Biol. 2005;285:619-27.

Lock TM, Baizer JS, Bender DB. Distribution of corticotectal cells in macaque.
Exp.Brain Res. 2003;151:455-70.

Greenlee MW. Human cortical areas underlying the perception of optic flow:
brain imaging studies. Int.Rev.Neurobiol. 2000;44:269-92.

Clementz BA, Brahmbhatt SB, McDowell JE, Brown R, Sweeney JA. When does
the brain inform the eyes whether and where to move? An EEG study in humans.
Cereb.Cortex 2007;17:2634-43.

Heide W, Binkofski F, Seitz RJ, Posse S, Nitschke MF, Freund HJ, Kompf D.
Activation of frontoparietal cortices during memorized triple-step sequences of
saccadic eye movements: an fMRI study. Eur.J.Neurosci. 2001;13:1177-89.

Matsuda T, Matsuura M, Ohkubo T, Ohkubo H, Matsushima E, Inoue K, Taira M,
Kojima T. Functional MRI mapping of brain activation during visually guided
saccades and antisaccades: cortical and subcortical networks. Psychiatry Res.
2004;131:147-55.

Sweeney JA, Mintun MA, Kwee S, Wiseman MB, Brown DL, Rosenberg DR,
Carl JR. Positron emission tomography study of voluntary saccadic eye
movements and spatial working memory. J.Neurophysiol. 1996;75:454-68.

Corbetta M, Akbudak E, Conturo TE, Snyder AZ, Ollinger JM, Drury HA,
Linenweber MR, Petersen SE, Raichle ME, Van E, Shulman GL. A common
network of functional areas for attention and eye movements. Neuron
1998;21:761-73.

Colby CL, Duhamel JR, Goldberg ME. Visual, presaccadic, and cognitive
activation of single neurons in monkey lateral intraparietal area. J.Neurophysiol.
1996;76:2841-52.

Colby CL, Goldberg ME. Space and attention in parietal cortex.
Annu.Rev.Neurosci. 1999;22:319-49.

Heiser LM, Colby CL. Spatial updating in area LIP is independent of saccade
direction. J.Neurophysiol. 2006;95:2751-67.

Lynch JC, Graybiel AM, Lobeck LJ. The differential projection of two
cytoarchitectonic subregions of the inferior parietal lobule of macaque upon the
deep layers of the superior colliculus. J.Comp Neurol. 1985;235:241-54.

100



228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

Pare M, Wurtz RH. Progression in neuronal processing for saccadic eye
movements from parietal cortex area lip to superior colliculus. J.Neurophysiol.
2001;85:2545-62.

Ferraina S, Pare M, Wurtz RH. Comparison of cortico-cortical and cortico-
collicular signals for the generation of saccadic eye movements. J.Neurophysiol.
2002;87:845-58.

Tian JR, Lynch JC. Corticocortical input to the smooth and saccadic eye
movement subregions of the frontal eye field in Cebus monkeys. J.Neurophysiol.
1996;76:2754-71.

Amiez C, Kostopoulos P, Champod AS, Petrides M. Local morphology predicts
functional organization of the dorsal premotor region in the human brain.
J.Neurosci. 2006;26:2724-31.

Paus T. Location and function of the human frontal eye-field: a selective review.
Neuropsychologia 1996;34:475-83.

Pierrot-Deseilligny C, Rivaud S, Gaymard B, Agid Y. Cortical control of
reflexive visually-guided saccades. Brain 1991;114 ( Pt 3):1473-85.

Rivaud S, Muri RM, Gaymard B, Vermersch Al, Pierrot-Deseilligny C. Eye
movement disorders after frontal eye field lesions in humans. Exp.Brain Res.
1994;102:110-20.

Pierrot-Deseilligny C, Ploner CJ, Muri RM, Gaymard B, Rivaud-Pechoux S.
Effects of cortical lesions on saccadic: eye movements in humans.
Ann.N.Y.Acad.Sci. 2002;956:216-29.

Leigh RJ, Zee D. The Neurology of Eye Movements. New York: Oxford
University Press, 1999.

Gaymard B, Rivaud S, Pierrot-Deseilligny C. Role of the left and right
supplementary motor areas in memory-guided saccade sequences. Ann.Neurol.
1993;34:404-6.

Kennard C, Mannan SK, Nachev P, Parton A, Mort DJ, Rees G, Hodgson TL,
Husain M. Cognitive processes in saccade generation. Ann.N.Y.Acad.Sci.
2005;1039:176-83.

Merriam EP, Colby CL, Thulborn KR, Luna B, Olson CR, Sweeney JA.
Stimulus-response incompatibility activates cortex proximate to three eye fields.
Neuroimage. 2001;13:794-800.

Parton A, Nachev P, Hodgson TL, Mort D, Thomas D, Ordidge R, Morgan PS,
Jackson S, Rees G, Husain M. Role of the human supplementary eye field in the
control of saccadic eye movements. Neuropsychologia 2007;45:997-1008.

Simo LS, Krisky CM, Sweeney JA. Functional neuroanatomy of anticipatory
behavior: dissociation between sensory-driven and memory-driven systems.
Cereb.Cortex 2005;15:1982-91.

101



242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

Stuphorn V, Taylor TL, Schall JD. Performance monitoring by the supplementary
eye field. Nature 2000;408:857-60.

Huerta MF, Krubitzer LA, Kaas JH. Frontal eye field as defined by intracortical
microstimulation in squirrel monkeys, owl monkeys, and macaque monkeys: |.
Subcortical connections. J.Comp Neurol. 1986;253:415-39.

Segraves MA. Activity of monkey frontal eye field neurons projecting to
oculomotor regions of the pons. J.Neurophysiol. 1992;68:1967-85.

Shook BL, Schlag-Rey M, Schlag J. Primate supplementary eye field: I.
Comparative aspects of mesencephalic and pontine connections. J.Comp Neurol.
1990;301:618-42.

Yan YJ, Cui DM, Lynch JC. Overlap of saccadic and pursuit eye movement
systems in the brain stem reticular formation. J.Neurophysiol. 2001;86:3056-60.

Godoy J, Luders H, Dinner DS, Morris HH, Wyllie E. Versive eye movements
elicited by cortical stimulation of the human brain. Neurology 1990;40:296-9.

Isoda M, Tanji J. Participation of the primate presupplementary motor area in
sequencing multiple saccades. J.Neurophysiol. 2004;92:653-9.

Schlag J, Schlag-Rey M. Evidence for a supplementary eye field. J.Neurophysiol.
1987;57:179-200.

Ettinger U, Ffytche DH, Kumari V, Kathmann N, Reuter B, Zelaya F, Williams
SC. Decomposing the neural correlates of antisaccade eye movements using
event-related FMRI. Cereb.Cortex 2008;18:1148-59.

Medendorp WP, Goltz HC, Vilis T. Remapping the remembered target location
for anti-saccades in human posterior parietal cortex. J.Neurophysiol.
2005;94:734-40.

Moon SY, Barton JJ, Mikulski S, Polli FE, Cain MS, Vangel M, Hamalainen MS,
Manoach DS. Where left becomes right: a magnetoencephalographic study of
sensorimotor transformation for antisaccades. Neuroimage. 2007;36:1313-23.

Nyffeler T, Rivaud-Pechoux S, Pierrot-Deseilligny C, Diallo R, Gaymard B.
Visual vector inversion in the posterior parietal cortex. Neuroreport 2007;18:917-
20.

Zhang M, Barash S. Neuronal switching of sensorimotor transformations for
antisaccades. Nature 2000;408:971-5.

DeSouza JF, Menon RS, Everling S. Preparatory set associated with pro-saccades
and anti-saccades in humans investigated with event-related FMRI.
J.Neurophysiol. 2003;89:1016-23.

Manoach DS, Thakkar KN, Cain MS, Polli FE, Edelman JA, Fischl B, Barton JJ.
Neural activity is modulated by trial history: a functional magnetic resonance
imaging study of the effects of a previous antisaccade. J.Neurosci. 2007;27:1791-
8.

102



257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

Curtis CE, D'Esposito M. Selection and maintenance of saccade goals in the
human frontal eye fields. J.Neurophysiol. 2006;95:3923-7.

Amador N, Schlag-Rey M, Schlag J. Primate antisaccade. 1l. Supplementary eye
field neuronal activity predicts correct performance. J.Neurophysiol.
2004;91:1672-89.

Curtis CE, D'Esposito M. Success and failure suppressing reflexive behavior.
J.Cogn Neurosci. 2003;15:409-18.

Boxer AL, Garbutt S, Rankin KP, Hellmuth J, Neuhaus J, Miller BL, Lisberger
SG. Medial versus lateral frontal lobe contributions to voluntary saccade control
as revealed by the study of patients with frontal lobe degeneration. J.Neurosci.
2006;26:6354-63.

Srimal R, Curtis CE. Persistent neural activity during the maintenance of spatial
position in working memory. Neuroimage. 2008;39:455-68.

Brown MR, DeSouza JF, Goltz HC, Ford K, Menon RS, Goodale MA, Everling
S. Comparison of memory- and visually guided saccades using event-related
fMRI. J.Neurophysiol. 2004;91:873-89.

Geier CF, Garver KE, Luna B. Circuitry underlying temporally extended spatial
working memory. Neuroimage. 2007;35:904-15.

Schluppeck D, Curtis CE, Glimcher PW, Heeger DJ. Sustained activity in
topographic areas of human posterior parietal cortex during memory-guided
saccades. J.Neurosci. 2006;26:5098-108.

Ozyurt J, Rutschmann RM, Greenlee MW. Cortical activation during memory-
guided saccades. Neuroreport 2006;17:1005-9.

Camchong J, Dyckman KA, Chapman CE, Yanasak NE, McDowell JE. Basal
ganglia-thalamocortical circuitry disruptions in schizophrenia during delayed
response tasks. Biol.Psychiatry 2006;60:235-41.

Isoda M, Tanji J. Cellular activity in the supplementary eye field during
sequential performance of multiple saccades. J.Neurophysiol. 2002;88:3541-5.

Isoda M, Tanji J. Contrasting neuronal activity in the supplementary and frontal
eye fields during temporal organization of multiple saccades. J.Neurophysiol.
2003;90:3054-65.

Mushiake H, Inase M, Tanji J. Selective coding of motor sequence in the
supplementary motor area of the monkey cerebral cortex. Exp.Brain Res.
1990;82:208-10.

Grosbras MH, Leonards U, Lobel E, Poline JB, LeBihan D, Berthoz A. Human
cortical networks for new and familiar sequences of saccades. Cereb.Cortex
2001;11:936-45.

103



271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

Goebel R, Khorram-Sefat D, Muckli L, Hacker H, Singer W. The constructive
nature of vision: direct evidence from functional magnetic resonance imaging
studies of apparent motion and motion imagery. Eur.J.Neurosci. 1998;10:1563-
73.

Harris IM, Egan GF, Sonkkila C, Tochon-Danguy HJ, Paxinos G, Watson JD.
Selective right parietal lobe activation during mental rotation: a parametric PET
study. Brain 2000;123 ( Pt 1):65-73.

Vallar G, Lobel E, Galati G, Berthoz A, Pizzamiglio L, Le BD. A fronto-parietal
system for computing the egocentric spatial frame of reference in humans.
Exp.Brain Res. 1999;124:281-6.

Heide W, Blankenburg M, Zimmermann E, Kompf D. Cortical control of double-
step saccades: implications for spatial orientation. Ann.Neurol. 1995;38:739-48.

Petit L, Orssaud C, Tzourio N, Crivello F, Berthoz A, Mazoyer B. Functional
anatomy of a prelearned sequence of horizontal saccades in humans. J.Neurosci.
1996;16:3714-26.

McDowell JE, Brown GG, Paulus M, Martinez A, Stewart SE, Dubowitz DJ,
Braff DL. Neural correlates of refixation saccades and antisaccades in normal and
schizophrenia subjects. Biol.Psychiatry 2002;51:216-23.

McDowell JE, Kissler JM, Berg P, Dyckman KA, Gao Y, Rockstroh B, Clementz
BA. Electroencephalography/magnetoencephalography study of cortical activities
preceding prosaccades and antisaccades. Neuroreport 2005;16:663-8.

Muri RM, Heid O, Nirkko AC, Ozdoba C, Felblinger J, Schroth G, Hess CW.
Functional organisation of saccades and antisaccades in the frontal lobe in
humans: a study with echo planar functional magnetic resonance imaging.
J.Neurol.Neurosurg.Psychiatry 1998;65:374-7.

Goldman-Rakic PS. Architecture of the prefrontal cortex and the central
executive. Ann.N.Y.Acad.Sci. 1995;769:71-83.

Miller EK, Cohen JD. An integrative theory of prefrontal cortex function.
Annu.Rev.Neurosci. 2001;24:167-202.

Braver TS, Barch DM, Gray JR, Molfese DL, Snyder A. Anterior cingulate cortex
and response conflict: effects of frequency, inhibition and errors. Cereb.Cortex
2001;11:825-36.

MacDonald AW, 11, Cohen JD, Stenger VA, Carter CS. Dissociating the role of
the dorsolateral prefrontal and anterior cingulate cortex in cognitive control.
Science 2000;288:1835-8.

Ford KA, Goltz HC, Brown MR, Everling S. Neural processes associated with
antisaccade task performance investigated with event-related FMRI.
J.Neurophysiol. 2005;94:429-40.

Matthews A, Flohr H, Everling S. Cortical activation associated with midtrial
change of instruction in a saccade task. Exp.Brain Res. 2002;143:488-98.

104



285.

286.

287.

288.

289.

290.

291.

292.

293.

294,

295.

296.

297.

298.

Pierrot-Deseilligny C, Muri RM, Ploner CJ, Gaymard B, Demeret S, Rivaud-
Pechoux S. Decisional role of the dorsolateral prefrontal cortex in ocular motor
behaviour. Brain 2003;126:1460-73.

Pierrot-Deseilligny C, Rivaud-Pechoux S. [Contribution of oculomotor
examination for the etiological diagnosis of parkinsonian syndromes].
Rev.Neurol.(Paris) 2003;159:3S75-81.

Perlstein WM, Cole MA, Larson M, Kelly K, Seignourel P, Keil A. Steady-state
visual evoked potentials reveal frontally-mediated working memory activity in
humans. Neurosci.Lett. 2003;342:191-5.

D'Esposito M, Ballard D, Zarahn E, Aguirre GK. The role of prefrontal cortex in
sensory memory and motor preparation: an event-related fMRI study.
Neuroimage. 2000;11:400-8.

Ploner CJ, Gaymard B, Rivaud S, Agid Y, Pierrot-Deseilligny C. Temporal limits
of spatial working memory in humans. Eur.J.Neurosci. 1998;10:794-7.

Ploner CJ, Rivaud-Pechoux S, Gaymard BM, Agid Y, Pierrot-Deseilligny C.
Errors of memory-guided saccades in humans with lesions of the frontal eye field
and the dorsolateral prefrontal cortex. J.Neurophysiol. 1999;82:1086-90.

Postle BR, Zarahn E, D'Esposito M. Using event-related fMRI to assess delay-
period activity during performance of spatial and nonspatial working memory
tasks. Brain Res.Brain Res.Protoc. 2000;5:57-66.

Pierrot-Deseilligny C, Muri RM, Nyffeler T, Milea D. The role of the human
dorsolateral prefrontal cortex in ocular motor behavior. Ann.N.Y.Acad.Sci.
2005;1039:239-51.

Johnston K, Everling S. Monkey dorsolateral prefrontal cortex sends task-
selective signals directly to the superior colliculus. J.Neurosci. 2006;26:12471-8.

Yeterian EH, Pandya DN. Prefrontostriatal connections in relation to cortical
architectonic organization in rhesus monkeys. J.Comp Neurol. 1991;312:43-67.

Polli FE, Barton JJ, Cain MS, Thakkar KN, Rauch SL, Manoach DS. Rostral and
dorsal anterior cingulate cortex make dissociable contributions during antisaccade
error commission. Proc.Natl.Acad.Sci.U.S.A 2005;102:15700-5.

Beckmann M, Johansen-Berg H, Rushworth MF. Connectivity-based parcellation
of human cingulate cortex and its relation to functional specialization. J.Neurosci.
2009;29:1175-90.

Biomarkers Definitions Working Group. Biomarkers and surrogate endpoints:
Preferred definitions and conceptual framework. Clinical Pharmacology &
Therapeutics 2001;69:89-95.

Clementz BA, Sweeney JA. Is eye movement dysfunction a biological marker for
schizophrenia? A methodological review. Psychol.Bull. 1990;108:77-92.

105



299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

Blekher T, Weaver M, Cai X, Hui S, Marhsall J, Gray Jackson J, Wojcieszek J,
Yee R, Foroud T. Test-retest reliability of saccadic measures in subjects at-risk
for Huntington disease. Invest Ophthalmol.Vis.Sci. 2009;submitted.

Rosenberg NK, Sorensen SA, Christensen AL. Neuropsychological characteristics
of Huntington's disease carriers: a double blind study. J.Med.Genet. 1995;32:600-
4.

Hahn-Barma V, Deweer B, Durr A, Dode C, Feingold J, Pillon B, Agid Y, Brice
A, Dubois B. Are cognitive changes the first symptoms of Huntington's disease?
A study of gene carriers. J.Neurol.Neurosurg.Psychiatry 1998;64:172-7.

Lawrence AD, Hodges JR, Rosser AE, Kershaw A, ffrench-Constant C,
Rubinsztein DC, Robbins TW, Sahakian BJ. Evidence for specific cognitive
deficits in preclinical Huntington's disease. Brain 1998;121 ( Pt 7):1329-41.

Diamond R, White RF, Myers RH, Mastromauro C, Koroshetz WJ, Butters N,
Rothstein DM, Moss MB, Vasterling J. Evidence of presymptomatic cognitive
decline in Huntington's disease. J.Clin.Exp.Neuropsychol. 1992;14:961-75.

Robins Wahlin TB, Lundin A, Dear K. Early cognitive deficits in Swedish gene
carriers of Huntington's disease. Neuropsychology. 2007;21:31-44.

Foroud T, Siemers E, Kleindorfer D, Bill DJ, Hodes ME, Norton JA, Conneally
PM, Christian JC. Cognitive scores in carriers of Huntington's disease gene
compared to noncarriers. Ann.Neurol. 1995;37:657-64.

Penney JB, Jr., Young AB, Shoulson I, Starosta-Rubenstein S, Snodgrass SR,
Sanchez-Ramos J, Ramos-Arroyo M, Gomez F, Penchaszadeh G, Alvir J, .
Huntington's disease in Venezuela: 7 years of follow-up on symptomatic and
asymptomatic individuals. Mov Disord. 1990;5:93-9.

Lemiere J, Decruyenaere M, Evers-Kiebooms G, Vandenbussche E, Dom R.
Cognitive changes in patients with Huntington's disease (HD) and asymptomatic
carriers of the HD mutation--a longitudinal follow-up study. J.Neurol.
2004;251:935-42.

Paulsen JS, Zhao H, Stout JC, Brinkman RR, Guttman M, Ross CA, Como P,
Manning C, Hayden MR, Shoulson I. Clinical markers of early disease in persons
near onset of Huntington's disease. Neurology 2001;57:658-62.

Snowden JS, Craufurd D, Thompson J, Neary D. Psychomotor, executive, and
memory function in preclinical Huntington's disease. J.Clin.Exp.Neuropsychol.
2002;24:133-45.

Solomon AC, Stout JC, Weaver M, Queller S, Tomusk A, Whitlock KB, Hui SL,
Marshall J, Jackson JG, Siemers ER, Beristain X, Wojcieszek J, Foroud T. Ten-
year rate of longitudinal change in neurocognitive and motor function in
prediagnosis Huntington disease. Mov Disord. 2008;23:1830-6.

Campodonico JR, Codori AM, Brandt J. Neuropsychological stability over two
years in asymptomatic carriers of the Huntington's disease mutation.
J.Neurol.Neurosurg.Psychiatry 1996;61:621-4.

106



312.

313.

314.

315.

316.

317.

318.

3109.

320.

321.

322.

323.

324.

325.

Giordani B, Berent S, Boivin MJ, Penney JB, Lehtinen S, Markel DS,
Hollingsworth Z, Butterbaugh G, Hichwa RD, Gusella JF, . Longitudinal
neuropsychological and genetic linkage analysis of persons at risk for
Huntington's disease. Arch.Neurol. 1995;52:59-64.

Lemiere J, Decruyenaere M, Evers-Kiebooms G, Vandenbussche E, Dom R.
Longitudinal study evaluating neuropsychological changes in so-called
asymptomatic carriers of the Huntington's disease mutation after 1 year. Acta
Neurol.Scand. 2002;106:131-41.

Witjes-Ane MN, Mertens B, van VVugt JP, Bachoud-Levi AC, van Ommen GJ,
Roos RA. Longitudinal evaluation of "presymptomatic” carriers of Huntington's
disease. J.Neuropsychiatry Clin.Neurosci. 2007;19:310-7.

Rupp J, Blekher TM, Jackson JG, Beristain X, Marshall J, Hui SL, Wojcieszek
JM, Foroud T. Progression in prediagnostic Huntington disease. Journal of
Neurology, Neurosurgery & Psychiatry 2010;81:379-84.

Stoffers D, Sheldon S, Kuperman JM, Goldstein J, Corey-Bloom J, Aron AR.
Contrasting gray and white matter changes in preclinical Huntington disease: an
MRI study. Neurology 2010;74:1208-16.

Bond CE, Hodes ME. Direct amplification of the CAG repeat of huntingtin
without amplification of CCG. Clin.Chem. 1996;42:773-4.

Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I. Segmentation
and surface reconstruction. Neuroimage. 1999;9:179-94.

Fischl B, Sereno M1, Dale AM. Cortical surface-based analysis. II: Inflation,
flattening, and a surface-based coordinate system. Neuroimage. 1999;9:195-207.

Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from
magnetic resonance images. Proc.Natl.Acad.Sci.U.S.A 2000;97:11050-5.

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, van der KA,
Killiany R, Kennedy D, Klaveness S, Montillo A, Makris N, Rosen B, Dale AM.
Whole brain segmentation: automated labeling of neuroanatomical structures in
the human brain. Neuron 2002;33:341-55.

Brown MR, Goltz HC, Vilis T, Ford KA, Everling S. Inhibition and generation of
saccades: rapid event-related fMRI of prosaccades, antisaccades, and nogo trials.
Neuroimage. 2006;33:644-59.

Anderson EJ, Husain M, Sumner P. Human intraparietal sulcus (IPS) and
competition between exogenous and endogenous saccade plans. Neuroimage.
2008;40:838-51.

Brown MR, Vilis T, Everling S. Frontoparietal activation with preparation for
antisaccades. J.Neurophysiol. 2007;98:1751-62.

Ploner CJ, Gaymard BM, Rivaud-Pechoux S, Pierrot-Deseilligny C. The
prefrontal substrate of reflexive saccade inhibition in humans. Biol.Psychiatry
2005;57:1159-65.

107



326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

Munoz DP, Everling S. Look away: the anti-saccade task and the voluntary
control of eye movement. Nat.Rev.Neurosci. 2004;5:218-28.

Everling S, Munoz DP. Neuronal correlates for preparatory set associated with
pro-saccades and anti-saccades in the primate frontal eye field. J.Neurosci.
2000;20:387-400.

Doricchi F, Perani D, Incoccia C, Grassi F, Cappa SF, Bettinardi V, Galati G,
Pizzamiglio L, Fazio F. Neural control of fast-regular saccades and antisaccades:
an investigation using positron emission tomography. Exp.Brain Res.
1997;116:50-62.

Gaymard B, Rivaud S, Cassarini JF, Dubard T, Rancurel G, Agid Y, Pierrot-
Deseilligny C. Effects of anterior cingulate cortex lesions on ocular saccades in
humans. Exp.Brain Res. 1998;120:173-83.

Ito S, Stuphorn V, Brown JW, Schall JD. Performance monitoring by the anterior
cingulate cortex during saccade countermanding. Science 2003;302:120-2.

Milea D, Lobel E, Lehericy S, Pierrot-Deseilligny C, Berthoz A. Cortical
mechanisms of saccade generation from execution to decision. Ann.N.Y.Acad.Sci.
2005;1039:232-8.

Dias EC, Kiesau M, Segraves MA. Acute activation and inactivation of macaque
frontal eye field with GABA-related drugs. J.Neurophysiol. 1995;74:2744-8.

Keating EG, Gooley SG, Pratt SE, Kelsey JE. Removing the superior colliculus
silences eye movements normally evoked from stimulation of the parietal and
occipital eye fields. Brain Res. 1983;269:145-8.

Kloppel S, Draganski B, Golding CV, Chu C, Nagy Z, Cook PA, Hicks SL,
Kennard C, Alexander DC, Parker GJ, Tabrizi SJ, Frackowiak RS. White matter
connections reflect changes in voluntary-guided saccades in pre-symptomatic
Huntington's disease. Brain 2008;131:196-204.

Alexander GE, DeLong MR, Strick PL. Parallel organization of functionally
segregated circuits linking basal ganglia and cortex. Annu.Rev.Neurosci.
1986;9:357-81.

Alexander GE, Crutcher MD. Functional architecture of basal ganglia circuits:
neural substrates of parallel processing. Trends Neurosci. 1990;13:266-71.

Watanabe K, Lauwereyns J, Hikosaka O. Neural correlates of rewarded and
unrewarded eye movements in the primate caudate nucleus. J.Neurosci.
2003;23:10052-7.

Hikosaka O, Takikawa Y, Kawagoe R. Role of the basal ganglia in the control of
purposive saccadic eye movements. Physiol Rev. 2000;80:953-78.

Cummings JL. Behavioral and psychiatric symptoms associated with Huntington's
disease. Adv.Neurol. 1995;65:179-86.

De Marchi N, Mennella R. Huntington's disease and its association with
psychopathology. Harv.Rev.Psychiatry 2000;7:278-89.

108



341. Duff K, Paulsen JS, Beglinger LJ, Langbehn DR, Stout JC. Psychiatric symptoms
in Huntington's disease before diagnosis: the predict-HD study. Biol.Psychiatry
2007;62:1341-6.

342. Hofmann N. Understanding the neuropsychiatric symptoms of Huntington's
disease. J.Neurosci.Nurs. 1999;31:309-13.

343. Morris M. Dementia and cognitive changes in Huntington's disease. Adv.Neurol.
1995;65:187-200.

344. Vecsei L, Beal MF. Huntington's disease, behavioral disturbances, and
kynurenines: preclinical findings and therapeutic perspectives. Biol.Psychiatry
1996;39:1061-3.

345. Gaymard B, Ploner CJ, Rivaud S, Vermersch Al, Pierrot-Deseilligny C. Cortical
control of saccades. Exp.Brain Res. 1998;123:159-63.

346. Schlag-Rey M, Amador N, Sanchez H, Schlag J. Antisaccade performance
predicted by neuronal activity in the supplementary eye field. Nature
1997;390:398-401.

347. Dierks T, Linden DE, Hertel A, Gunther T, Lanfermann H, Niesen A, Frolich L,
Zanella FE, Hor G, Goebel R, Maurer K. Multimodal imaging of residual function
and compensatory resource allocation in cortical atrophy: a case study of parietal
lobe function in a patient with Huntington's disease. Psychiatry Res. 1999;90:67-
75.

348. Wechsler D. Wechsler Adult Intelligence Scale - Revised. New York:
Psychological Corp, 1981.

349. Smith, A. Symbol-Digit Modalities Test (SDMT) manual. 1982. Los Angeles,
CA, Western Psychological Services.
Ref Type: Generic

350. Stroop JR. Studies of interference in serial verbal reactions. J Exp Psychol
1935;18:643-62.

351. Hochschild R. The H-scan: An instrument for the automatic measurement of
physiological markers of aging. In: Intervention in the Aging Process, Part A:
Quantitation, Epidemiology and Clinical Research. New York: Alan R. Liss
1983: 113-25.

352. Jack CR, Jr., Bernstein MA, Fox NC, Thompson P, Alexander G, Harvey D,
Borowski B, Britson PJ, Whitwell L, Ward C, Dale AM, Felmlee JP, Gunter JL,
Hill DL, Killiany R, Schuff N, Fox-Bosetti S, Lin C, Studholme C, DeCarli CS,
Krueger G, Ward HA, Metzger GJ, Scott KT, Mallozzi R, Blezek D, Levy J,
Debbins JP, Fleisher AS, Albert M, Green R, Bartzokis G, Glover G, Mugler J,
Weiner MW. The Alzheimer's Disease Neuroimaging Initiative (ADNI): MRI
methods. J.Magn Reson.Imaging 2008;27:685-91.

353. Campodonico JR, Aylward E, Codori AM, Young C, Krafft L, Magdalinski M,
Ranen N, Slavney PR, Brandt J. When does Huntington's disease begin?
J.Int.Neuropsychol.Soc. 1998;4:467-73.

109



354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

Rosas HD, Goodman J, Chen Y1, Jenkins BG, Kennedy DN, Makris N, Patti M,
Seidman LJ, Beal MF, Koroshetz WJ. Striatal volume loss in HD as measured by
MRI and the influence of CAG repeat. Neurology 2001;57:1025-8.

Friston KJ, Josephs O, Zarahn E, Holmes AP, Rouquette S, Poline J. To smooth
or not to smooth? Bias and efficiency in fMRI time-series analysis. Neuroimage.
2000;12:196-208.

Carter CS, Braver TS, Barch DM, Botvinick MM, Noll D, Cohen JD. Anterior
cingulate cortex, error detection, and the online monitoring of performance.
Science 1998;280:747-9.

Garavan H, Ross TJ, Murphy K, Roche RA, Stein EA. Dissociable executive
functions in the dynamic control of behavior: inhibition, error detection, and
correction. Neuroimage. 2002;17:1820-9.

Hester R, Fassbender C, Garavan H. Individual differences in error processing: a
review and reanalysis of three event-related fMRI studies using the GO/NOGO
task. Cereb.Cortex 2004;14:986-94.

Kiehl KA, Liddle PF, Hopfinger JB. Error processing and the rostral anterior
cingulate: an event-related fMRI study. Psychophysiology 2000;37:216-23.

Menon V, Adleman NE, White CD, Glover GH, Reiss AL. Error-related brain
activation during a Go/NoGo response inhibition task. Hum.Brain Mapp.
2001;12:131-43.

Rubia K, Smith AB, Brammer MJ, Taylor E. Right inferior prefrontal cortex
mediates response inhibition while mesial prefrontal cortex is responsible for
error detection. Neuroimage. 2003;20:351-8.

Ullsperger M, von Cramon DY. Subprocesses of performance monitoring: a
dissociation of error processing and response competition revealed by event-
related fMRI and ERPs. Neuroimage. 2001;14:1387-401.

Ullsperger M, von Cramon DY. Error monitoring using external feedback:
specific roles of the habenular complex, the reward system, and the cingulate
motor area revealed by functional magnetic resonance imaging. J.Neurosci.
2003;23:4308-14.

Blekher, T., Weaver, M., Rupp, J., Nichols, W. C., Hui, S. L., Gray, J., Yee, R.
D., Wojcieszek, J., and Foroud, T. Multiple step pattern as a biomarker in
Parkinson disease. Parkinsonism Relat Disord. 2-9-2009.

Ref Type: In Press

Beste C, Saft C, Andrich J, Gold R, Falkenstein M. Error processing in
Huntington's disease. PL0S.One. 2006;1:e86.

Berridge KC. The debate over dopamine's role in reward: the case for incentive
salience. Psychopharmacology (Berl) 2007;191:391-431.

Schultz W. Behavioral theories and the neurophysiology of reward.
Annu.Rev.Psychol. 2006;57:87-115.

110



368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

Schultz W, Dayan P, Montague PR. A neural substrate of prediction and reward.
Science 1997;275:1593-9.

Fiorillo CD, Tobler PN, Schultz W. Discrete coding of reward probability and
uncertainty by dopamine neurons. Science 2003;299:1898-902.

Holroyd CB, Coles MG. The neural basis of human error processing:
reinforcement learning, dopamine, and the error-related negativity. Psychol.Rev.
2002;109:679-709.

Yohrling GJ, Jiang GC, DeJohn MM, Miller DW, Young AB, Vrana KE, Cha JH.
Analysis of cellular, transgenic and human models of Huntington's disease reveals
tyrosine hydroxylase alterations and substantia nigra neuropathology. Brain
Res.Mol.Brain Res. 2003;119:28-36.

Husain M, Parton A, Hodgson TL, Mort D, Rees G. Self-control during response
conflict by human supplementary eye field. Nat.Neurosci. 2003;6:117-8.

Nachev P, Rees G, Parton A, Kennard C, Husain M. Volition and conflict in
human medial frontal cortex. Curr.Biol. 2005;15:122-8.

Schall JD, Boucher L. Executive control of gaze by the frontal lobes. Cogn
Affect.Behav.Neurosci. 2007;7:396-412.

Picard N, Strick PL. Imaging the premotor areas. Curr.Opin.Neurobiol.
2001;11:663-72.

Polli FE, Barton JJ, Thakkar KN, Greve DN, Goff DC, Rauch SL, Manoach DS.
Reduced error-related activation in two anterior cingulate circuits is related to
impaired performance in schizophrenia. Brain 2008;131:971-86.

Thakkar KN, Polli FE, Joseph RM, Tuch DS, Hadjikhani N, Barton JJ, Manoach
DS. Response monitoring, repetitive behaviour and anterior cingulate
abnormalities in autism spectrum disorders (ASD). Brain 2008;131:2464-78.

Hodgson T, Chamberlain M, Parris B, James M, Gutowski N, Husain M, Kennard
C. The role of the ventrolateral frontal cortex in inhibitory oculomotor control.
Brain 2007;130:1525-37.

Blackmore L, Simpson SA, Crawford JR. Cognitive performance in UK sample
of presymptomatic people carrying the gene for Huntington's disease.
J.Med.Genet. 1995;32:358-62.

de Boo GM, Tibben A, Lanser JB, Jennekens-Schinkel A, Hermans J, Maat-
Kievit A, Roos RA. Early cognitive and motor symptoms in identified carriers of
the gene for Huntington disease. Arch.Neurol. 1997;54:1353-7.

de Boo GM, Tibben AA, Hermans JA, Jennekens-Schinkel A, Maat-Kievit A,
Roos RA. Memory and learning are not impaired in presymptomatic individuals
with an increased risk of Huntington's disease. J.Clin.Exp.Neuropsychol.
1999;21:831-6.

111



382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

Gomez-Tortosa E, del Barrio A., Barroso T, Garcia Ruiz PJ. Visual processing
disorders in patients with Huntington's disease and asymptomatic carriers.
J.Neurol. 1996;243:286-92.

Strauss ME, Brandt J. Are there neuropsychologic manifestations of the gene for
Huntington's disease in asymptomatic, at-risk individuals? Arch.Neurol.
1990;47:905-8.

Reitan RM. Validity of the Trail Making Test as an indicator of organic brain
damage. Percept Mot Skills 1958;8:271-6.

Wechsler D. Wechsler Adult Intelligence Scale - Third edition. San Antonio TX:
Psychological Corporation, 1997.

Nehl C, Ready RE, Hamilton J, Paulsen JS. Effects of depression on working
memory in presymptomatic Huntington's disease. J.Neuropsychiatry
Clin.Neurosci. 2001;13:342-6.

Reading SA, Yassa MA, Bakker A, Dziorny AC, Gourley LM, Yallapragada V,
Rosenblatt A, Margolis RL, Aylward EH, Brandt J, Mori S, van ZP, Bassett SS,
Ross CA. Regional white matter change in pre-symptomatic Huntington's disease:
a diffusion tensor imaging study. Psychiatry Res. 2005;140:55-62.

Rosas HD, Tuch DS, Hevelone ND, Zaleta AK, Vangel M, Hersch SM, Salat DH.
Diffusion tensor imaging in presymptomatic and early Huntington's disease:
Selective white matter pathology and its relationship to clinical measures. Mov
Disord. 2006;21:1317-25.

Rosas HD, Lee SY, Bender AC, Zaleta AK, Vangel M, Yu P, Fischl B, Pappu V,
Onorato C, Cha JH, Salat DH, Hersch SM. Altered white matter microstructure in
the corpus callosum in Huntington's disease: implications for cortical
"disconnection”. Neuroimage. 2010;49:2995-3004.

Weaver KE, Richards TL, Liang O, Laurino MY, Samii A, Aylward EH.
Longitudinal diffusion tensor imaging in Huntington's Disease. Exp.Neurol.
2009;216:525-9.

Bonelli RM, Wenning GK. Pharmacological management of Huntington's
disease: an evidence-based review. Curr.Pharm.Des 2006;12:2701-20.

Hersch SM, Rosas HD. Neuroprotection for Huntington's disease: ready, set,
slow. Neurotherapeutics. 2008;5:226-36.

Beste C, Saft C, Yordanova J, Andrich J, Gold R, Falkenstein M, Kolev V.
Functional compensation or pathology in cortico-subcortical interactions in
preclinical Huntington's disease? Neuropsychologia 2007;45:2922-30.

Irving EL, Zacher JE, Allison RS, Callender MG. Effects of scleral search coil
wear on visual function. Invest Ophthalmol.Vis.Sci. 2003;44:1933-8.

112



Education:

CURRICULUM VITAE

Jason Douglas Rupp

Westminster College, Salt Lake City, UT
B.S. in Mathematics
Graduated 2004, summa cum laude

Indiana University, Indianapolis, IN
Ph.D. in Medical and Molecular Genetics
Graduated 2010

Indiana University School of Medicine, Indianapolis, IN
Completing M.D.
2005-present

Memberships in Professional Organizations:

Honors/Awards:
1998-99, 2001-04

1998-99, 2001-04
1998-99, 2001-04
2002-04

2002-04
2003
2003

2003-04
2004

2004
2005-present

2007
2008

American Academy of Neurology

American Association for the Advancement of Science
American College of Physicians

Society for Neuroscience

Movement Disorders Society

National Merit Scholarship Corporation Finalist and Corporate-
sponsored Scholarship Recipient

Presidential Full Tuition Scholarship, Westminster College

Dean’'s List (every semester), Westminster College

Pre-Medical Society President, Treasurer, and Web Designer,
Westminster College

Presidential Ambassador, Westminster College

Beta Beta Beta Research Scholarship Foundation Fund Grantee

Barry M. Goldwater National Science Scholarship Nominee,
Westminster College

Alpha Chi National College Honor Scholarship Society,
Westminster College

Outstanding Student Award in French, Westminster College

Graduated Summa Cum Laude, Westminster College

Indiana Genomics Initiative Scholar, Indiana University Medical
Scientist Training Program

Travel Scholarship, American Federation for Aging Research

Travel Scholarship, Massachusetts General Hospital/Karolinska
Insitutet Days of Molecular Medicine



2008
2008
2008-2009
2009
2009

2009
2009-2010

Employment:
2002-2004

2004-2005

Community Service:

1998-99
1999-01
2001-05
2008-09

2009-present
2009-present

2009-present
2010-present

Publications:

Educational Enhancement Grant, Indiana University Graduate
Student Organization

Medical Student Travel Scholarship, Annual Meeting of the
American Neurological Association

Indiana CTSI Predoctoral Training Award, PHS (NCCR) Grant No:
TL1RR025759, PI: A. Shekhar

Travel Scholarship, Movement Disorders Society International
Congress

Educational Enhancement Grant, Indiana University Graduate
Student Organization

Travel Scholarship, Indiana University School of Medicine

Indiana CTSI Career Development Award, PHS (NCCR) Grant No:
5TL1RR025759-02, PI: A. Shekhar

Microbiology Clinical Laboratory Assistant, Primary Children’s
Medical Center

Molecular Biology and Electrophysiology Laboratory Technician,
Cardiovascular Research Training Institute, University of Utah

Baseball Coach (8-9 year olds), Taylorsville Little League Baseball

Missionary, The Church of Jesus Christ of Latter-Day Saints

Softball Coach (14-18 year olds), Utah Magic girls fast-pitch softball

Volunteer, Editing and formatting for Bosma Enterprises Ultimate
Cookbook

Screening volunteer, Prevent Blindness Indiana

Youth ministry director (11-18 year olds), The Church of Jesus
Christ of Latter-Day Saints

Scoutmaster, Boy Scouts of America

Baseball Coach (5-6 year olds), Ben Davis Little League Baseball

Journals (all are peer-reviewed, research publications):

1. Rupp J, Allred A, Baxter BK. DNA repair and photoprotection in halophilic archaea.
The Myriad: Westminister College Undergraduate Academic Journal, 2004 Summer.

2. Aldous WK, Gerber K, Taggart EW, Rupp J, Wintch J, Daly JA. A comparison of
Thermo Electron RSV OIA to viral culture and direct fluorescent assay testing for
respiratory syncytial virus. J Clin Virol. 2005 Mar;32(3):224-8.

3. Ferrer T, Rupp J, Piper DR, Tristani-Firouzi M. The S4-S5 linker directly couples
voltage sensor movement to the activation gate in the human ether-a’-go-go-related
gene (hERG) K+ channel. J Biol Chem. 2006 May 5;281(18):12858-64. Epub 2006

Mar 8.



Piper DR, Rupp J, Sachse FB, Sanguinetti MC, Tristani-Firouzi M. Cooperative
interactions between R531 and basic residues in the voltage sensing module of
hERGL1 channels. Cell Physiol Biochem, 2008;21(1-3):37-46. Epub 2008 Jan 16.
Rodriguez-Menchaca AA, Navarro-Polanco RA, Ferrer-Villada T, Rupp J, Sachse
FB, Tristani-Firouzi M, Sénchez-Chapula JA. The structural basis of chloroquine
block of the inward rectifier Kir2.1 channel. Proc Natl Acad Sci USA, 2008 Jan
29;105(4):1364-8. Epub 2008 Jan 23.

Blekher T, Weaver M, Rupp J, Nichols WC, Hui SL, Gray J, Yee RD, Wojcieszek J,
Foroud T. Multiple Step Pattern as a Biomarker in Parkinson Disease. Parkinsonism
Relat Disord, 2009 Aug;15(7):506-10. Epub 2009 Feb 10.

Rupp J, Blekher T, Jackson J, Beristain X, Marshall J, Hui S, Wojcieszek J, Foroud
T. Progression in Prediagnostic Huntington Disease. J Neurol Neurosurg Psychiatry,
2010 Apr;81(4):379-84. Epub 2009 Sep 1.

Rupp J, Dzemidzic M, Blekher T, Bragulat V, West JD, Jackson J, Hui S, Wojcieszek
J, Saykin AJ, Kareken DA, Foroud T. Abnormal error-related antisaccade activation
in premanifest and early manifest Huntington disease. Under review.

Rupp J, Dzemidzic M, Blekher T, Bragulat V, West JD, Jackson J, Hui S, Wojcieszek
J, Saykin AJ, Kareken DA, Foroud T. Vertical antisaccade latency tracks gray matter
atrophy in premanifest and early manifest Huntington disease. Under review.

Abstracts and Presentations:

1.

Rupp J and Baxter BK. DNA repair and photoprotection in halophilic archaea.
Abstract for poster presentation, 2004 National Conferences on Undergraduate
Research, April 2004. Indianapolis, IN.

Ferrer T, Rupp J, Tristani-Firouzi M. The C-terminal region of the S6 domain
stabilizes the closed state of the HERG K+ channel. Abstract for poster presentation,
49th Annual Meeting of the Biophysical Society, February 2005, Long Beach, CA.
Rupp J, Weaver M, Marshall J, Gray Jackson J, Hui S, Blekher T, Beristain X,
Wojcieszek J, Foroud T. Cognitive measures as biomarkers of disease progression in
prediagnostic Huntington disease. Abstract for poster presentation. Days of Molecular
Medicine 2008 — Cognitive Dysfunction in Disease: Mechanisms and Therapy, April
2008. Stockholm, Sweden.

Rupp J, Blekher T, Dzemidzic M, Bragulat V, Wojcieszek J, Kareken D, Foroud T.
Cortical activation from inhibition of reflexive gaze in individuals at-risk for
Huntington disease. Abstract for poster presentation. 2" Annual Indiana
Neuroimaging Symposium, April 2008. Indianapolis, IN.

Rupp J, Blekher T, Marshall J, Hui S, Beristain X, Wojcieszek J, Foroud T. Saccades
as biomarkers in prediagnostic Huntington disease. Abstract for poster presentation.
133" Annual Meeting of the American Neurological Association, September 2008.
Salt Lake City, UT.

Rupp JD, Kareken DA, Dzemidzic M, Bragulat V, Wojcieszek J, Blekher T, Foroud
T. fMRI activation patterns elicited by saccadic tasks in prediagnostic and early
manifest Huntington disease. Abstract for poster presentation. Annual Meeting of the
Society for Neuroscience, November 2008. Washington, D.C.

Rupp JD, Kareken DA, Dzemidzic M, Bragulat V, Wojcieszek J, Blekher T, Foroud
T. fMRI activation patterns elicited by saccadic tasks in prediagnostic Huntington



10.

11.

disease. Poster presentation. First Annual Meeting of the Indiana CTSI, January 2009.
Indianapolis, IN.

Rupp J, Blekher T, Dzemidzic M, Bragulat V, West JD, Wojcieszek J, Saykin AJ,
Kareken DA, Foroud T. Dysfunctional error monitoring in the anterior cingulate
cortex in prediagnostic and manifest HD during an anti-saccade task. Abstract for
poster presentation. Movement Disorder Society’s 13™ International Congress of
Parkinson’s Disease and Movement Disorders, June 2009. Paris, France.

Rupp J, Dzemidzic M, Blekher T, Bragulat \VV, West JD, Wojcieszek J, Saykin AJ,
Kareken DA, Foroud T. Neural correlates of saccade abnormalities in prediagnostic
and manifest Huntington disease. Abstract for poster presentation. Eugene and
Marilyn Glick Vision Research Symposium, April 2010. Indianapolis, IN.

Rupp J, Dzemidzic M, Blekher T, Bragulat VV, West JD, Wojcieszek J, Saykin AJ,
Kareken DA, Foroud T. Neural correlates of saccade abnormalities in prediagnostic
and manifest Huntington disease. Abstract for poster presentation. Indiana CTSI
Annual Meeting, April 2010. Indianapolis, IN.

Rupp J, Dzemidzic M, Blekher T, Bragulat \VV, West JD, Wojcieszek J, Saykin AJ,
Kareken DA, Foroud T. Neural correlates of saccade abnormalities in Huntington
disease. Abstract for poster presentation. Annual National Predoctoral Clinical
Research Training Program Meeting, May 2010. St. Louis, MO.



