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Summary

Background—Huntington’s disease (HD) is an autosomal dominant, fully penetrant,
neurodegenerative disease that most commonly affects adults in mid-life. Our aim was to identify
sensitive and reliable biomarkers in premanifest carriers of mutated #77 and in individuals with
early HD that could provide essential methodology for the assessment of therapeutic interventions.

Methods—This multicentre study uses an extensive battery of novel assessments, including
multi-site 3T MRI, clinical, cognitive, quantitative motor, oculomotor, and neuropsychiatric
measures. Blinded analyses were done on the baseline cross-sectional data from 366 individuals:
123 controls, 120 premanifest (pre-HD) individuals, and 123 patients with early HD.

Findings—The first participant was enrolled in January, 2008, and all assessments were
completed by August, 2008. Cross-sectional analyses identified significant changes in whole-brain
volume, regional grey and white matter differences, impairment in a range of voluntary
neurophysiological motor, and oculomotor tasks, and cognitive and neuropsychiatric dysfunction
in premanifest HD gene carriers with normal motor scores through to early clinical stage 2
disease.

Interpretation—We show the feasibility of rapid data acquisition and the use of multi-site 3T
MRI and neurophysiological motor measures in a large multicentre study. Our results provide
evidence for quantifiable biological and clinical alterations in H7T expansion carriers compared
with age-matched controls. Many parameters differ from age-matched controls in a graded fashion
and show changes of increasing magnitude across our cohort, who range from about 16 years from
predicted disease diagnosis to early HD. These findings might help to define novel quantifiable
endpoints and methods for rapid and reliable data acquisition, which could aid the design of
therapeutic trials.

Funding—CHDI/High Q Foundation.

Introduction

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder with
complete penetrance. HD is caused by a CAG repeat expansion in A77, the gene that
encodes huntingtin, which is on chromosome 4.1 Individuals who have inherited the
expanded CAG trinucleotide repeat can be identified before symptom onset by predictive
genetic testing. The prevalence of HD is about 4-10 per 100 000 in the general population of
the western hemisphere, but many more are at risk of developing the disease. HD is
characterised by a triad of signs: progressive motor dysfunction, cognitive decline, and
psychiatric disturbance. The formal diagnosis of HD is made on the basis of motor signs that
are regarded as diagnostic for HD in a person with a positive family history, confirmed by
gene testing. The concept of “motor onset” or “phenoconversion” is defined as the
unambiguous presence of an otherwise unexplained movement disorder;2 however, this does
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not account for the many individuals who show cognitive or behavioural disturbances
several years before the onset of motor symptoms.3

The mean age at formal diagnosis is in the mid-40s, and most people with the CAG repeat
expansion seem healthy until adulthood. The length of the CAG repeat accounts for 50 —
70% of the variability in age at clinical onset, whereby individuals with longer repeat
lengths commonly have an earlier onset than those with shorter repeat lengths.4 However,
subclinical changes precede the onset of overt clinical manifestations; cross-sectional
evidence shows that individuals with clinically premanifest HD perform significantly worse
on a variety of cognitive measures5 and motor and oculomotor assessments,6,7 and have
increased psychopathology.8 Structural neuropathology during the decade before the
estimated age of symptom onset, including volume reduction in the striatum,9 loss of grey
and white matter,10,11 and cortical thinning,12 have been reported as well as reduced neural
activation13 and a reduction in raclopride (D2 dopamine receptor) binding.14

Much remains unknown about the mechanisms that underlie the considerable variation in
age of onset, rate of progression, and clinical phenotypical characteristics. Extrapolation
from existing studies is problematic because many did not exclude individuals with
premanifest HD who might have shown some soft motor signs; rather, these studies relied
solely on the unified HD rating scale (UHDRS) diagnostic confidence score to measure a
patient’s prediagnosis status.2 This stratification score has high inter-rater variability and
might also include individuals who do not have true pre-motor symptoms.

The optimum point at which to introduce neuroprotective drugs to delay symptom onset or
slow the rate of disease progression is likely the premanifest stage, before the onset of rapid
neuronal degeneration and the emergence of clinical symptoms. Data from a conditional HD
mouse model suggest the potential reversibility of this neuronal dysfunction, leading to a
full recovery when expression of the mutant gene is halted.15 To test potential treatments,
sensitive and stable markers of change in individuals with premanifest and early HD must be
identified. However, despite some encouraging results from in vitro studies and animal
trials, disease-modifying therapeutic trials in HD are limited by a paucity of robust
endpoints by which disease progression can be tracked. Current clinical rating scales lack
sensitivity, have floor or ceiling effects, particularly in premanifest individuals, and require
long observation periods to unequivocally show a change. Improvements in the efficiency
and precision of objective measurements of disease progression in individuals in the
premanifest and early stages of HD could lead to biomarkers that are better able to assess
disease progression and measure the effects of therapeutic interventions.

The full penetrance of the HD mutation in people with an HD CAG expansion of more than
40 provides a unique opportunity to examine the pattern of signs, symptoms, and
neurobiological changes as they emerge. In TRACK-HD we aim to exploit the certainty of
disease manifestation to ascertain the biomarkers and endpoints required to test therapeutic
interventions early in the disease.

TRACK-HD is a multinational longitudinal observational study designed with similar
principles to a clinical trial, with rapid study preparation and data acquisition, rigorous
quality assurance and quality control, and blinded data analysis. We report the baseline data
from the TRACK-HD cohort with the aim of identifying the changes that occur from health
to early stage 2 disease by assessing a wide range and novel combination of measurements
(ie, genetic, clinical, cognitive, quantitative motor, oculomotor, neuropsychiatric, and 3T
MRI). The cohort is evenly divided among A7 T expansion carriers with no or minimum
motor signs (pre-motor) who are up to about 16 years away from a predicted disease
diagnosis,16 early manifest HD individuals, and age-matched and sex-matched controls.
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We report the baseline cross-sectional data from a longitudinal study with three annual
timepoints. Full enrolment and testing was completed over a period of 8 months. The first
participant was enrolled in January, 2008, and all assessments were completed by August,
2008. Individuals with expansion of the HD gene were recruited from the National Hospital
for Neurology and Neurosurgery, London, UK, the Department of Medical Genetics at the
University of British Columbia, Vancouver, Canada, the Department of Genetics and
Cytogenetics at the Hopital de la Salpétriere-Université Pierre and Marie Curie, Paris,
France, and the Department of Neurology at Leiden University Medical Centre, Leiden,
Netherlands (table 1). Recruitment targets were 90 individuals per centre, comprising 30
controls, 30 individuals with premanifest HD, and 30 individuals with early HD.
Premanifest gene carriers required a burden of pathology score greater than 250, on the basis
of their medical records at the time of recruitment, and a total motor score of 5 or less in the
motor assessment of the United Huntington’s Disease Rating Scale (UHDRS), indicating no
substantial motor signs.

The burden of pathology score has been used in HD biomarker studies to assess the relation
among variables of interest and the estimated burden of disease.17,18 Penney and co-
workers19 showed that the degree of post-mortem striatal pathology was predicted by age at
death and the length of the CAG repeat. On the basis of this observation, Sanchez-Pernaute
and co-workers,20 who were studying striatal MRI abnormalities in vivo, found a similar
relation between age and the length of the CAG repeat.

The burden of pathology score was proposed as an index of disease burden on the basis of
these findings. The score is calculated from a formula (agex[CAG-35-5]),19 and functions
are calculated as a simple a posteriori estimate of an individual’s lifetime exposure to mutant
huntingtin, at any age, before and after motor onset. Other authors5,21 have reported that
effect sizes could be estimated for different stages of preHD. We used disease-burden scores
to optimise the recruitment of individuals with premanifest HD to compile a cohort with the
best chance of showing detectible changes in one or more outcome measures over the course
of the study. Because the score gives an estimate of pathological burden without making any
prospective prediction about a patient’s future disease course, disease-burden score was the
ethically preferred criterion for recruitment. By design, the cohort of individuals recruited
according to this burden of pathology threshold were mostly closer to disease onset than
would have been the case if we had recruited from the entire pool of pre-diagnosis
individuals with gene expansion. A more broad-ranging preHD sample would result in
smaller differences between the preHD groups and controls and would have required a
larger sample size to detect group differences, a possibility that is prohibited by the limited
time and funds available for the study.

Individuals in the premanifest group were divided at the group median for predicted years to
diagnosis (10-8 years) into preHD-A (further from predicted diagnosis age) and preHD-B
(nearer to predicted diagnosis age) on the basis of the survival analysis formula described by
Langbehn and co-workers.16 Patients with early HD were divided into two subgroups—HD
stage 1 (HD1) and HD stage 2 (HD2)—on the basis of their score on the total functional
capacity scale.22 Controls were age-matched and gender-matched to individuals in the
combined preHD and HD groups and were selected from the spouses or partners of
individuals with premanifest or early HD or were gene-negative siblings, to ensure
consistency of environments with carriers of the #77 gene expansion. The study was
approved by the local ethics committees, and written informed consent was obtained from
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each participant. Additional details of the inclusion and exclusion criteria are provided in the
webappendix.

Participants were assessed with the UHDRS-99,23 which comprises medical and psychiatric
history, current medications, HD history, clinical motor scores, cognitive impairment (eg,
symbol digit modalities and Stroop word condition), and functional capacity.

CAG repeat size was measured at a central laboratory and was compared with the repeat size
reported at recruitment. Details of the methods used for CAG repeat determination are
described in the webappendix.

3T MRI data were acquired using T1 and T2 protocols, which were standardised for this
study. Details of the preparatory-phase work for the multi-site 3T MRI acquisition are
summarised in the webappendix. Rigorous quality control was done on all image datasets
(IXICO, London, UK). Image data were archived at the Laboratory of Neuroimaging,
University of California, Los Angeles (CA, USA). Four image analysis techniques were
applied at three sites that specialise in image analysis: semiautomated measurements of
intracranial volume and whole-brain volumes were calculated with MIDAS;24 fully
automated segmentation of intracranial volume, whole brain, caudate, and putamen tissue
volume were done on collected images with BRAINS (Brain Research: Analysis of Images,
Networks, and Systems, lowa City, lowa, USA);25 cortical thickness analysis was done
with the Freesurfer method of Fischl and colleagues;26 and voxel-based morphometry
analysis was done with statistical parametric mapping (SPM) version 5.

We recorded horizontal eye position with the Saccadometer Advanced (Ober Consulting,
Poznan, Poland) during a random, centrally cued mixed pro/anti saccade task.27 The
isometric force during sustained tongue protrusion was recorded using a force transducer.28
The same force transducer system was used to record finger taps during a self-paced tapping
task.28 Stride length variability was assessed during normal speed walking with a GAITrite
system (CIR Systems, Havertown, Pennsylvania, USA).29

Tests for the TRACK-HD cognitive assessment were selected on the basis of the findings
from the PREDICT-HD study5 and a meta-analysis of the results of studies in preHD. We
report on three of the ten tests, including recognition of negative facial emotions, a visual
working memory task (spot the change), and an abbreviated (20 item) version of the
University of Pennsylvania Smell Identification Test (UPSIT; Sensonics, Haddon Heights,
New Jersey, USA), which is a scratch and smell recognition test for common scents.

Neuropsychiatric assessment was a brief, structured interview that was a shortened form of
the problem behaviour assessment (PBA-s)30 administered by raters who were trained to
meet reliability thresholds. Functional and quality-of-life assessments were used to assess
functional capacity with both clinician-based assessments (the UHDRS TFC scale) and
participant self-reported measures (short-form 36 [SF36] and the quality of life index

[QoLI]).

In about 90% of individuals, data were collected at one visit. Detailed methodological
information is included in the webappendix with full information on quality control
procedures and handling of missing data.

Statistical analysis

TRACK-HD was designed to investigate the feasibility of measuring potential biomarkers
across a wide range of tasks and domains in HD. Before the data were analysed, key primary
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outcome variables for analysis were specified and these are listed in the statistical methods
in the webappendix. The results presented here are a subset of these primary variables
selected to show the most substantial findings in each assessment group. The five HD
subgroups (control, preHD-A, preHD-B, HD1, and HD2) were the a priori predictor
variables in our primary analysis. These five groups form a natural ordinal sequence and are
treated as such when appropriate. Potential confounders, such as age, sex, study site, and
education level (as a proxy for premorbid intelligence), were controlled for in all analyses,
with the exception of whole-brain volume measures, for which age, sex, study site, and
intracranial volume were controlled for.

We estimated adjusted differences among HD subgroups and controls with linear models.
Where residual variance differed markedly between HD subgroups, iteratively reweighted
least squares, rather than ordinary least squares, analysis was used. Bias-corrected and
accelerated (2000 replications) bootstrap 95% Cls are reported where normality assumptions
were materially violated. All outcome measures were continuous or suitably quasi-
continuous for this approach. Inclusion in the HD subgroup, study site, and sex were treated
as categorical variables. Primary comparisons of interest were formed by linear contrasts of
subgroup membership. Age and education level were modelled as linear effects. Any
potential interactions between HD subgroup and age were checked. There were no missing
data for any of the predictor variables, and participants with missing outcome variables were
excluded (webappendix).

Voxel-based morphometry was used to detect differences in grey and white matter among
groups. Age, sex, intracranial volume, and study site were included as covariates. For
cortical thickness, a vertex-by-vertex analysis was done with a multivariate general linear
model with adjustments for age and sex.

TRACK-HD was designed to quantify clinically meaningful longitudinal changes over a 2-
year period. Sample size was calculated on the basis of projected uncertainty in the resulting
sample size recommendations for future clinical trials. The sample size provides ample
power to detect cross-sectional differences among the HD subgroups.

Role of the funding source

Results

The sponsor of the study contributed to the conception of the study and provided scientific
advice and guidance on study design and data interpretation. The corresponding author had
full access to all the data and had final responsibility for the decision to submit for
publication.

385 potential participants were screened and 381 met the inclusion criteria and were
enrolled. 14 of these were subsequently excluded: one owing to stage 3 disease and the rest
because they were unable to undergo MRI; one further participant withdrew their consent.
Owing to difficulties in recruiting the required number of individuals with premanifest HD
who had total motor scores of 5 or less and a burden of pathology score of more than 250,
waivers were granted for the inclusion for nine individuals (Leiden=2, London=2,
Vancouver=5) who had burden of pathology scores of less than 250. Thus, the final sample
comprised 366 participants, of whom 123 were controls, 123 had HD, and 120 had preHD.
Table 1 shows their demographic data and pathological disease-burden scores.19 As
expected, owing to the progressive nature of HD, the preHD group was younger than the HD
group. Groups were sex-matched by design, and controls were age-matched to the combined
preHD and HD distribution. Although the HD2 group had lower education levels, there were
no other significant differences across groups.

Lancet Neurol. Author manuscript; available in PMC 2013 July 29.
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Measurement of repeat size at recruitment relied on historical diagnostic genotyping with
various techniques and size markers, and depended on the standard operating procedures at
each local diagnostic laboratory. 44 (37%) participants with premanifest HD had CAG
measurements that were 1 or 2 repeats shorter than were previously determined. As a result
of centralised resizing of CAG repeats, 13% of the preHD group did not reach the severity
threshold for disease burden (>250).

The number of participants on pharmacotherapy was similar among all groups—controls,
premanifest, and early HD—and across centres. The use of neuroleptic medication was more
common in participants with manifest HD (HD1 and HD2), and anti-depressant use was
common in all groups, including the controls. Medication use is summarised in the
webappendix.

Table 2 shows adjusted between-group and within-group differences. The unadjusted means
and standard deviations are shown in the webappendix. Unadjusted and adjusted means were
similar for all assessments, indicating no major confounding factors in our analyses.

Simple visual inspection of representative MRIs showed shrinkage of the caudate nuclei and
expansion of the CSF spaces in participants with preHD or early HD compared with controls
(figure 1). Semi-automated volumetric analysis showed that intracranial volume did not
differ significantly between the groups. Automated volumes of the striatum (total), caudate
nuclei, and putamen (as percentages of intracranial volume) were significantly reduced
compared with controls, even at the preHD-A stage, which was the earliest stage we studied
(webappendix). The volume reduced across individuals with preHD-B, HD1, and HD2,
respectively, although striatal volumes were not significantly different between HD1 and
HD2 (webappendix). Semi-automated whole-brain measures (as a percentage of intracranial
volume) showed a stepwise decline across the groups, with significantly reduced volumes in
participants in the preHD-B and HD groups compared with the controls (figure 1). The size
of these volume reductions compared with controls were 0-8%, 3:8%, 6-5%, and 8:5% in the
preHD-A, preHD-B, HD1, and HD2 groups, respectively. Figure 1 shows the association
between disease burden and whole-brain volume.

Cortical thinning increased in magnitude from the participants with premanifest HD to those
with HD (figure 1). Individuals with preHD-A had localised thinning in the posterior frontal
region, whereas there was involvement of the occipital, parietal, superior temporal, and
superior frontal lobes in the participants with preHD-B. Participants with HD1 and HD2
showed similar patterns, with extensive thinning throughout the cortex and relative sparing
of the anterior frontal and lateral temporal regions.

Voxel-based morphometry comparisons among the HD subgroups and the controls implied
there were progressive abnormalities in both the grey and white matter in all groups (figure
2; webappendix). In the preHD-A group, grey matter loss was localised to the putamen, but
was also beginning in the caudate. This pattern became more apparent in the individuals
with preHD-B, and there was increasingly widespread grey matter loss in HD1 and HD2 that
extended well beyond the neostriatum into the cingulate, pre-central and pre-frontal cortices
and into the occipital, parietal, and temporal cortices. White matter loss in the posterior-
frontal regions was also apparent early in the disease process; participants at the preHD-B
stage showed more widespread involvement than those at the preHD-A stage and there was
more white matter loss and similar involvement still in those with HD1 and HD2.

Overall, the findings across these four independent quantitative neuroimaging techniques are
noteworthy for the consistency of the evidence they provide. Brain MRIs indicate that
abnormalities occur before diagnosis, in the absence of overt motor signs in the grey and
white matter, and involve both cortical and subcortical regions.

Lancet Neurol. Author manuscript; available in PMC 2013 July 29.
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Antisaccade error rates showed stepwise increases across groups, with more errors made in
preHD-B than in preHD-A, in HD1 than in preHD-B, and in HD2 compared with HD1
(figure 3). Antisaccade error rates in the participants with preHD-A did not differ from those
in the controls. High error rates were associated with high disease-burden scores (figure 3).

Deficits in tongue protrusion force coordination, expressed as tongue force variability, also
showed stepwise increases across groups (figure 3). Variability (logarithmic) was greater in
participants with preHD-A than in controls, in preHD-B compared with preHD-A, and in
HD1 compared with preHD-B. Variability did not differ between HD2 and HD1. These
results suggest that variability in tongue protrusion force is sensitive enough to detect a
motor phenotype early in preHD, although tongue force variability might be too severely
impaired to distinguish between stages of early symptomatic disease. Tongue force
variability was also clearly associated with disease-burden scores (figure 3).

The precision of self-paced tapping (defined as 1/SD of the deviation of taps from the
training tap rate) was a sensitive measure that showed differences between all adjacent
group pairs (figure 3). Specifically, precision was lower in preHD-A than it was in controls,
lower in preHD-B than in preHD-A, lower in HD1 than in preHD-B, and lower in HD2 than
in HD1. Self-paced tapping was also clearly associated with disease burden (figure 3), and
was sensitive from the earliest timepoints we assessed.

Gait, measured as the coefficient of variation for stride length at normal walking speed, was
less sensitive than the other quantitative motor measures across all groups, as shown by
small effect sizes (figure 3). Only the HD2 group differed significantly from controls,
although when composite groups were compared (HD to controls, preHD to controls, and
HD to preHD), these comparisons were significant (table 2).

To distinguish cognitive measurements clearly from the quantitative motor assessment, we
selected three tasks from a larger set of cognitive measures, on the basis of their motor
demands being minimal. These tasks included recognition of facial expressions of emotion,
visual working memory, and smell identification. All three of these tests showed sensitivity
compared with the controls, before and after diagnosis (table 2). However, findings in
pairwise group comparisons were inconsistent. For recognition of facial expressions of
emotions (all negative emotions), participants with preHD-A did worse than controls, and
those with HD1 did worse than those with preHD-B (figure 4). For visual working memory,
the participants with preHD-B differed from those with preHD-A or HD1 (figure 4). For
smell identification, we only detected significant pairwise differences between the
participants with HD1 and those with preHD-B (figure 4). Remaining adjacent group
comparisons did not differ. All three cognitive measures showed convincing associations
between disease-burden scores and performance (figure 4).

Findings from the PBA-s indicate that apathy and irritability are also sensitive markers
before and after diagnosis, and show differences between preHD and controls and between
HD and controls (table 2). PBA-s affect scores were significantly higher in individuals with
HD, but not those with preHD, than the scores in controls. Apathy and irritability, but not
affect, were also raised more in HD2 than in HD1, providing evidence that progression
occurs across early diagnosed disease in two of these three symptoms (figure 5). The box
plots show that many participants scored zero on these three measures and, compared with
the quantitative motor and cognitive measures, correlations with disease burden were less
apparent (figure 5).

Neither the quality of life index nor the short-form 36 questionnaire were sensitive to group
effects in preHD (table 2). The quality of life index showed no effects, except a marginal
difference between HD1 and HD2 (webappendix). The short-form 36 questionnaire
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responses were significantly different for HD compared with controls, HD compared with
preHD, and between HD1 and HD2 (webappendix).

Discussion

In the TRACK-HD study, 243 HD expansion mutation carriers and 123 age-matched
controls were studied over an 8-month recruitment and data collection period by the use of a
collection of rigorous assessments that included novel multi-site applications of 3T MR,
quantitative motor, cognitive, and neuropsychiatric methods. Our findings indicate an
increasing separation of the disease course of preclinical HD from healthy individuals at an
early stage, in a cohort of premanifest HD gene carriers with no or minimum motor signs,
and continuing into stage 2 disease. TRACK-HD builds on what has been learned from
PREDICT-HD5,22 and other studies to show that preHD findings can be detected, even in
the absence of early clinical motor signs, and that some measures are sensitive to disease
effects across a broad range of stages, from health to different stages of clinical impairment.
Our observations support the hypothesis that neuronal dysfunction occurs many years before
the development of motor signs that are diagnostic of HD. The alterations we describe are
likely to be secondary to progressive neuronal dysfunction or loss and will help to define
quantifiable endpoints for future therapeutic interventions.

By use of advanced imaging techniques, we have shown structural changes in many brain
regions. Even in the premanifest stages, atrophy is not confined to the striatum; we detected
whole-brain volume loss in the preHD-B group, who are up to 10 years from predicted age
of onset, as well as cortical thinning, particularly in the posterior regions of the brain. The
3-8% reduction in whole-brain volume in the preHD-B group is similar to the volume
reduction reported in a different group of premanifest gene carriers.31 When Paulsen and
co-authors divided this group into those “close to” and those “far from” the age of predicted
onset, those that were far from onset had greater brain volumes than the controls. However,
in TRACK-HD whole-brain volumes were reduced by 0-8%, even in those furthest from
onset. Atrophy becomes increasingly widespread as the disease progresses through stages 1
and 2, which is in agreement with other reports.32,33 In accordance with previous studies,
9,11,31 Voxel-based morphometry and volumetric measures showed volume reductions in
the caudate and putamen in the preHD-A group, who are up to about 16 years from expected
disease onset. We found no significant differences in the volume of the caudate or putamen
between HD stage 1 and 2. The rate of volume seems to slow in the areas affected early in
the disease. We also showed striking white matter loss that is evident before motor onset,
which is consistent with other reports11 and suggests that a loss of connectivity might
underlie many of the early clinical decrements. Our findings support the reduction in
functional connectivity in premanifest individuals that has been reported previously.34
Overall, these findings suggest that focusing on the striatum in individuals with premanifest
HD might miss other important structural brain changes, and that a focus on circuitry and
systems might better describe the breadth and complexity of the alterations that occur in
premanifest HD.

Our results show that quantitative neurophysiological techniques may objectively detect
subtle deficits in motor coordination in individuals more than a decade before a diagnosis of
HD. Variability in tongue force is a useful measure in the premanifest stage of HD,
converting a clinical impression (unsteady tongue) into a quantitative measure. The
variability in the timing of voluntary finger taps was significantly different between all sub-
groups, showing that impairment of voluntary movements is a feature of the disease, even in
premanifest HD gene carriers, up to 16 years before the predicted onset, as has been
suggested previously.16 Gait analysis was a less sensitive measure for separating subgroups,
although differences between controls, all premanifest, and symptomatic individuals were
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significant. Our results are in agreement with previous observations that variability in
voluntary motor performance is the most sensitive measure of motor deficits,7 possibly as a
consequence of impaired motor feedback.35 We show that individuals who are classified as
“premanifest” on the basis of current definitions2 are not “pre-motor” in the sense that they
have no reproducible, measurable motor abnormalities. The oculomotor antisaccade error
rate also increased proportionally with disease progression. This is consistent with evidence
that the frontal lobes and basal ganglia contribute more to the control of voluntary
movements than to reflexive saccades.36 The premanifest individuals predicted to be
furthest from clinical onset (preHD-A) performed at the same level as the controls.
However, we noted a higher than expected error rate in the normal controls, which we are
investigating further.

Additional evidence of the functional relevance of the brain alterations seen on MRl is
shown in the cognitive findings, which point to damage to the frontostriatal pathways.
Problems in the processing of negative emotional stimuli, implicating orbitofrontal and
amygdala involvement, have been previously shown in individuals with premanifest HD.
37,38 We have replicated these findings and also extended them into the post-diagnosis
period. Visual working memory, another function that is clearly linked to the frontostriatal
pathways, was also affected before and after diagnosis in the individuals in our sample. This
finding is interesting in light of the common complaints of difficulties with multi-tasking,
and also with TRACK-HD findings of occipital, frontal, and striatal changes in HD.
Possibly, the use of a working memory task with a visual component added sufficient
sensitivity, given the overall pattern of brain changes, which would include both areas
involved in visual processing and in working memory. Findings of reduced odour
recognition confirm those in several previous reports and are consistent with the possibility
of changes in the olfactory cortex and the temporal lobe, which were seen in our voxel-
based morphometry and cortical thinning imaging measures. Overall, these cognitive
findings indicate that alterations can be detected across the spectrum, from preHD to stage 2
disease, even when tasks are chosen because they do not make substantial motor demands.

Neuropsychiatric burden is substantial in patients with HD, and the neuropsychiatric
findings in the present study are consistent with previous reports that indicate that
depression, irritable or aggressive behaviour, and apathy might precede the onset of motor
abnormalities by many years.39 Scores for irritability and apathy were significantly higher
in premanifest individuals than they were in spouse controls, despite the same home
environments. We believe this implicates a neurobiological, rather than psychological or
reactive, basis for these behavioural signs. Almost a half of our participants (155 of 366)
were taking medication that had effects on the CNS that were likely to mask the prevalence
of depression, and irritable or aggressive behaviour in particular. The use of these
medications was particularly common in the individuals diagnosed with HD. In contrast to
the clear abnormalities detected with many of our novel measures, two commonly used
quality of life rating scales, which are not designed specifically for HD, did not show any
impairment in our pre-HD population. Although this discrepancy might have been the result
of the insensitivity of the measures used, this finding is consistent with several studies that
have showed that HD gene carriers cope well after predictive genetic testing,40 and the
common-sense expectation that instruments designed to measure illness-related effects on
quality of life will not detect changes before the onset of clinically significant symptoms.

The strong association between pathological disease burden scores and most phenotypical
features, and the biological (MRI) and clinical read-outs, suggest that many of our
assessments show the underlying disease process and might therefore be suitable as
biomarkers of disease progression. However, whether there might be a causal relation
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between particular parameters (eg, changes in performance in cognitive tests and regional
brain atrophy) is beyond the scope of this publication.

Analysis of the quantitative motor and oculomotor data was done automated, blinded, and
free from bias. The most sensitive outcome measures identified in the quantitative motor
assessments can be tested within 5 min in each individual. All techniques are portable and
can be used in an out-patient setting by trained technicians. Therefore, the use of these
techniques is not restricted to specialised centres, but can easily be established in studies
with many sites, with relatively low costs for equipment, maintenance, and assessment of
blinded data. After longitudinal assessment during the next 2 years, TRACK-HD might
identify whether quantitative motor assessments can supplement or replace less sensitive
measures and those that are affected by the subjective performance of raters, such as the
UHDRS motor score.

Overall, these data from the baseline TRACK-HD study confirm that many biological and
clinical parameters in HD gene carriers differ markedly from controls, showing a clear and
increasing separation from the controls in disease course across groups with increasing
disease burden. Highly sensitive read-outs include 3T neuroimaging, quantitative motor, and
cognitive assessments, and emphasise the multi-system nature of the abnormalities.
Longitudinal follow-up data will enable us to ascertain the rate of change within specific
groups and the variability in change among individuals in these groups. The variability in
the rates of changes will ultimately define the usefulness of the parameters studied as
markers of disease progression for enabling disease-modifying clinical trials.

The findings reported here have several major implications. First, they suggest that the
current convention of defining the onset of HD as the onset of the movement disorder does
not do justice to the full spectrum of presentations of this heterogeneous condition. Second,
neuronal dysfunction while individuals are still functioning at a high level and in full
employment suggests that disease-modifying interventions should be initiated during this
period, while functional capacity is still within normal range and any deficits might be fully
reversible. Last, the identification of a panel of markers to detect these early changes will
enable testing of novel therapeutic drugs in this population.

The predictability of HD makes it perhaps the most governable of the neurodegenerative
diseases from the standpoint of early intervention. The findings from TRACK-HD have key
relevance for informing early intervention strategies that are under development for other,
more prevalent, neurodegenerative disorders, such as sporadic Alzheimer’s disease or
Parkinson’s disease, for which no highly predictive tests for the premanifest stage of the
disease are available. We have identified early changes that occur before there is evidence of
the clinically appreciable motor signs that are widely accepted as diagnostic for HD, in a
similar way to how mild cognitive impairment can precede Alzheimer’s disease in a subset
of patients. However, unlike in sporadic Alzheimer’s disease and other neurodegenerative
diseases, a sensitive and specific gene test definitely predicts those who will develop HD.
Together with this genetic test, the battery of assessments presented here moves us closer to
being able to carry out clinical trials to evaluate treatments that can slow the
neurodegeneration in this devastating group of diseases.
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Figure 1. Whole brain and regional atrophy in the controls, premanifest, and early Huntington’s
disease groups

(A) 3T volumetric MRI scan in a 50-year-old control, a 55-year-old individual with preHD,
and a 49-year-old with early Huntington’s disease. Brain volumes are corrected for
intracranial volume. (B) Brain volume as a percentage of intracranial volume across all
groups (horizontal lines are median; boxes are upper and lower quartiles; bars are range;
dots are outliers) and scatter plot of brain volume as a percentage of intracranial volume
against disease burden. (C) Cortical thinning in the Huntington’s disease groups compared
with controls. The top panel shows statistical maps corrected with the false discovery rate;
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magnitude maps are shown below. All results are adjusted for age and sex. ICV=intracranial
volume. LH=left hemisphere. RH=right hemisphere.
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Figure 2. Voxel-based mor phometry

Statistical parametric maps of grey and white matter differences among groups compared
with controls. Data adjusted for age, sex, study site, and intracranial volume. Results are
corrected for multiple comparisons using familywise error at the p<0-05 level.
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Figure 3. Quantitative and oculomotor measures
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(A) Antisaccade error rate. (B) Static tongue force variability. (C) Self-paced tapping. (D)
Gait as normal speed stance. Box plots: horizontal lines are median; boxes are upper and

lower quartiles; bars are range; and dots are outliers. CV=coefficient of variance.
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Figure 4. Cognitive measures
(A) Recognition of facial expressions of negative emotions, scored as number correct out of
50. (B) Spot the change visual working memory Set Size 5 condition; “K” is the number
correct, corrected for guessing (calculated as 5 [for the set size]x[the number of hits plus the
number of correct rejections —1]. (C) University of Pennsylvania Smell Identification Test
(number correct out of 20). Box plots: horizontal lines are median; boxes are upper and
lower quartiles; bars are range; and dots are outliers.
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Figure 5. Problem behaviour assessment

(A) PBA apathy score (frequencyxseverity). (B) PBA irritability score (frequencyxseverity;
sum of irritability, anger/aggression and perseverative thinking/behaviour items). (C) PBA
affect score (frequencyxseverity; sum of depressed mood, suicidal ideation, and anxiety
items). Box plots: horizontal lines are median; boxes are upper and lower quartiles; bars are
range; dots are outliers. PBA=problem behaviour assessment.
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