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Abstract
Huntington disease (HD) is a fatal neurodegenerative disorder caused by an expanded CAG repeat.
Its length can be used to estimate the time of clinical diagnosis, which is defined by overt motor
symptoms. Non-motor symptoms begin before motor onset, and involve changes in hypothalamus-
regulated functions such as sleep, emotion and metabolism. Therefore we hypothesized that
hypothalamic changes occur already prior to the clinical diagnosis. We performed voxel-based
morphometry and logistic regression analyses of cross-sectional MR images from 220 HD gene
carriers and 75 controls in the Predict-HD study. We show that changes in the hypothalamic region
are detectable before clinical diagnosis and that its grey matter contents alone is sufficient to
distinguish HD gene carriers from control cases. In conclusion, our study shows, for the first time,
that alterations in grey matter contents in the hypothalamic region occur at least a decade before
clinical diagnosis in HD using MRI.
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Introduction
Huntington disease (HD) is a fully penetrant hereditary neurodegenerative disorder caused by
an expanded CAG repeat in the HD gene (HDCRG, 1993). The length of the CAG repeat
correlates negatively with the age of onset and can be used to estimate it (Langbehn et al.
2004). The clinical diagnosis of HD is currently defined by the presence of overt motor
disturbances (Philips et al., 2008). Striatal atrophy is well established in clinical HD and has
been linked to chorea, whereas changes in the cerebral cortex have been correlated with
cognitive decline (Aylward et al., 2004; Kipps et al., 2005; 2007; Paulsen et al., 2006b; 2010;
Wolf et al., 2007; Rosas et al., 2005; 2008). However, circadian rhythm changes, sleep
abnormalities, psychiatric complications, as well as increased appetite and metabolic
alterations are common and often precede motor symptoms by many years (Trejo et al., 2004;
Morton et al., 2005; Underwood et al., 2006; Mochel et al., 2007; Julien et al., 2007; van Duijn
et al., 2007; Duff et al., 2007; Arnulf et al., 2008; Videnovic et al., 2009). These disturbed
functions may be caused by changes in the hypothalamus and neuroendocrine circuitries
(Petersén et al., 2009). In fact, recent studies have shown that hypothalamic atrophy is present
in HD patients in early disease stages as well as in transgenic HD mice using voxel based
morphometry (VBM) of MR images (Kassubek et al., 2004; Douaud et al., 2006; Sawiak et
al., 2009). Furthermore, microglia activation and reductions in dopamine D2 receptor levels
occur in the hypothalamic region even before onset of motor symptoms in HD gene carriers
(Politis et al., 2008). Finally orexin loss in the hypothalamus and alterations in the
hypothalamic-pituitary-adrenal axis including increased levels of cortisol and insulin growth
factor-1 have been shown in patients with HD from an early disease stage (Petersén et al.,
2005; Björkqvist et al., 2006; Aziz et al., 2008; 2009; Saleh et al., 2009).

Despite intense research during the last decade, there is still no cure or satisfactory treatment
for this fatal disorder. Biomarkers that define disease states before clinical diagnosis are
urgently needed in the development of potential therapeutic interventions. The Predict-HD
study constitutes a multi-national effort to identify such early disease related changes by
longitudinally characterizing individuals carrying the HD gene but who have not yet reached
the stage of clinical diagnosis (Paulsen et al., 2006a; 2008). In light of the recent findings of
hypothalamic dysfunction and atrophy in early clinical stages in HD and the fact that non-
motor symptoms and signs precede motor disturbances by many years, we hypothesized that
changes in the hypothalamic region would be present already prior to clinically defined disease
onset. In order to test this hypothesis, we first performed VBM analyses of cross-sectional MR
images from the Predict-HD study. We then used a classification approach of the MR images
as another means to assess whether changes were present in the hypothalamic region in
prodromal HD gene carriers with different estimated time to clinical diagnosis.

Materials and Methods
MR images

This study was performed using a subset of the Predict-HD cohort. Predict-HD is a multi-
national study of individuals known to be at risk for HD (Paulsen et al., 2006a; 2008) recruited
at 17 sites in the USA, four sites in Canada, seven sites in Europe and three sites in Australia
(Paulsen et al., 2006a). The study was approved by institutional review boards at all study and
data processing sites. Participants underwent informed consent procedures and signed consents
both for participation and to allow de-identified research data to be sent to collaborative
institutions for analyses. Inclusion criteria for Predict-HD required to have undergone genetic
testing for the presence of the CAG repeat expansion in the HD gene, and exclusion criteria
included clinical evidence of unstable medical or psychiatric illness, history of other central
nervous system disease or event such as head trauma or seizures as described previously
(Paulsen et al., 2006a; 2008).
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Data obtained from two hundred and twenty prodromal HD gene carriers, hereafter referred to
as “prHD” participants, were included in the present analyses. Individuals with prHD were
stratified by the predicted time to clinical diagnosis, as calculated by the method described by
Langbehn et al (2004). Participants with a predicted time to clinical diagnosis less than 9 years
were grouped into the “prHDnear” group (7.20 ± 1.43 years to predicted clinical diagnosis;
mean ± SD), those with 9–15 years to predicted clinical diagnosis formed the “prHDmid” group
(11.36 ± 1.95 years), and the “prHDfar” group consisted of participants with more than 15 years
to predicted clinical diagnosis (21.04 ± 5.09 years). Demographic data of the study population
are shown in Table 1. The prHD participants for the present study, as well as seventy-five
control participants, were selected from the first 348 individuals in the Predict-HD study with
quality controlled MRI scans, to obtain approximately equally sized age and gender matched
groups. The control participants constituted members of families with HD that were found not
to carry the HD gene and that were enrolled in the Predict-HD study. There were no significant
age differences or differences in the gender distribution between the control group and any of
the prHD groups (age differences analyzed by unpaired t-tests, gender distributions by Fisher’s
exact test. Significance threshold p<0.05, uncorrected). As could be expected, the mean age
of participants in the prHDnear group was significantly higher than that of the prHDfar group.
Otherwise, no significant differences in age or gender distribution were found between any
pair of prHD groups. We also compared the mean CAG repeat lengths between the groups with
unpaired t-tests, and found significant differences in all pairwise comparisons of prHD groups
(p<0.05, uncorrected).

All participants had MRI scans at 1.5 Tesla, and 30 sites used a General Electric 1.5 T scanner
(with two exceptions, both using 1.5 T Siemens scanners) (Paulsen et al., 2008). Briefly, a
sagittal localizer preceded the axial 3DSPGR with the following specifications; ~1×1×1.5 mm
voxels, TR = 18, TE = 3, FOV = 24, thickness = 1.5mm, 0 gap, matrix = 256 × 192 with ¾
phase FOV, NEX = 2, flip angle = 20, bandwidth = 15, 124 slices. The 3DSPGR was followed
by a coronal T2/PD (proton density) image with the following specificities: ~1×1×3 mm voxels,
TR = 3000, TE = 28, FOV = 26, thickness = 3.0, 0 gap, matrix = 256 × 192, NEX = 1, flip
angle = 90, 64 slices. The acquired images were inhomogeneity corrected, rigidly AC-PC
aligned and resampled with 1 mm isotropic voxels.

Voxel-based morphometry
VBM is an automated technique for statistical comparisons of tissue composition between
groups of individuals (Ashburner and Friston, 2000; Wright et al., 1995). T1-weighted MR
images are first normalized to the same stereotactic space and segmented into grey matter,
white matter and cerebrospinal fluid. The grey matter segment is then extracted and further
processed. After the normalization and segmentation, the intensity of each voxel in this segment
represents the relative grey matter content of the voxel. During the normalization step, some
brain regions may be compressed while others may be expanded. A modulation step, in which
the intensity of each voxel is scaled to compensate for such volume changes, may be introduced
to preserve the total amount of grey matter in the image. Hence, after the modulation each
voxel value is a measure of the actual grey matter content of the voxel. Finally, the images are
smoothed, so that the value in each voxel is a measure of the local average grey matter content.
The smoothing compensates for some imperfections in the normalization procedure and also
renders the voxel values more normally distributed. To yield statistical parametric maps, the
local average grey matter content of each voxel is compared between two or more groups.

We performed VBM using the SPM5 software (Wellcome Department of Cognitive
Neurology, London) in MATLAB v. 7.5.0 (R2007b; Mathworks). The T1-weighted images
from all participants were normalized to the tissue templates supplied with SPM5 by means of
the unified segmentation algorithm described in Ashburner and Friston, 2005. After
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normalization, the voxel size was 2 mm × 2 mm × 2 mm. A modulation step was performed
to ascertain that the intensity of each voxel reflected the actual grey matter content of that
voxel. All images were subsequently smoothed with an isotropic gaussian kernel with FWHM
= 4 mm, which was chosen based on the estimated size of the hypothalamic region and
according to Ridgway et al., 2008. Voxel-wise comparisons of the local average grey matter
content were performed within the general linear model framework, contrasting the control
group and each of the prHD groups, using age and gender as co-variates and hence removing
the confounding effects of those on the result. As noted by Ridgway et al (2009), performing
the statistical tests only for voxels within a properly specified mask may clarify the
interpretation of the VBM results. They proposed an automated method for creating such a
mask, by finding the binary image which has the highest correlation with the mean grey matter
image. We applied this method to the mean grey matter image from the control group, and the
statistical tests were performed for all voxels within the resulting mask. We applied two-sided
t-tests to find brain regions with a difference in grey matter content between the compared
groups. The resulting statistical parametric maps were corrected for multiple comparisons
using the false discovery rate (FDR). Values with q<0.01 were considered significant. The
MNI Space Utility (http://www.ihb.spb.ru/~pet_lab/MSU/MSUMain.html) was used to
transform the MNI coordinates of the significant voxels to the Talairach space and infer the
corresponding brain regions.

Validation of the normalization process for the hypothalamic region
Interpretation of VBM results requires that the images are correctly aligned to each other to
ensure that a certain voxel corresponds to the same physical space in all images. Since the
hypothalamic region is the main region of interest in this study, and as a normalization
algorithm can not be expected to perform equally well throughout the brain, we assessed the
performance of the applied normalization algorithm in this region only. The aim was to
investigate whether voxels in the hypothalamic region were systematically shifted in the
different groups after the normalization, which could potentially influence the results from the
VBM. First, six points of reference were marked in the native space T1-weighted images of
all participants by an individual who was blinded to the genotype. The points were chosen to
provide a boundary for the hypothalamus. They were placed in a coronal plane 2.7 mm posterior
to the anterior commissure according to a human brain atlas (Mai et al., 2007). In each
hemisphere, the landmarks were placed in the medial and ventral edge of the fornix, the medial
and ventral edge of the optic tract, and in the inferior and medial edge of the hypothalamus.
The individual transformations estimated by the unified segmentation in SPM5 were then used
to map these points to the MNI space, and the location of the points in this space was compared
across groups and individuals.

Volumetric analysis of the third ventricle
The hypothalamic region has no clear anatomical landmarks that can be used to accurately
delineate it in MR images obtained from a 1.5 T scanner. We therefore assessed the volume
of the third ventricle in the slices where the hypothalamic region is present as an indirect
measurement to determine whether hypothalamic atrophy had taken place. This was performed
in native space T1-weighted images. The third ventricle was semi-manually delineated based
on its tissue-CSF borders in all slices from where the anterior commissure is present ending
with the slice where the posterior commissure is first present using the MRIcro software
(http://www.cabiatl.com/mricro/)(Tisserand et al., 2000). The intracranial volume (ICV) was
measured with a three-step procedure using FSL (www.fmrib.ox.ac.uk/fsl/). First, a 3D box
that covers the brain was used to mask out partial skull and neck regions. Second, a brain
extraction tool (BET) was used to extract only the brain tissue after a manually adjusted
intensity threshold to remove high-intensity areas of the eyes and low-intensity non-brain
tissue. Finally, a morphological operation was used to fill the holes inside the brain with the
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original intensity. Normalization for ICV was performed using MATLAB version 7.9.0
(R2009b) (Tisserand et al., 2000). We then compared the mean value of the third ventricle
volume between the groups of participants using a one-way ANCOVA, including age as a
covariate. The statistical analyses were performed using the statistical package R (version
2.10.1, R Development Core Team, 2009) and PASW Statistics 18 (Release Version 18.0.0,
SPSS, Inc., 2009).

Estimation of the classification accuracy of different brain regions
Next, we investigated whether it was possible to use information extracted from the structural
MR images to discriminate between participants with different predicted time to disease onset.
The rationale behind this approach was that the potential of a region to discriminate between
different groups of participants should be an indication of the extent of disease-related changes
occurring in this region. The normalized, segmented and smoothed images created by SPM5,
i.e. the same images which were employed for the VBM, were used to train an L2-regularized
logistic regression model, with each variable representing a voxel (see also supplementary
methods). Regularized logistic regression can be applied to large binary classification problems
with many variables. An efficient implementation is provided by the LIBLINEAR software
(Fan et al., 2008, Lin et al., 2008) which together with its Python interface
(http://public.procoders.net/liblinear2scipy/src/dist/) was used in this study. Before entered
into the classifier, each variable was linearly scaled to the interval [−1,1], to avoid numerical
problems and possibly improve classification performance. To evaluate the discrimination
power of different brain regions, five regions of interest (ROIs) were extracted from the grey
matter images. These were placed around the hypothalamus, the caudate and the insula, as well
as in the cerebral cortex and cerebellum. The effects from the VBM appeared to be symmetric,
and hence the results from the left hemisphere can be expected to parallel those that would be
found in the right hemisphere. Therefore we considered only the left insula and caudate. All
ROIs measured 22 mm × 16 mm × 18 mm (792 voxels), and all contained a CSF-tissue border.
Furthermore, all ROIs contained voxels with a significantly altered grey matter content in the
prHDnear group compared to the control group, according to the VBM analysis. In the “whole
brain” region we included voxels where the value in the smoothed grey matter image exceeded
0.0001 in all participants. This yielded in total 252,682 voxels. The discriminative power of
each of the ROIs as well as that of the whole brain was estimated by 5-fold cross-validation,
hence leaving out a group of 29–30 participants at a time. Finally, 95% confidence intervals
for the classification accuracies were calculated as described by Wilson (1927), with correction
for continuity, by means of the statistical package R (Version 2.10.1, R Development Core
Team, 2009).

Results
VBM analysis revealed changes in MR images from prHD participants

The present study was designed to investigate whether structural changes in the hypothalamic
region occurred before onset of overt motor symptoms in HD using both VBM and a
classification approach. It was based on T1-weighted MR images from two hundred and twenty
prHD participants and seventy-five age and gender matched controls from the Predict-HD
study. Prodromal HD participants were stratified into three groups based on the predicted time
to clinical diagnosis (Langbehn et al., 2004); prHDfar (>15 years to predicted clinical
diagnosis), prHDmid (9–15 years to predicted clinical diagnosis) and prHDnear (<9 years to
predicted clinical diagnosis). We began by assessing the localization and extent of grey matter
changes in the MR images using VBM. These analyses revealed regions with significant
changes in local grey matter content compared to controls in all prHD groups as illustrated
using statistical parametric maps (Fig. 1–3; comparisons of each prHD group to the control
group are corrected for multiple comparisons using FDR and thresholded at q<0.01). In the
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prHDfar group, the changes were confined to a small region in the caudate (Fig. 1) while
changes in the prHDmid and prHDnear groups were more widespread (Fig. 2 and 3). These
changes comprised several brain regions, in particular the caudate, insula and the hypothalamic
region, suggesting that these structures were all similarly affected by the disease process. In
fact, 28% of the voxels in the hypothalamic region as defined by the Talairach coordinate
system were significantly different from controls in the prHDnear group (Fig. 3) and 20% of
the voxels were different from controls in the prHDmid group (Fig. 2). Moreover, significantly
different voxel clusters were also detected in other areas such as the cerebral cortex and the
cerebellum. As can be seen in Fig. 1–3, most of the significant changes found by VBM result
from a decrease of grey matter in the prHD groups compared to the control group.

Investigations of structural changes of the hypothalamus in MR images are not trivial as no
clear anatomical borders exist. Nevertheless, visual inspection of MR images demonstrated a
widening of the third ventricle in at least the prHDnear and prHDmid groups (Fig. 4; compare
panels C and D versus A and B). Quantitative analyses of the third ventricle volume using a
one-way ANCOVA with age as a covariate showed a significant overall effect of the estimated
time to onset of motor symptoms on the volume (F(3,290)=30.7, p<0.001). Including also the
gender as a covariate did not significantly improve the model fit (F(1,289)=3.51, p=0.062). To
localize the significant effect, we compared the adjusted means between the groups (using
Bonferroni correction for multiple comparisons), and noted significant differences between
the mean volume in the prHDnear group and each of the other participant groups (p<0.001), as
well as between the prHDmid group and the control group (p<0.05) (Fig. 4 E).

As correct interpretation of VBM results requires accurate alignment, we validated that the
hypothalamic region overlapped between groups after the normalization process. For this
purpose, we examined whether six points of reference on the border of the hypothalamic region
in each of the native T1-weighted images indeed overlapped between the different groups after
mapping to the standard template by the transformations determined by SPM5. The points were
placed in the medial and ventral edge of the fornix, the medial and ventral edge of the optic
tract and in the inferior and medial edge of the hypothalamus, which were landmarks that could
be identified in all images in the four different groups (Fig. 4 A and F). We then compared the
location of the points in the MNI space after normalization across groups and individuals and
found that only minor shifts of small magnitude occurred between the groups (Fig. 5). In fact,
the largest group mean difference for any point in any of the three coordinate directions was
less than 1 mm, i.e. less than half the voxel size in the normalized images. The standard
deviation across all participants was less than 1.25 mm, or 0.625 voxel, for each point in each
of the three coordinate directions. The dorsal and lateral points in the left hemisphere appear
to have been shifted systematically outward in the prHDnear group compared to the control
group, which could potentially affect the VBM analysis. However, the regions of statistically
significant grey matter alterations in the prHDnear group compared to the control group in the
VBM analysis parallel those found when contrasting the prHDmid group and the control group.
At the same time, the ventral points appeared not to have been significantly shifted in the
prHDmid group compared to the control group (Fig. 5). Therefore, we expect the potential
confounding effects of the shift on the VBM results in this case to be small.

Regions of interest in the caudate, insula and hypothalamus can classify prHD
To support the interpretation that the hypothalamus, as well as the caudate and the insula are
centrally involved in the disease process from early on in the course of the illness, we
investigated their ability to correctly distinguish prHD participants from control participants,
as well as from prHD participants with a different predicted time to clinical onset, compared
to that of the whole brain. In the comparison, we also added ROIs from the cerebral cortex and
the cerebellum, as these regions both showed significant changes in the VBM analysis and
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contained tissue-CSF borders. Hence, five ROIs of equal size in the hypothalamic region, the
left caudate and the left insula, as well as the cortex and cerebellum were chosen (Fig. 6). Using
an L2-regularized logistic regression model, we found that all ROIs, as well as the whole brain,
discriminated well the control group from the prHDnear group (Table 2; the sensitivity and
specificity for all classification analyses are shown in Supplementary Table 1). The highest
classification accuracy in the comparison between the prHDnear group and controls was
achieved with data from the insula (89.0% correctly classified), followed by ROIs from the
caudate (88.3%), the whole brain (87.6%) and hypothalamic region (86.2%) (Table 2). In the
comparison between controls and the prHDfar group, the ROIs in the insula, cerebral cortex
and cerebellum failed to classify participants better than chance. Interestingly, two of the main
areas identified in the VBM analysis, namely the caudate and the hypothalamic region, retained
their ability to distinguish better than chance in all comparisons against the control group. They
remained similar to analysis performed using the whole brain images. Although the insula
performed the best when contrasting the control and the prHDnear group, its ability to
distinguish the control group from the prHDfar group was not significantly different from
chance. The fact that better than chance classification accuracies can be achieved when the
prHDfar group is compared to controls using ROIs in the hypothalamic region and the caudate
argue that changes in these regions are part of the early pathological events in HD.

Next we investigated whether the prHD groups could be distinguished from each other using
L2-regularized logistic regression, with the intention to explore if disease progression could
be tracked using structural MRI. The caudate, the hypothalamic region and the insula showed
a better than chance accuracy in all comparisons between prHD groups, suggesting that disease
progression could be reflected in changes in MR signals in these areas (Table 2; Supplementary
Table 1). Combining all five ROIs provided a slightly higher classification accuracy than the
individual ROIs in all comparisons except prHDfar vs prHDnear, where the caudate region alone
was superior (data not shown). The receiver operating characteristic (ROC) curves for all ROIs
and whole brain images in all classifications as well as areas under the ROC curves are shown
in Fig. 7. The ROC curves illustrate the relationship between true positive rates (sensitivity)
and false positive rates (1-specificity) for different values of the cut-off parameter, which was
set to 0.5 in our classification analyses.

Discussion
We designed the present study to investigate whether changes in the hypothalamic region were
detectable in structural MR images from HD gene carriers already before the onset of overt
motor symptoms. For this purpose we took advantage of a large data set which was generated
as part of a unique multi-center study (Paulsen et al., 2006; 2008), which consisted of MR
images from 220 HD gene carriers and 75 controls. We found that changes in the hypothalamic
region were present in prHD at least a decade before predicted time of clinical diagnosis using
VBM analyses. The changes in this region were in fact among the earliest features that could
be detected. These findings are consistent with and extend those reported previously in early
stages of clinical HD using similar techniques (Kassubek et al., 2004;Douaud et al., 2006). The
alterations in the hypothalamic region paralleled changes in the caudate nucleus and the insula,
and to some extent the cerebral cortex, all of which are regions known to be affected in prHD
(e.g. Thieben et al., 2002;Aylward et al., 2004;Kipps et al., 2005;2007;Rosas et al., 2005;
2006;2008;Paulsen et al., 2006b;2010;Henley et al., 2008;Jurgens et al., 2008;Tabrizi et al.,
2009).

In the present study, we extended our analysis to investigate whether MR images could be used
to discriminate prHD of different expected time to clinical diagnosis from controls as well as
from each other, as a high classification accuracy of a region would indicate that the region is
indeed involved in the disease process. The highest estimated classification accuracies were
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obtained between controls and prHDnear using data from the whole brain or ROIs in the caudate,
insula or the hypothalamus (80–90%), whereas ROIs located in the cerebral cortex or the
cerebellum performed less well (<70%). Overall similar results were obtained in the
comparisons between the prHDfar and prHDnear groups for most regions. On the other hand,
for comparisons between prHDmid and control or prHDfar groups, the estimated classification
accuracy obtained using the whole brain data fell 15–24%. Although the accuracy for the
caudate and hypothalamic ROIs showed a similar drop, they remained powerful regions for
discrimination between any two groups across all analyses. Hence, the classification accuracy
using the hypothalamic ROI followed closely the results obtained with the caudate especially
when contrasting against the prHDmid group, suggesting that important changes occurred in
this area during the preclinical progression of the disease. A recent study has used a similar
automated method based on a support vector machine to evaluate the classification potential
of prHD gene carriers against controls using MR data from a smaller group of individuals
(Klöppel et al., 2009a). In that study, classification accuracies of 69% and 83% were obtained
with data from the whole brain or caudate, respectively. The same group has also shown that
a pattern of structural white matter changes in the putaminal region and corpus callosum
measured by diffusion tensor imaging could classify 82% of prHD cases correctly (Klöppel et
al., 2008). Taken together, these studies suggest that classification strategies based on structural
imaging can distinguish prHD from controls.

Although VBM provides a tool to investigate whether a region is affected in different groups
in an un-biased fashion, there are limitations with this method (Ridgway et al., 2008; Klöppel
et al., 2009b). These limitations include the normalization process of the images, the issue of
performing multiple statistical tests and difficulties in detecting multivariate relationships.
Control experiments were therefore undertaken in the present study that confirmed that the
coordinates of voxels on the ventral-dorsal borders of the hypothalamic region agreed well
between the different groups of participants after the normalization. In fact, the largest group
difference between any two points in any of the three directions was less than half the size of
the voxels, which is likely to be less than the accuracy of the identification method for the
reference points. Hence, the confounding effects of these shifts on the VBM results are expected
to be small. Taken together, this strengthens the interpretation that the detected changes in the
hypothalamic region constitute true alterations in tissue composition. However, the great
variations between different studies using VBM as well as in the reporting of different
parameters render the published data sometimes difficult to interpret and reproduce in all cases,
and has been a source of criticism (Henley et al., 2009a). Several user-specified VBM
parameters including the level of statistical correction, modulation, smoothing kernel size and
software version have a significant impact on the data (recently reviewed in Klöppel et al.,
2009b; Henley et al., 2009a). Guidelines on how to report VBM analyses are now available
and these have been considered in our study in order to facilitate the interpretation of our data
(Ridgway et al., 2008).

The search for pathological changes detected by imaging techniques before onset of motor
symptoms and that track with progression is an important focus for the development of novel
therapies in HD (recently reviewed in Bohanna et al., 2008; Klöppel et al., 2009b; Paulsen,
2009). Specifically, recent studies based on MRI and DTI analyses have suggested that whole
brain atrophy, reduction in striatal volume, or white matter atrophy occur in prodromal HD
(Aylward, 2007; Rosas et al., 2006; Henley et al., 2009b; Tabrizi et al., 2009). Although these
findings are not specific for HD, they may be used to define the state of disease progression.
Such markers of state including classification techniques such as the one presented in this study
can potentially be used to enrich the inclusion criteria in clinical trials testing efficacy of
treatments in HD. The imaging studies in prHD cases will be important also in identifying
early structural and functional changes that may be involved in causing the non-motor
symptoms and signs that may occur many years before motor onset. The early changes in the
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hypothalamic region detected in the present study might have implications towards this end.
It is indeed plausible that early symptoms and signs such as depression, alterations in the
circadian rhythm and metabolic dysregulation might be related to changes in the hypothalamic
region. This interpretation is supported by recent observations that microglia are activated in
the hypothalamus in prHD and that dopamine D2 receptor levels are reduced (Politis et al.,
2008). Future studies should, therefore, investigate whether causative links exist between
hypothalamic dysfunction and the development of non-motor symptoms, and may take
advantage of mammalian model systems where consequences of region and cell specific
expression and deletion of mutant huntingtin can be elucidated.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Voxel-based morphometric analysis of prHDfar and controls in the Predict-HD study
The figures show the t-values in regions with significantly altered grey matter content in the
prHDfar group compared to controls. The color bar indicates the range of t-values. Positive t-
values indicate a decrease in grey matter content in prHDfar participants compared to controls,
negative t-values indicate an increase in prHDfar participants compared to controls. All images
are corrected for multiple comparisons using FDR and thresholded at q<0.01. Images are shown
in neurological convention, overlaid on a standard MNI152 T1 template and viewed with the
xjView toolbox in MATLAB (http://www.alivelearn.net/xjview8/). The top row shows the
sections at MNI coordinates (−8,−4,10) mm. The following image shows the same statistical
parametric map on a series of transverse slices (from MNI coordinates z = −40 to z = 35, slice
thickness 5 mm).
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Figure 2. Voxel-based morphometric analysis of prHDmid and controls in the Predict-HD study
The figures show the t-values in regions with significantly altered grey matter content in the
prHDmid group compared to controls. The color bar indicates the range of t-values. Positive t-
values indicate a decrease in grey matter content in prHDmid participants compared to controls,
negative t-values indicate an increase in prHDmid participants compared to controls. All images
are corrected for multiple comparisons using FDR and thresholded at q<0.01. Images are shown
in neurological convention, overlaid on a standard MNI152 T1 template and viewed with the
xjView toolbox in MATLAB (http://www.alivelearn.net/xjview8/). The top row shows the
sections at MNI coordinates (−8,−4,10) mm. The following image shows the same statistical
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parametric map on a series of transverse slices (from MNI coordinates z = −40 to z = 35, slice
thickness 5 mm).
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Figure 3. Voxel-based morphometric analysis of prHDnear and controls in the Predict-HD study
The figures show the t-values in regions with significantly altered grey matter content in the
prHDnear group compared to controls. The color bar indicates the range of t-values. Positive
t-values indicate a decrease in grey matter content in prHDnear participants compared to
controls, negative t-values indicate an increase in prHDnear participants compared to controls.
All images are corrected for multiple comparisons using FDR and thresholded at q<0.01.
Images are shown in neurological convention, overlaid on a standard MNI152 T1 template and
viewed with the xjView toolbox in MATLAB (http://www.alivelearn.net/xjview8/). The top
row shows the sections at MNI coordinates (−8,−4, 10) mm. The following image shows the
same statistical parametric map on a series of transverse slices (from MNI coordinates z = −40
to z = 35, slice thickness 5 mm).
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Figure 4. Representative images of the hypothalamic region
Representative native-space T1-weighted images from participants in the control (A),
prHDfar (B), prHDmid (C) and prHDnear (D) groups at the plane where the six different points
on the borders of the hypothalamic region were identified for validation of the normalization
process. The locations of the three points in the left hemisphere are shown in (A) and
schematically in (F). The images illustrate a widening of the third ventricle in the groups closer
to estimated onset of motor symptoms which is confirmed by a volumetric analysis of the third
ventricle (E). Data is presented as mean ± SD. C= control, F= prHDfar, M = prHDmid and N =
prHDnear . **= p<0.001 (adjusting for age effect and using Bonferroni correction) compared
to all other groups; * = p<0.05 (adjusting for age effect and using Bonferroni correction)
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compared to the control group; F= fornix; IFN= the infundibular nucleus; OT= optical tract;
PVN= the paraventricular nucleus of the hypothalamus; VMH= the ventromedial nucleus of
the hypothalamus.
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Figure 5. Validation of the spatial alignment of the hypothalamic region
The mean positions in the normalized images of the six different points of reference on the
hypothalamic borders in a plane 2.7 mm posterior to the anterior commissure did not differ by
more than 1 mm in any coordinate direction between any pair of participant groups, which is
illustrated in a medio-lateral and dorsal-ventral plane. Data is represented as mean ± SD.
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Figure 6. Region of interests used for classification analyses in prHD
The anatomical localizations of the five equally sized regions of interests (22 mm × 16 mm ×
18 mm, 792 voxels) in the hypothalamic region (1), the left caudate (2), the left insula (3), the
cerebral cortex (4), and the cerebellum (5) that were used for the classification analyses.
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Figure 7. ROC curves for the classification accuracy in prHD and control participants
ROC curves obtained using a L2-regularized logistic regression model when contrasting
controls participants to the different prHD groups, as well as when contrasting prHD groups
to each other for the whole brain (A), and regions of interests in the hypothalamic region (B),
the caudate nucleus (C), the insula (D), the cerebral cortex (E) and the cerebellum (F). Areas
under the ROC curves are indicated in each graph. In each binary comparison, the “positive”
group is considered the one closest to expected clinical onset (with the control group considered
further from onset than any of the prHD groups).
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