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Abstract
Background

Huntington’s disease (HD) is characterised by both regional and generalised neuronal

cell loss in the brain. Investigating functional brain connectivity patterns in rest in HD has
the potential to broaden the understanding of brain functionality in relation to disease
progression. This study aims to establish whether brain connectivity during rest is different
in premanifest and manifest HD as compared to controls.

Methods

At the Leiden University Medical Centre study site of the TRACK-HD study, 20 early HD
patients (disease stage 1 and 2), 28 premanifest gene carriers and 28 healthy controls
underwent 3T MRI scanning. Standard and high-resolution T -weighted images and

a resting state fMRI scan were acquired. Using FSL, group differences in resting state
connectivity were examined for eight networks of interest using a dual regression
method. With a voxelwise correction for localised atrophy, group differences in functional
connectivity were examined.

Results

Brain connectivity of the left middle frontal and pre-central gyrus, and right post central
gyrus with the medial visual network was reduced in premanifest and manifest HD

as compared to controls (0.05>p>0.0001). In manifest HD connectivity of numerous
widespread brain regions with the default mode network and the executive control
network were reduced (0.05>p>0.0001).

Discussion

Brain regions that show reduced intrinsic functional connectivity are present in
premanifest gene carriers and to a much larger extent in manifest HD patients. These
differences are present even when the potential influence of atrophy is taken into account.
Resting state fMRI can potentially be used for early disease detection in the premanifest
phase of HD and for monitoring of disease modifying compounds.
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Introduction

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease
characterised by progressive motor-, behavioural- and cognitive-dysfunction. The
expansion of the HTT gene on chromosome 4 is eventually responsible for neuronal

loss and dysfunction throughout the brain®2. Previous studies have demonstrated that
atrophy of both the deep grey matter structures and of the cortex are apparent in patients
with HD, and also to a lesser degree in HD gene carriers prior to disease onset*®. These
premanifest gene carriers, who do not show symptoms of the disease but are certain of
eventual disease onset, have also been found to show reduced integrity of white matter”®.
In patients with HD, both extensive white matter integrity loss and atrophy of white matter
has been shown®?!,

Clinical assessments in multiple functional domains have extensively objectified the
impairments reported by patients and their companions!***. Also in premanifest gene
carriers numerous tests of functioning have shown diminished performance!®*®, In an
effort to bridge the gap between the observed clinical deteriorations and structural brain
deficits, a number of studies have applied clinical assessments whilst observation of brain
activity was performed using functional magnetic resonance imaging (fMRI).

Four task-based fMRI studies in manifest HD demonstrated a fairly homogenous profile,
with reductions in brain activation in numerous cortical and sub-cortical brain regions®-%2,
However the results from the limited number of task-based fMRI studies in premanifest
HD report a more heterogeneous pattern. Increased activation in several brain regions
was found in premanifest gene carriers far from expected disease onset, and reduced
activation was reported in premanifest gene carriers close to expected disease onset?*2,
These task-based fMRI studies all challenged the brain during the MRI scanning yielding
assessment and performance dependent results. An alternative approach is to examine
the brain connectivity patterns without taxation.

Brain function depends on large-scale brain interactions?. Functional brain connectivity
patterns can be examined at rest with fMRI and this approach is recognised as an
important step towards understanding functional brain networks?®. Hence, recent reports
have incorporated resting state (RS) fMRI to examine the brain during both normal
aging and disease?’*, Currently the earliest detectable brain changes in HD are atrophy
of subcortical grey matter structures'’*.. Given that cell loss presents as the result of a
pathologic cascade it is plausible to expect functional brain changes prior to cell loss. In
carriers of the APOE-4 gene, alterations in intrinsic functional connectivity have been
observed even in the absence of changes in brain structure®. Such interactions have not
been studied in premanifest HD. Functional brain changes may also occur in HD, either
prior to, or as a result of brain atrophy. RS fMRI has the potential to give insight into
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potential functional changes. RS fMRI could be implemented for early disease detection
and could evaluate the effect of future neuroprotective or therapeutic compounds. This
study aims to establish whether functional brain connectivity at rest is altered in both
premanifest HD gene carriers and early manifest patients.

Methods

Participants

At the Leiden University Medical Centre study site of the TRACK-HD study, subjects
participating in the longitudinal TRACK-HD study underwent MRI scanning including fMRI
during the baseline visit. Of the 90 participants included, 11 did not undergo the additional
fMRI scan due to time constraints. Furthermore after quality control of the fMRI data,

both visually and by means of the scan analysis reports generated during post-processing
of the MRI data, three manifest HD participants were excluded from the analysis because
of excessive motion (>4mm). In total 20 stage 1 and 2 HD patients, 28 premanifest gene
carriers and 28 healthy controls were included in the fMRI analysis (table 1).

Inclusion criteria for HD patients included a positive genetic test for the HTT gene with

40 or more CAG repeats; the presence of motor disturbances defined as more than five
points on the Unified Huntington’s Disease Rating Scale — total motor score (UHDRS-
TMS), and a Total Functional Capacity score (TFC) greater than or equal to seven points,
thereby only including patients in the earliest two disease stages®:. Inclusion criteria for
premanifest gene carriers consisted of a positive genetic test with 40 or more CAG repeats,
and the absence of motor disturbances with five or less points on the UHDRS-TMS.

Finally, a burden of pathology score ((CAG repeat length -35.5) x age) greater than 2503
was required. Age- and gender-matched gene-negative relatives of HD gene carriers and
unaffected spouses were included as healthy controls. Exclusion criteria for all participants
included previous significant head injury, any other neurological or major psychiatric
disorder, or unwillingness to undergo MRI scanning. The study was approved by the
Medical Ethical Committee of the Leiden University Medical Centre. All participants gave
written informed consent. For full details of study parameters see Tabrizi et al. (2009)3.

During further medical history taking, handedness was recorded by means of the
Edinburgh Inventory 2™ version (Oldfield, 1970). For early HD patients, the rater’s estimate
of disease onset was determined, based on the rater’s observations, reports by the
patients and information from companions or relatives. With this information the current
disease duration was calculated. For premanifest gene carriers the estimated number of
years until disease onset was calculated based on their current age and CAG repeat length,
by means of the formula developed by Langbehn et al. (2004)%*.
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MRI protocol

MRI acquisition was performed on a 3 Tesla whole body scanner (Philips Achieva,
Healthcare, Best, The Netherlands) with an eight channel receive array head coil. An
anatomical T -weighted scan was acquired using an ultrafast gradient echo 3D acquisition
sequence with the following imaging parameters: repetition time (TR) = 7.7 ms, echo time
(TE) = 3.5 ms, field-of-view = 24 x 24 x 16.4 cm, matrix size 224 x 224, with a duration of

9 minutes. For post-processing registration purposes, a high resolution T -weighted scan,
with the following parameters was collected; repetition time (TR) = 2200 ms, echo time
(TE) = 30 ms, field-of-view = 220 x220x168 mm, flip angle = 80°, matrix size= 112x109mm,
with a duration of 46 seconds. A RS fMRI scan with the following parameters was also
obtained: repetition time (TR) = 2200 ms, echo time (TE) = 30 ms, field-of-view = 220 x 220
x 10.4 cm, resolution = 1.96 x 1.96 x 2, no slice gap, flip angle = 80°, matrix size 80 x 79,
with a duration of 7.5 minutes. To reduce unnecessary sensory input that could influence
the results, participants were not allowed to listen to music during the RS fMRI scan, and
to ensure a wakeful disposition participants were asked to keep their eyes open with
normal background light.

Pre-processing for RS fMRI analysis

Pre-processing of the RS fMRI data using the standard procedure was carried out using FSL
4.1.8%. The following steps were preformed: head motion correction®, brain extraction®,
spatial smoothing using a Gaussian kernel of 5 mm full width at half maximum (FWHM).
All volumes were normalised based on mean intensity and high-pass temporal filtering
(Gaussian-weighted least-squares straight line fitting, FWHM = 100s). The middle
(reference scan) of each individuals RS fMRI time series was affine registered to MNI152
standard space (Montreal Neurological Institute, Montreal, QC, Cananda): initially, it was
registered to the high resolution T -weighted scan. This high resolution T -weighted scan
was subsequently registered to the anatomical T -weighted scan. Finally, the anatomical
scan was registered to MNI152 standard space. By first registering the functional data to
the high resolution scan and then to the anatomical T -weighted scan allows for better
registration of the data. These three registration matrices were combined to obtain a
matrix for transforming fMRI data from native space to standard space, using interpolation
to 2x2x2 mm voxels. Visual quality control was performed to ensure correct registration.

Statistical analyses

Statistical analysis of group demographic was compared using SPSS (version 17, SPSS,
USA). Where appropriate either Analysis of Variance or Chi-squared tests were applied.
Resting state connectivity was examined using a dual regression method??3%%, In doing
so the similarity of the haemodynamic response patterns (fMRI signal) for each brain
voxel was compared to the fMRI signal in eight pre-defined, well established, networks
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of interest (NOIs)*'. These networks encompass over 80% of the entire brain volume. The

NOlIs represent spatial template maps corresponding to medial visual (NOI1), lateral visual
(NOI2), auditory (NOI3), sensorimotor (NOI4), the default mode (NOI5), executive control

(NOI®6), visual-spatial memory (NOI7), and working memory (NOI8) networks.

First, a spatial regression was applied: The eight NOIs and a CSF mask were used as spatial
regressors in a general linear model (GLM) to obtain the nine corresponding dynamic
patterns of fMRI signal fluctuations in each network from each individual’s RS fMRI scan.
Next, these nine time series, together with six motion correction parameters derived
during preprocessing (three translations and three rotations) were used as temporal
regressors in a second (temporal) GLM. For each voxel, the z-score corresponding to each
of these 15 temporal regressors was obtained. A GLM was applied, resulting in spatial
z-score maps for each individual’s RS fMRI scan, for each NOI. This dual-regression method
thereby generated eight z-scores maps reflecting the connectivity strength of each voxel
in the brain to each of the eight NOIs. A voxel with a high z-score demonstrated a highly
similar pattern of fMRI fluctuation to the voxels in the NOI.

These z-score maps were constructed to compare the groups. The group statistical

analysis was performed to determine which brain regions showed statistically significant
differences in connectivity to any of the NOIs between groups by applying three
independent sample t-tests. This was performed with a voxel-wise correction for

localised grey matter concentration to rule-out any potentially confounding impact of

local structural loss on brain connectivity, as described by Oakes et al. (2007)*. In short,
per individual the anatomical T -weighted scans were processed to provide voxel-based
intensity maps of grey matter concentration, which were included as a voxel-wise covariate
in the mixed effects model group analysis. Non-parametric permutation based statistical
inference was used with 5000 repeated permutations per NOI for the comparisons;
controls vs premanifest, controls vs manifest HD and premanifest vs manifest HD.
Correction for multiple comparisons was applied using threshold free cluster enhancement
based correction whereby all results under the threshold of p<0.05 were considered
statistically significant®®. This provided spatial information per NOI of brain regions
demonstrating different connectivity patterns between the study groups.

Results

The groups did not differ in terms of age, gender, handedness and education level. Early
HD patients had significantly higher UHDRS motor scores, CAG repeat lengths and lower
TFC scores than premanifest gene carriers and/or healthy controls.
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Table 1: Group characteristics of the study groups

Healthy Premanifest Early HD
controls gene carriers patients
N 28 28 20
Gender M/F 13/15 11/17 5/15
Age 485 (8.5) 43.21(8.2) 46.5 (10.6)
(years) Mean (SD)
CAG repeat length n/a 42.5 (2.5) 441 (2.6)°
Mean (SD)
Total Functional Capacity 12.9(1.9) 126 (0.8) 10.2 (1.9)*
Mean (SD)
UHDRS - Motor 2.5 (2.5) 2.4 (1.4) 203 (11.0)*
Mean (SD)
Expected disease onset n/a 116 (4.4) o/a
(years) Mean (SD)
Disease duration n/a n/a 68 (7.4)

(years) Mean (SD)

N = number of participants, SD = Standard deviation, n/a = not applicable, UHDRS — Motor = Unified Huntington’s
Disease Rating Scale — total motor score, * significantly different to controls at p< 0.05, § significantly different to
premanifest gene carriers at p< 0.05.

In both premanifest gene carriers and early manifest HD the same regions in the left
frontal lobe and the right parietal lobe displayed reduced connectivity with the NOI1
(medial visual network), as compared to controls (0.05>p>0.0001). The area in the left
frontal lobe comprised the grey matter near the pre-central and middle-frontal gyri. The
area in the parietal lobe was localised in the post-central gyrus (figure 1). Premanifest
gene carriers only, also displayed reduced connectivity bi-laterally of the cingulate gyrus
with NOI1 compared to the controls. This area of reduced connectivity was not found in
the early HD group. The manifest HD group demonstrated additional areas of reduced
connectivity with NOI1 that were not observed in the premanifest gene carrier group.
These areas were located bi-laterally within the superior occipital lobe, within a large field
in the deep grey matter, including the putamen, globus pallidus, thalamus, and bi-laterally
in the cortex of the frontal orbital region (figures 1).

The connectivity of the left parietal lobe, the pre-frontal cortex in both hemispheres, and
regions of grey and white matter in the both temporal lobes with NOI5 (the default mode
network) was reduced in early HD only as compared to controls (0.05>p>0.0001) (figure 1).
Connectivity of a small region in the thalamus and the left supramarginal gyrus with

NOI6 (executive control network) was reduced in manifest HD as compared to controls
(0.05>p>0.0001) (figure 1). No differences between any of the study groups were found in
the connectivity with the other NOIs.
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Figure 1. Group comparisons of functional brain connectivity shown in three orientations.

Group comparisons of functional connectivity
Medial visual network (NOI1)

Green areas show the voxels encompassing the network of interest (NOI) with which the connectivity decreases
are present. Blue - light blue areas show the areas of reduced connectivity with the NOI between premanifest
gene carriers and controls, red-yellow areas show the areas of reduced connectivity with the NOI between
early manifest HD and controls. Some are of blue and red overlap is present, here the functional connectivity is
reduced in both premanifest and manifest HD.

Discussion

Reductions in intrinsic functional connectivity are apparent in both premanifest gene
carriers and patients with early HD. The earliest areas to show a reduction in connectivity
are regions within the left frontal and right parietal and bilateral visual lobes. These areas
also demonstrated reduced connectivity in the early manifest group. Further connectivity
reductions were also apparent in many other brain regions in early HD such as subcortical
grey matter and the occipital lobes. These observed differences to healthy controls are not
explained by brain atrophy.

In premanifest gene carriers our findings show reduced connectivity of the medial

visual network (NOI1) with the left frontal, right parietal and bilateral cingulate gyrus
during rest. The only known other report of RS fMRI in HD is a methodological report
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describing the stability and suitability of RS fMRI over a one year follow up period in
premanifest gene carriers. No group differences in any of their prespecified interregional
fMRI correlations were found*. The prespecified two seed regions used for interregional
correlation were different to the networks applied in the current paper, and this
methodological dissimilarity may explain the variation in outcome. Carriers of genes
resulting in neurological diseases other than HD have been found to show aberrant
intrinsic functional connectivity in the absence of disease signs3**, thus supporting the
occurrence of functional brain changes prior to a disease manifestation. Results from other
studies using task based fMRI in HD also support our findings?*244¢4¢, These studies show
disrupted activation (either increased or decreased) in areas that do not form an identical
spatial match to our results, but do show great similarity of involved brain areas. Some
regions with altering between region connections in this study, such as the left frontal
lobe, specifically in the middle frontal gyri and pre-central gyrus, have also shown locally
decreased task related fMRI activation?¥244648, Task based fMRI studies also demonstrated
the implication of the post central gyrus®, and the bilateral cingulated cortex?*2448,
Further support for our finding is found in results using a different imaging technique that
measures blood perfusion during rest. Cerebral blood flow was found to be altered in
premanifest gene carriers in prefrontal brain regions*. Our results demonstrate that early
reductions in intrinsic functional connectivity are present prior to the clinical manifestation
of HD. This is an important finding as therapeutic interventions may wish to monitor

the functional impact of a compound on the brain in the absence of clinical outcome
measures.

In the early HD group, our findings of reduced connectivity encompass more and larger
regions in the brain than of premanifest gene carriers. Some, but not all of these regions
have previously been shown to show disturbed activation during task based fMRI. The
disrupted activation was reported in the same brain areas with which we found reductions
in connectivity of the medial visual network (NOI1); left frontal lobe?**°, right parietal
lobe?%°, superior occipital?® and frontal orbital?? regions in both hemispheres, and specific
subcortical structures such as the putamen??%8, However, no previous literature describes
involvement of the globus pallidus, or thalamus. The brain regions demonstrating reduced
connectivity with the default mode network (NOI5) were also reported to show altered
activation during performance, such as with the left parietal®®, and bilateral prefrontal
cortices®® and temporal lobes??. The reduction of connectivity of the left supermarginal
gyrus and thalami with the executive control network (NOI6) during rest, does not find
support in other studies of connectivity or brain activation during task execution. Despite
the different nature of RS fMRI versus task based fMRI, our current findings do seem
complementary to the task-based fMRI results. With RS fMRI overall brain connectivity is
examined that is not limited to task related brain regions, and we have demonstrated that
the connectivity of multiple brain networks is affected in HD.
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The brain regions demonstrating reduced connectivity as compared to healthy controls
showed overlap between premanifest gene carriers and early HD patients, possibly
indicating progressive functional deficits. The regions demonstrating reduced connectivity
generally occur bilaterally and throughout the brain, especially in manifest HD.

It is unknown whether reduced connectivity patterns reflect connectivity that is limited or
non-existent due to neuronal death or whether such results reflect intact but abnormally
functioning neurons in HD. The results from this current study suggest that the latter may
be a more accurate reflection, given that atrophy reflects (advanced) volume loss as a
result of neuronal death, and that our results remain valid when taking into consideration
MRI detectable regional atrophy. Therefore, it is not likely that reductions in functional
connectivity can be explained solely by neuronal death in HD.

The strengths of this study lay in the comprehensive and exploratory nature of the fMRI
analysis. As this study was performed in a single sample of strictly selected premanifest
and early manifest HD the results reflect varying stages of disease progression.
Furthermore, by taking atrophy into consideration the potential influence of cell loss on
connectivity results was reduced. Examination of brain networks encompassing almost
the entire brain allowed for a hypothesis generating approach. Therefore the brain
regions found to display reduced connectivity may be targeted in future studies of HD.
The limitations of this study lay in the potential for the influence of motion artefacts

due to chorea. However, every effort was made to prevent motion during scanning and
furthermore strict quality control was applied to prohibit the inclusion of poor quality
scans. This resulted in the exclusion of three scans from the manifest HD group. Also, the
influence of excessive motion was reduced by including a strictly selected early HD group
where chorea is generally limited. Other limitations are the novelty of the technique

and the cross-sectional design. To further understand if connectivity patterns are indeed
affected by the progressive nature of this degenerative disease, study reproduction and
longitudinal follow-up is essential in all study groups. Longitudinal follow-up using RS fMRI
has the advantage over task-based fMRI that it is easier to standardise for cross-site, cross-
cultural studies. In the multi-site follow up of the TRACK-HD study the evaluation of RS
fMRI as a biomarker for HD is ongoing.

In conclusion, we have demonstrated that in the absence of processes that put demand
on the brain, the HD brain functions differently. These findings are not explained by

the presence of cerebral atrophy. We have shown that these functional differences are
present not only after disease manifestation but also in the preceding ‘premanifest’ phase.
Functional connectivity measures can potentially be used for early disease detection and
for monitoring of disease modifying compounds.
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