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12IDIBAPS (Institut d’Investigacions Biomèdiques August Pi i Sunyer), Barcelona, Spain

13Facultat de medicina, University of Barcelona, Barcelona, Spain
14Hospital Mare de Deu de la Mercè, Barcelona, Spain
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Abstract: Huntington’s disease (HD) is a neurodegenerative disorder which is primarily associated
with striatal degeneration. However, the alterations in connectivity of this structure in HD have been
underinvestigated. In this study, we analyzed the functional and structural connectivity of the left
putamen, while participants performed a finger-tapping task. Using fMRI and DW-MRI, 30 HD gene
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expansion carriers (HDGEC) and 29 healthy participants were scanned. Psychophysiological interaction
analysis and DTI-based tractography were employed to examine functional and structural connectivity,
respectively. Manifest HDGEC exhibited a reduced functional connectivity of the left putamen with
the left and the right primary sensorimotor areas (SM1). Based on this result, the inhibitory functional
connectivity between the left SM1 and the right SM1 was explored, appearing to be also decreased. In
addition, the tract connecting these areas (motor corpus callosum), and the tract connecting the left
putamen with the left SM1 appeared disrupted in HDGEC compared to controls. Significant correla-
tions were found between measures of functional and structural connectivity of the motor corpus cal-
losum, showing a coupling of both types of alterations in this tract. The observed reduction of
functional and structural connectivity was associated with worse motor scores, which highlights the
clinical relevance of these results. Hum Brain Mapp 39:54–71, 2018. VC 2017 Wiley Periodicals, Inc.

Key words: basal ganglia; Huntington’s disease; interhemispheric connectivity; MRI; neurodegenera-
tion; PPI; tractography
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INTRODUCTION

Huntington’s disease (HD) is a progressive neurodegen-
erative disease caused by the expansion of a cytosine-
adenine–guanine (CAG) trinucleotide repeat within the
HTT gene [MacDonald et al., 1993]. HD is characterized by
a variety of motor, cognitive, and psychiatric symptoms
that typically develop in adulthood years after the neuro-
degenerative process has begun [Paulsen et al., 2008].
Despite the multidimensional spectrum of HD, clinical
diagnosis is based on the presence of unequivocal motor
disability and most clinical trials use motor function as
their primary endpoint [Bonelli and Hofmann, 2007].

Striatal atrophy is considered a hallmark of the disease,
being observable between 15 and 20 years before the pre-
dicted onset [Aylward et al., 2004; Harris et al., 1999; Paulsen
et al., 2008]. Striatal neuronal loss has been found to be corre-
lated with CAG repeat length [Furtado et al., 1996; Kassubek
et al., 2004; Penney et al., 1997; Rosas et al., 2001] and with
motor dysfunction [Guo et al., 2012], suggesting an impor-
tant role of this structure in the pathogenesis of HD.

Despite the fact that the striatum is of vital importance
in HD, the functional connectivity of the putamen has
been overlooked in the HD literature. Regarding the motor
circuit, earlier neuroimaging studies focused on regional
brain activity rather than connectivity [Bartenstein et al.,
1997; Gavazzi et al., 2007; Kl€oppel et al., 2009].

Although regional brain activity studies offer important
information about the effects of the disease on segregated
brain areas, they only provide a partial account, as cogni-
tive processes rely on the interaction between multiple
brain regions that form complex networks [Rowe, 2010].
Regarding functional connectivity in the motor circuit, the
effective connectivity during a tapping task has been stud-
ied in premanifest HD gene expansion carriers (HDGEC)
using dynamic causal model (DCM) [Minkova et al., 2015;
Scheller et al., 2013], showing a relationship between the
connectivity patterns in this circuit and predicted years to
clinical onset [Scheller et al., 2013].

Regarding structural connectivity of the motor circuit,
diffusion measures of white matter connections between
the putamen and the sensorimotor cortex have been found
to be altered in manifest HDGC [Marrakchi-Kacem et al.,
2013; Poudel et al., 2014] and to be correlated with
speeded tapping performance [Poudel et al., 2014].

Although there is an extensive literature on structural
and functional connectivity in HD separately, only recently
studies have begun to examine how they interact with
each other in HD [McColgan et al., 2017; M€uller et al.,
2016]. Elucidating the relationship between functional and
structural connectivity in HD is crucial. This would shed
light on the neurodegenerative processes that might be
shared by other neurodegenerative diseases. Multimodal
neuroimaging studies are thus of great interest to provide
complementary structural and functional information from
the same subject. Similarly, for a better understanding of
the course of the disease, it is of vital importance to study
the effects that alterations in both types of connectivity
have on clinical symptoms.

How structural connectivity sustains and constrains
functional connectivity is a question that remains unclear.
Several studies have investigated this relationship in the
healthy brain and have shown that although functional
connectivity is generally constrained by structural connec-
tivity, it can also exist between regions that are not struc-
turally connected, possibly mediated by indirect structural
connections [Adachi et al., 2012; Damoiseaux and Greicius,
2009; Park and Friston, 2013]. However, whether regions
that are more strongly functionally connected also present
stronger structural connections, has been less studied.

Recently, M€uller et al. (2016) examined both structural
and functional connectivity in the motor network in mani-
fest HDGEC using deterministic tractography and resting-
state functional magnetic resonance imaging (fMRI). In
this study, the authors chose the thalamus and the pri-
mary somatosensory cortex (S1) as regions of interest to
study the relation between structural and functional con-
nectivity. However, they did not find a correlation
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between them, which is interpreted by the authors as a
possible difference between individuals in the capability to
adapt functional connectivity to try to compensate for the
structural damage.

The aim of this study was to analyze whether there is a
relationship between functional and structural connectivity
alterations of the striato-cortical motor circuit in HDGEC
and their correlation with motor disability. With this goal,
we combined two neuroimaging modalities, task-based
fMRI and diffusion tensor imaging (DTI) in the same sub-
jects. We chose the putamen as a region of interest to
investigate functional and structural connectivity in HD
because of the importance of the striatum as a whole in
HD and the role of the putamen in motor control in partic-
ular [Alexander et al., 1986; Leh�ericy et al., 2006]. Further-
more, the putamen is one of the central hubs of the brain,
which are structures that are highly connected, thus play-
ing a central role in the overall network organization [Cole
et al., 2010; Crossley et al., 2014; van den Heuvel and
Sporns, 2011]. A change in its connectivity can therefore
deeply affect the whole motor network. We hypothesized
that altered functional connectivity of the putamen would
be related with a decrease in structural connectivity.

METHODS

Participants

Thirty HDGEC participants (including 20 manifest and
10 premanifest HDGEC) and 29 healthy controls matched
for age (t(57) 5 20.191, P 5 0.849) and years of education
(t(57) 5 21.18, P 5 0.242) were scanned. Participants’ dem-
ographics are detailed in Table I. Manifest HDGEC were
defined as carriers of the genetic mutation with � 36
repeats with a diagnostic confidence score (DCS) of 4 on
the Unified Huntington’s Disease Rating Scale (UHDRS)
(Huntington Study Group, 1996), which corresponds to a
confidence � 99% that the motor abnormalities are due to
HD. According to criteria based on the Total Functional

Capacity (TFC) score [Begeti et al., 2013], 17 of the mani-
fest HDGEC were at the early stage of the disease (TFC:
M 5 12.4, SD 5 0.6), whereas 4 of them were at moderate
stage of the disease (TFC: M 5 9.8, SD 5 0.4). Premanifest
HDGEC were defined as carriers of the genetic mutation
with a DCS< 4 on the UHDRS. As a measure of the pro-
gression of HD pathology, we used the standardized
CAG-Age Product (CAP) score, which is computed as:
CAP 5 100 3 age 3 (CAG 2 35.5)/627 [Ross et al., 2014].

None of the patients or controls reported previous his-
tory of traumatic brain injury or neurological disorder
other than HD in the case of patients. All participants
were right handed. Right-handedness was assessed using
the Edinburgh handedness inventory [Oldfield, 1971]. All
participants signed an informed consent to participate in
this study, which was approved by the ethics committee
of the Bellvitge Hospital. All the followed procedures
were in accordance with the Helsinki Declaration of 1975.

Clinical Assessments

All HDGEC underwent the UHDRS evaluation, which
was carried out by neurologists specialized in movement
disorders. The UHDRS total motor score (range 0–124)
was used as a measure of motor dysfunction, with higher
scores indicating more severe motor disability. To describe
the sample of HDGEC, the TFC score (range 0–13) was
employed as a measure of independence in daily activities,
which is used to determine the stage of the disease. In this
case, higher scores indicate a higher degree of indepen-
dence. Patients can be classified in early (TFC scores
11–13), moderate (TFC scores 7–10), or late (TFC scores
0–6) stages of the disease.

MRI Data Acquisition

MRI data were acquired through a 3 T whole-body MRI
scanner (Siemens Magnetom Trio; Hospital Cl�ınic, Barce-
lona), using a 32-channel phased array head coil. Structural

TABLE I. Mean and standard deviation of demographic and clinical information

Controls A HD Controls B manifest Controls C Pre-HD

N 29 30 21 20 8 10
Gender (M/F) 14/15 10/20 11/10 10/10 3/5 0/10
Age 46.3 (10.4) 46.8 (12.4) 50.5 (8.7) 51.7 (10.4) 35.3 (5) 37.1 (10.5)
Education 12.7 (2.8) 11.7 (3) 12.3 (2.6) 10.7 (2.9) 13.6 (3.1) 13.7 (2)
CAG - 44.3 (3.2) - 44.1 (3.3) - 44.7 (3.1)
CAP - 102.7 (22.1) - 111.5 (17.1) - 85.2 (21.3)
TFC - 12.2 (1.1) - 11.8 (1.2) - 12.9 (0.3)
UHDRS-motor - 14.4 (12.1) - 20.2 (10.4) - 2.7 (4.1)
Years to onset - - - - - 7.6 (10.8)

Control A is the whole group of controls matched for age and years of education with the HDGEC group. Control B is the subgroup of
controls matched for age with manifest HDGEC. Control C is the subgroup of controls matched for age with pre HDGEC. Age and edu-
cation are given in years. M, males; F, females; CAP, standardized CAG-Age product [Ross et al., 2014]; TFC, total functional capacity.
Years to onset was calculated for each patient subtracting their age to the predicted age at onset [Langbehn et al., 2004].
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images comprised a conventional high-resolution 3D T1
image [magnetization-prepared rapid-acquisition gradient
echo sequence (MPRAGE), 208 sagittal slices, repetition
time (TR) 5 1970 ms, echo time (TE) 5 2.34 ms, inversion
time (IT) 5 1050 ms, flip angle 5 98, FOV 5 25.6 cm, 1 mm
isotropic voxel with no gap between slices].

For the motor task, each functional run consisted of 176
sequential whole-brain volumes. Each volume comprised
30 interleaved axial slices aligned to the plane intersecting
the anterior and the posterior commissure with a 4 3

4 mm in-plane resolution, 4 mm slice thickness and no
gap between slices, TR 5 2000 ms, TE 5 29 ms, flip
angle 5 808, 64 3 64 acquisition matrix.

Diffusion-weighted MRI (DW-MRI) data were acquired
using a diffusion tensor imaging sequence employing a
dual spin-echo diffusion imaging sequence with GRAPPA
(reduction factor of 4) cardiac gating, with TE 5 92 ms.
Images were measured using 2 mm isotropic voxels, no
gap, 60 axial slices, and FOV 5 23.6 cm. To obtain the dif-
fusion tensors, diffusion was measured along 64 noncollin-
ear directions, using a single b value of 1,500 s/mm2 and
interleaved with 9 nondiffusion b 5 0 images. To avoid
chemical shift artifacts, frequency-selective fat saturation
was used to suppress fat signal.

Experimental Procedure

To examine the motor circuit in HDGEC, several neuro-
imaging studies have used sequential motor task para-
digms [Bartenstein et al., 1997; Gavazzi et al., 2007;
Kl€oppel et al., 2009; Weeks et al., 1997]. The details of
those paradigms vary between studies but, in general,
they consist on moving the fingers at the pace of an audi-
tory tone. Unlike previous studies, we chose a self-paced
sequential motor task to reduce the recruitment of the
attentional networks [Witt and Stevens, 2013] and thus,
have a more pure involvement of the motor circuit.

In our study, participants carried out a self-paced
sequential tapping task with their right or left hand in
alternated blocks with interleaved resting blocks while
they were scanned. The run started with a rest block and
each active block was followed by a resting block (rest,
right, rest, left, and so on). Participants were instructed to
move their index and middle fingers in an alternating
fashion as quickly as possible. They were presented with
blocks of 20 s of duration: 4 blocks of right-hand condi-
tion, 4 blocks left-hand condition, and 9 blocks of rest. A
fixation cross was always present on the screen on a grey
background. In the resting condition, the single fixation
cross turned white. In the left and right hand conditions, a
back-line drawing of a right hand (on the right side of a
black fixation cross) or a left hand (on the left side of the
fixation cross) was presented. The drawings of the hands
had the index and middle fingers highlighted in white to
indicate which fingers they should move (Fig. 2A). Before

entering into the scanner, participants performed a brief
training of the task on a laptop computer.

fMRI Regional Activity Analysis

Preprocessing and statistical analysis of fMRI data were
performed using SPM8 software (http://www.fil.ion.ucl.
ac.uk/spm/). After slice timing correction to minimize
acquisition timing differences between slices, images were
corrected for gradient inhomogeneities using fieldmap cor-
rection. Then, images were realigned and corrected for
participant movement using ArtRepair software (http://
www.cibsr.stanford.edu/tools/human-brain-project/artre-
pair-software.html), which is recommended for clinical
populations that are prone to motion artefacts, as it is the
case in HD. ArtRepair realigns functional images and after
smoothing with a 7 mm full-width at half-maximum Gau-
sian kernel, it identifies and replaces outlier volumes,
which are associated with excess of motion or spikes in
the global signal, by a new volume corresponding to the
interpolation of the two adjacent nonoutlier images. In
particular, for each participant, outlier images were identi-
fied as those with more than 1.5% deviance from the mean
but no more than two consecutive volumes were interpo-
lated. No participant showed more than 7% of the vol-
umes identified as outliers. Functional images were co-
registered with the structural T1 image and normalized to
the MNI template by using the Unified Segmentation
Model approach [Ashburner and Friston, 2005]. During
this step, spatial regularization (regularization: 0.02, dis-
crete cosine transform warp frequency cutoff of 22) was
adapted to account for striatal neurodegeneration and ven-
tricle dilatation. Finally, images were spatially smoothed
with a 4 mm isotropic Gaussian kernel.

Statistical analysis was carried out using a General Linear
Model based on a least-square estimation (GLM) [Friston
et al., 1995] in which right, left, and resting conditions were
convolved with a box-car regressor waveform and with a
canonical hemodynamic response function, and then
included as regressors. Data were high-pass filtered (to a
maximum of 1/128 Hz) and serial autocorrelations were
estimated using an autoregressive model. Thus, a block-
related design matrix was created including the conditions
of interest (Right, Left, and Rest). After model estimation,
the main effect of each condition was calculated and main
contrasts were assessed: Right vs. Rest and Left vs. Rest.

For the fMRI analyses, we carried out separate analysis
for manifest and premanifest HDGEC groups. As compen-
satory increases in brain activity can occur in premanifest
HDGEC, including premanifest HDGEC together with man-
ifest HDGEC could blur the differences with controls. We
separated HDGEC in two groups, manifest (n 5 20) and pre-
manifest (n 5 10) HDGEC. In order to compare the two
groups with age-matched controls, we divided the controls
in two subgroups, controls B (n 5 21) and controls C (n 5 8),
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matched with manifest (t(39) 5 20.395, P 5 0.695) and pre-
manifest HDGEC (t(16) 5 20.456, P 5 0.654), respectively.

First-level contrast images were entered into a second-
level analysis using a one-sample t test including manifest
HDGEC and controls together. To compare patients and
controls, two-sample t tests were performed entering the
corresponding (Right vs. Rest and Left vs. Rest) first-level
contrasts. As manifest HDGEC were slower than healthy
controls in the finger tapping task—and therefore per-
formed fewer tappings per block—the mean number of
tappings per block was introduced in the GLM as a con-
founding factor, to avoid finding differences in brain activ-
ity between manifest HDGEC and controls that could be
explained by the difference in the tapping speed. Effects
were considered significant at a whole-brain level if they
exceeded a voxel-wise threshold of P< 0.001 (k> 20 voxels
extent) and cluster-level family wise error (FWE) correc-
tion for multiple comparisons of P< 0.05. For the figures, a
threshold of P< 0.05 FWE corrected for multiple compari-
sons across the whole-brain level was used. Anatomical
and cytoarchitectonic areas were identified using the Auto-
mated Anatomical Labeling Atlas [Tzourio-Mazoyer et al.,
2002] included in the xjView toolbox (http://www.alive-
learn.net/xjview8/).

Brain Connectivity Analysis

A psychophysiological interaction (PPI) analysis [Friston
et al., 1997] was performed to examine the functional con-
nectivity between the putamen and the rest of the brain
during the finger tapping task. Specifically, in this study,
we were interested in how the physiological connectivity
between the left putamen and the rest of the brain varied
with the movement of the right hand compared to rest.
We chose the left putamen because the left striatum has
been shown to be more affected than the right putamen in
HDGEC [Jenkins et al., 1998; Paulsen et al., 2004; Rosas
et al., 2001].

We used the fMRI results of the Right versus Rest con-
trast as a localizer to obtain the peak coordinate of the left
putamen in each participant individually. The threshold
was set to P< 0.05 uncorrected. In those participants in
which no activation was found in the left putamen at this
threshold (a total of two HDGEC and three controls), this
was decreased as much as necessary. As the clusters
extended beyond the left putamen in many cases, we
included a mask of the left putamen in each subject indi-
vidually to restrict the search of the peak coordinate to the
left putamen. A 4-mm-radius sphere seed was defined
around the peak coordinate in each case.

For each participant, we extracted the first eigenvariate
of the BOLD time series from all the voxels within the left
putamen sphere. Then, the canonical hemodynamic
response function (HRF) was deconvolved to derive the
neural signal of the source region. The PPI regressor was
calculated as the product of the deconvolved time series

and a vector coding for the psychological variable (1 for
right hand, 21 for rest, and 0 for left hand). The result of
this product was then reconvolved with the canonical HRF
to create the final PPI regressor. The PPI model for each
subject included as regressors the psychological (Right vs.
Rest), the physiological (the left putamen signal), and the
derived psychophysiological variables.

Individual first-level analyses were carried out and main
contrasts were estimated to test the effects of the PPI
regressor. The computed PPI contrast images were entered
into a second-level random effects analysis (two-sample t
test), where the mean number of tappings per block was
introduced as a regressor of no interest to control for the
differences in speed between manifest HDGEC and
healthy controls when comparing the functional connectiv-
ity of both groups.

Results were considered significant at a whole-brain
level if they exceeded a voxel-wise threshold of P< 0.001
(k> 20 voxels extent) and cluster-level family wise error
(FWE) correction for multiple comparisons of P< 0.05. For
the figures, a threshold of P< 0.05 FWE corrected for mul-
tiple comparisons across the whole-brain level was used.

As a result of the findings of this analysis, PPI beta values
were extracted individually in the peak coordinate of the
left SM1 and the right SM1 (Fig. 1). These were chosen as
the two areas were found to be functionally connected dif-
ferently in manifest patients and controls. This measure was
extracted to acquire a measure of functional connectivity
between the left putamen and the left and right SM1.

To further investigate the interplay between the right and
the left SM1 and obtain the strength of functional connectiv-
ity between them, a second PPI analysis was run. With that
purpose, the left and the right SM1 were functionally local-
ized by using the group mean peak coordinates, for patients
and controls separately, in the contrasts Right versus Rest
and Left versus Rest, respectively. A 6-mm-radius sphere
centered at the peak coordinate was then taken as a seed
region for the PPI analysis (Fig. 1). The PPI values from this
analysis were extracted for each subject in the peak coordi-
nate of the right SM1 to obtain a measure of functional con-
nectivity between the left and the right SM1.

DW-MRI Tractography Analysis

Preprocessing of DTI data

First, brain extraction was performed using the FSL Brain
Extractor Tool [Smith, 2002]. Head motion and eddy-current
correction were then performed using the FMRIB’s Diffu-
sion Toolbox (FDT) in FMRIB’s Software Library (FSL,
http://www.fmrib.ox.ac.uk/fsl/fdt) and the gradient
matrix was rotated (Leemans and Jones, 2009). The diffusion
tensor was then reconstructed using Diffusion Toolkit’s
least-squares estimation algorithm for each voxel provided
in Diffusion Toolkit (http://www.trackvis.org/dtk) and its
corresponding eigenvalues and eigenvectors were extracted
to calculate the fractional anisotropy (FA), axial diffusivity
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(AD), radial diffusivity (RD), and apparent diffusion coeffi-
cient (ADC) maps.

Fiber orientation distributions (FOD) were reconstructed
using a spherical deconvolution approach based on the
damped version of the Richardson–Lucy algorithm [Del-
l’Acqua et al., 2010] implemented in StarTrack software
(http://www.natbrainlab.co.uk). We first visualized FOD
fields in selected a priori fiber-crossing regions (Splenium
of the corpus callosum and corona radiata). We then
selected a combination of SD parameters that nicely
resolved crossing and, at the same time, avoided spurious
peaks in GM or CSF (a fixed fiber response corresponding
to a shape factor of a 5 2 3 1023 mm2/s; 200 algorithm
iterations, regularization threshold g 5 0.04, and regulari-
zation geometric parameter v 5 8 (see Dell’Acqua et al.
[2010] for full details of these parameters).

Whole-brain tractography was then performed using a b-
spline interpolation of the diffusion tensor field and Euler
integration to propagate streamlines following the direc-
tions of the principal eigenvector with a step size of 0.5 mm

[Basser et al., 2000]. Tractography was started in all brain
voxels with FA> 0.2 and was stopped when FA< 0.2 or
when the angle between two consecutive tractography steps
was larger than 358. Finally, tractography data and diffusion
tensor maps were exported into Trackvis (http://www.
trackvis.org) for manual dissection of the tracts.

Tractography dissections

To investigate the link between functional and structural
connectivity, we virtually dissected two different motor
tracts: the left putamen–left SM1 tract and the motor cor-
pus callosum (CC). Individual tractography dissections
were performed in native space using the two regions of
interest (ROIs) approach, which permits the reconstruction
of the fibers that connect these regions.

For the virtual dissection of the left putamen–left SM1
tract, the left putamen and the left SM1 were defined as
ROIs, whereas the motor CC was dissected using the left
and the right SM1 as ROIs.

Figure 1.

Scheme of methods, showing the relationship between fMRI and tractography analyses regarding

the election of ROIs. The number of participants included in each modality and the groups com-

pared are also indicated.
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The left putamen was defined by using automated seg-
mentation with the FreeSurfer 5.1.0 software [Fischl et al.,
2002]. Then, this ROI was registered to the individual native
diffusion space using the FSL FLIRT [Jenkinson and Smith,
2001] and FNIRT [Andersson et al., 2007] modules after nor-
malizing both the structural T1 images and FA maps. For the
left and right SM1 ROI, 16-mm-radius spheres were drawn
using TrackVis. The center of the spheres was originally set
to the mean peak coordinate in the contrast Right versus Rest
for the left SM1 and the contrast Left versus Rest for the right
SM1 for both groups (manifest HDGEC and healthy controls)
separately. The peak coordinate was defined in the MNI
space and was wrapped back to the individual native diffu-
sion space using the inverse matrix transformation obtained
using FSL FLIRT and FNIRT modules after normalizing the
native FA maps (Fig. 1). In the native diffusion space, the
spheres were slightly moved around the coordinate if neces-
sary to correctly segment the tract of interest. The fibers of
the dissected tracts were constrained to end within the puta-
men but in the case of the left and right SM1 ROIs, they were
allowed to freely project until they reached the cortex.

Diffusion measures (FA, AD, RD, and ADC) were
extracted and averaged along the entire delineated tracts.
For the analyses comparing the diffusion indices of the
white-matter tracts between patients and controls, both
manifest and premanifest HDGEC were included in a single
group, since reduced structural connectivity has been
shown already in premanifest HDGEC [Kl€oppel et al., 2008;
Matsui et al., 2015; Di Paola et al., 2012, 2014; Phillips et al.,
2015, 2016; Poudel et al., 2014, 2015; Reading et al., 2005;
Rosas et al., 2006, 2010; Tabrizi et al., 2009; Thieben et al.,
2002]. However, to have a more detailed information of the
structural connectivity pattern at different stages of the dis-
ease progression, we also performed the same analyses
dividing manifest and premanifest HDGEC. Two-sample t
tests were carried out to compare the diffusion metrics of
each tract in HDGEC and controls and the corresponding
Cohen’s d was calculated as an effect size estimate.

Correlation Analyses

Regarding the relationship between clinical measures
with both functional and structural connectivity altera-
tions, Pearson’s correlation analyses were performed
between UHDRS motor and CAP scores and both the PPI
parameter estimates and the diffusion indices (FA, RD,
AD, and ADC) of the two tracts investigated. Results were
corrected for multiple comparisons by controlling the false
discovery rate (FDR) at P< 0.05 using the Benjami–Hoch-
berg procedure, taking into account the number of PPI
estimates and the number of tracts.

Second, to investigate the relationship between func-
tional and structural connectivity, Pearson’s correlation
analyses were carried out between the left putamen–left
SM1 and the left SM1–right SM1 PPI parameter estimates
and the diffusion indices of the white-matter tracts

connecting these regions, namely, the left putamen–left
SM1 tract and the motor CC.

Both manifest and premanifest HDGEC were included
together in the correlation analyses to have a large range
of values that would allow studying the disease as a con-
tinuum. Furthermore, in the case of the relationship
between functional and structural connectivity, one of the
main goals of the study, separate correlation analyses
were carried out including only manifest HDGEC, which
was the group that showed significant differences in func-
tional and structural connectivity compared to controls.

RESULTS

Behavioral Results

Two manifest HDGEC and one control did not perform
the finger tapping task correctly inside the scanner. In one
case, the button box was displaced during the scanning
during the task and the participant pressed the wrong but-
tons. In the other two cases, participants did not release
the button corresponding to the middle finger, keeping it
constantly pressed during the execution of the tapping
task. These subjects were not included either in the perfor-
mance or in the fMRI analyses, resulting in a total of 27
HDGEC and 28 controls. Behavioral performance was
evaluated using the mean number of tappings per block
for the right and the left hand separately. Two-sample t
tests were used to compare performance between HDGEC
and controls in the tapping task and. Cohen’s d was calcu-
lated as an estimate of the effect size [Cohen, 1977]. The
mean number of tappings per block was significantly
lower in manifest HDGEC (right hand: M 5 42.5,
SD 5 14.6; left hand: M 5 35.2, SD 5 14.2) than in controls
(right hand: M 5 79.7, SD 5 30.6; left hand: M 5 66.2,
SD 5 20.2) both for the right hand (t(26.042) 5 4.763,
P< 0.001, d 5 1.85) and the left hand conditions
(t(35) 5 5.374, P< 0.001, d 5 1.81). In the case of the premani-
fest HDGEC, the mean number of tappings (right hand:
M 5 64.3, SD 5 27.4; left hand: M 5 58.2, SD 5 28.3) was not
significantly different compared with the matched controls
(right hand: M 5 95.7, SD 5 39.3; left hand: M 5 85.9,
SD 5 28.1) for either the right hand (t(15) 5 1.932, P 5 0.072,
d 5 1.01) or the left hand (t(15) 5 1.830, P 5 0.087, d 5 0.95).

Regional Brain Activity Results

We first carried out a regional brain activity conjunction
analysis to identify the motor network engaged during the
fMRI finger tapping task. Whole-brain analysis revealed
activation of contralateral primary sensorimotor areas
(SM1) (precentral and postcentral gyri), the supplementary
motor area (SMA), and the ipsilateral cerebellum, and
visual areas (Fig. 2B and Table II). Moreover, using a less
conservative multiple comparisons correction (P< 0.05
FDR corrected at voxel level), activations in subcortical
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structures such as the contralateral putamen (left putamen:
x 5 228, y 5 212, z 5 0; right putamen: x 5 20, y 5 6, z 5 2)
and thalamus (left thalamus: x 5 217, y 5 217, z 5 15;
right thalamus x 5 14, y 5 222, y 5 0) were observed.

Although manifest patients presented a reduced level of
activity in this network compared with matched controls,
this difference was not statistically significant when cor-
recting for multiple comparisons. No significant difference

in the level of brain activity was found when comparing
premanifest HDGEC with the corresponding matched con-
trol group.

Pyschophysiological Interaction Results

A PPI analysis was then carried out taking the left puta-
men as a seed region to study its functional connectivity

Figure 2.

Schematic representation of the fMRI block design in the finger-

taping task and overall pattern of activations in the task. A) Sche-

matic representation of the finger tapping task. B) Regional brain

activity results of the main contrast of interest Left vs Rest (left

panel) and Right vs Rest (right panel) (P< 0.05 FWE-corrected at

voxel level, cluster size > 20). The numbers indicate the coordinate

of the slice in MNI space. L SM1: left primary sensorimotor area. R

SM1: right primary sensorimotor area. SMA: supplementary motor

area.

TABLE II. Regional activity conjunction analyses (P < 0.05 FWE-corrected at cluster level, P < 0.001 uncorrected

voxel level, cluster extent >20 voxels)

Anatomical area Side

MNI coordinates

Cluster size (voxels) T max P (FWE-corr cluster)x y z

Right vs. Rest

Precentral gyrus L 238 214 58 10,305 22.89 <0.001
SMA L 24 24 54 12.62 <0.001
Postcentral gyrus L 260 218 20 11.25 <0.001
Cerebellum R 22 250 224 2,647 11.42 <0.001
MOG L 240 272 214 1,704 11.04 <0.001
Postcentral gyrus R 60 234 26 1,443 9.11 <0.001
Precentral gyrus R 56 10 14 558 6.63 0.003
Left vs. Rest

Precentral gyrus R 40 218 52 14,084 26.49 <0.001
SMA R 4 22 58 11.88 <0.001
Cerebellum L 222 254 224 1,244 9.23 <0.001
MOG R 34 286 24 986 7.68 <0.001
MOG L 226 290 22 670 6.57 0.001

SMA, supplementary motor area; MOG, middle occipital gyrus.
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with the rest of the brain during the movement of the
right hand compared with rest.

Within-group functional connectivity patterns of the
manifest HDGEC and the control groups are shown in Fig-
ure 3 and Table III. In controls, the right SM1 and the right
cerebellum were negatively connected with the left puta-
men, whereas in manifest HDGEC, only the right SM1
showed a significant negative connectivity with the left
putamen. Neither the control nor the patient group
showed regions that were significantly positively con-
nected with the left putamen during Right versus Rest.

The comparison between manifest HDGEC and controls
revealed a reduction in the strength of connectivity
between the left putamen and the left and right SM1 in
HDGEC (Fig. 4 and Table III). No significant difference
was found in the connectivity of the left putamen between
premanifest HDGEC participants and the corresponding
matched controls. Hence, in the second follow-up PPI
analysis, we focused only in the manifest group.

For the second PPI analysis, the left SM1 was taken as a
seed region and the PPI beta values of the Right versus
Rest contrast were extracted from the right SM1 ROI. Both
manifest HDGEC and controls presented negative func-
tional connectivity between the left and the right SM1.

When we compared the PPI values of functional connec-
tivity between left SM1 and right SM1 in manifest HDGEC
and controls, we found a significant reduction in the
strength of connectivity in patients (t(51) 5 2.869, P 5 0.006,
d 5 0.80).

Relationship Between Altered Functional

Connectivity and Motor Disability

First, to study whether the abnormalities found in func-
tional connectivity in manifest HDGEC were related with
motor disability, Pearson’s correlation analyses were car-
ried out between the UHDRS motor scores and the PPI
parameter estimates between left putamen–left SM1, left
putamen–right SM1, and left SM1–right SM1. More severe
motor disability (higher UHDRS motor score) was associ-
ated with reduced strength of the functional connectivity
of the putamen: left putamen–left SM1 (r 5 0.51, P 5 0.007)
and left putamen–right SM1 (r 5 0.55, P 5 0.005) but also
with the interhemispheric connectivity between left and
right SM1 (r 5 0.56, P 5 0.005). In contrast, the correlation
between functional connectivity and disease burden, mea-
sured by the CAP score, indicated that higher disease bur-
den was associated only with reduced strength of

Figure 3.

Functional connectivity results taking the left putamen as a seed region in controls and manifest

HDGEC (P < 0.05 FWE-corrected at voxel level, cluster extent > 20). The numbers indicate

the coordinate of the slice in MNI space. R SM1: right primary sensorimotor area.

TABLE III. Whole-brain functional connectivity analyses with seed in the left putamen (P < 0.05 FWE-corrected at

cluster level, P < 0.001 uncorrected voxel level, cluster extent >20 voxels)

Anatomical area Side

MNI coordinates

Cluster size (voxels) T max P (FWE-corr cluster)x y z

Controls

Precentral gyrus R 28 220 60 48,631 13.14 <0.001
Postcentral gyrus R 40 230 56 10.29
Cerebellum R 16 232 224 275 8.12 0.007
Manifest HD

Precentral gyrus R 38 218 62 380 7.27 0.003
Manifest HD vs. controls

Postcentral gyrus L 244 238 50 822 5.22 <0.001
Postcentral gyrus R 28 228 64 996 5.04 <0.001
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functional connectivity of the putamen: left putamen–left
SM1 (r 5 0.51, P 5 0.018) and left putamen–right SM1
(r 5 0.46, P 5 0.026). In this case, no significant correlation
was found with left SM1–right SM1 (r 5 0.23, P 5 0.248).

Tractography Results

Two tracts were thus chosen to examine whether the
observed abnormal functional connectivity was related to
white-matter damage between the areas showing altered
functional connectivity in the PPI analysis. First, the intra-
hemispheric tract between the left putamen and the left
SM1 was segmented in every subject, as the functional
coupling between these two areas was found to be signifi-
cantly altered in manifest HDGEC. Figure 5A shows an
example of the segmented left putamen-left SM1 tract in a
control and a manifest HDGEC projected into their native
T1 image.

As a whole, the group of HDGEC individuals showed
reduced structural connectivity in the left putamen–left

SM1 tract. They had higher average ADC, AD, and RD
values compared with controls. However, average FA val-
ues were not significantly different (see Table IV for
details). A post-hoc analysis indicated that this result was
driven specifically by the manifest HDGEC group who
had significantly higher average ADC (P 5 0.006), AD
(P< 0.001), and RD (P 5 0.027) values compared to con-
trols. This altered structural connectivity was not present
in the premanifest group compared to their matched
controls.

The second tract that was segmented was the motor CC,
which was defined as the part of the CC that connected
the left and the right SM1 (Fig. 5B). This tract was chosen
since the reduced functional coupling between the left
putamen and the right SM1 in manifest patients indicated
that some interhemispheric tract could be damaged. Previ-
ous studies using transcranial magnetic stimulation (TMS)
(for a review, see Beaul�e et al. [2012]) and fMRI [Allison
et al., 2000; Aramaki et al., 2006; Grefkes et al., 2008] have
shown that interhemispheric inhibition of motor cortices

Figure 4.

A) Functional connectivity results: between-group differences (P < 0.05 FWE-corrected at voxel

level, cluster extent > 20). The numbers indicate the coordinate of the slice in MNI space. L SM1:

left primary sensorimotor area. R SM1: right primary sensorimotor area. B) PPI parameter esti-

mates of the functional connectivity analyses between the left putamen and the left SM1 (left panel)

and between the left putamen and the right SM1 (right panel) in controls and manifest HDGEC.
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via transcallosal fibers facilitates unilateral movements to
prevent mirror movements in the unused hand. We
hypothesized that the observed reduced functional connec-
tivity between left putamen and right SM1 in manifest
patients could be due to both left putamen–left SM1 and
left SM1–right SM1 reduced structural connectivity, and
therefore the left SM1–right SM1 connection (motor CC)
was also investigated.

Importantly, due to the presence of marked atrophy, the
motor CC could not be segmented in 12 out of the 30
patients in contrast to the only three controls (two of them
were the oldest controls of the group, with 60 and 69 years
of age) where this occurred. For those subjects in which it
was possible to segment the motor CC, the diffusion val-
ues were extracted. Given the relative small number of
data-points for the diffusion measures, we explored the
relationship with motor disability by dividing the patients
in two groups with high and low structural connectivity.
In order to obtain the two groups, the median number of
streamlines was calculated (median 5 12.5) and three

groups of 10 participants each were formed. The 10 high-
est values above the median group (M 5 119.8, SD 5 72.6)
were included in the high structural connectivity group
and the 10 lowest values (all of them with cero stream-
lines) in the low connectivity group. Individuals with
intermediate values (M 5 10.9, SD 5 7.2) were not included
to obtain more differentiated groups. The structural con-
nectivity of the motor CC was found to be reduced in
HDGEC, with significantly decreased mean values of FA
and significantly increased mean values of RD compared
with healthy controls. Although the increased mean values
of ADC and AD in HDGEC compared to controls were
not significant the effect size of the increase of ADC
reveals a medium effect (see Table IV for details).

As we observed with the previous track, when taking only
manifest HDGEC alone, the average ADC (P 5 0.039) and
RD (P 5 0.040) values were found to be higher compared to
the subgroup of matched controls. In contrast, premanifest
HDGEC did not show significant differences in the struc-
tural connectivity of the motor CC compared with controls.

Figure 5.

Tracts segmented and diffusion indices. A) Sagittal views of the left

putamen-left SM1 tract projected into the native T1 image of a

control and a HDGEC and the corresponding diffusivity indices in

controls and HDGEC. B) Coronal views of the motor corpus cal-

losum (CC) tract and the corresponding diffusivity indices in

controls and HDGEC. Bar plots show the mean diffusion indices

values and error bars represent the standard deviation of diffusion

indices. AD: axial diffusivity. ADC: apparent diffusion coefficient.

RD: radial diffusivity. FA: fractional anisotropy.
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Relationship Between Altered Structural

Connectivity and Motor Disability

To study whether reduced structural connectivity was
associated with motor disability, Pearson’s correlation
analyses were performed between the diffusion values
(FA, RD, AD, and ADC) of the two tracts studied and
UHDRS motor scores. Whereas AD, ADC, and RD in the
left putamen–left SM1 tract were all significantly corre-
lated with UHDRS motor score (AD: r 5 0.69, P< 0.001;
ADC: r 5 0.59, P 5 0.002; RD: r 5 0.54, P 5 0.002), only AD
reached significance in the case of the moor CC tract (AD:
r 5 0.48, P 5 0.045; ADC: r 5 0.45, P 5 0.062; RD: r 5 0.43,
P 5 0.077). The correlation coefficients showed nevertheless
a moderate effect size for all of the diffusion measures
except FA. FA was not significantly associated with motor
disability in either the left putamen–left SM1 tract
(r 5 20.38, P 5 0.08) or the motor CC tract (FA: r 5 20.25,
P 5 0.319). In both tracts, only AD significantly correlated
with disease burden, as measured by the CAP score (left
putamen–left SM1 tract: r 5 0.47, P 5 0.018; motor CC tract:
r 5 0.49, P 5 0.040).

We then divided the patients in two groups according
to the number of streamlines in the motor CC—low and
high structural connectivity—and the UHDRS motor score
of the two groups was compared. Patients with low struc-
tural connectivity in the motor CC showed significantly
(t(18) 5 2.430, P 5 0.026) higher UHDRS motor scores (M5

14, SD 5 7.36) than patients with high structural connectiv-
ity in this tract (M5 6.10, SD 5 7.17).

Relationship Between Functional and Structural

Connectivity

After segmenting the left putamen–left SM1 tract and the
motor CC, we investigated the relationship between the
structural connectivity of these tracts and the functional

connectivity between the regions connected by them. For
this, Pearson’s correlation analyses were carried out. In the
case of the left putamen-left SM1 tract, no significant corre-
lation was observed between any of the diffusion measures
and the PPI values in either HDGEC (FA: r 5 0.17, P 5 0.391;
ADC: r 5 0.07, P 5 0.719; AD: r 5 0.21, P 5 0.298; RD:
r 5 0.01, P 5 0.949) or controls (FA: r 5 20.29, P 5 0.156;
ADC: r 5 0.01, P 5 0.971; AD: r 5 20.09, P 5 0.654; RD:
r 5 0.06, P 5 0.788). These correlations remained nonsignifi-
cant when taking the manifest HDGEC group alone.

In the case of the motor CC tract, interestingly, we
found a significant correlation between functional and
structural connectivity in HDGEC. Diffusion values of
ADC (r 5 20.54, P 5.025), AD (r 5 0.51, P 5 0.038) and RD
(r 5 0.54, P 5 0.025) but not FA (r 5 20.44, P 5 0.075) of the
motor CC were significantly correlated with left SM1–right
SM1 functional connectivity in HDGEC (Fig. 6). In con-
trast, no diffusion measure was significantly correlated
with functional connectivity in controls (FA: r 5.03,
P 5 0.872; ADC: r 5 0.03, P 5 0.872; AD: r 5 0.07, P 5 0.732;
RD: r 5 0.01, P 5 0.957). Thus, in HDGEC, a decrease in
the strength of interhemispheric functional connectivity
between left and right SM1 was associated with decreased
structural connectivity between these two areas.

When taking the manifest HDGEC group alone, the cor-
relation between functional and structural connectivity in
the motor CC tract remained significant. Specifically, aver-
age diffusion values of FA (r 5 20.75, P 5 0.019), ADC
(r 5 0.71, P 5 0.03) and RD (r 5.74, P 5 0.023) correlated
significantly with left SM1–right SM1 functional connectiv-
ity, whereas AD did not significantly correlate (r 5 0.59,
P 5 0.092).

DISCUSSION

In this study, we examined changes in the functional
and structural connectivity of the striato-cortical motor

TABLE IV. Mean and standard deviation of the tract-based diffusion indices, statistics of the two-sample t test and

the effect sizes of the comparison between HDGEC and controls

ADC RD AD FA

Left putamen–left SM1 tract

Controls 0.74 (0.08) 0.63 (0.09) 0.10 (0.07) 0.30 (0.03)
HD 0.81 (0.12) 0.70 (0.13) 1.04 (0.10) 0.30 (0.06)
Controls vs. HD t(49.65) 5 22.727

P 5 0.009*
d 5 0.77

t(48.79) 5 22.253
P 5 0.029*
d 5 0.65

t(56) 5 23.625
P 5 0.001*
d 5 0.97

t(42.05) 5 0.41
P 5 0.968
d 5 0.01

Motor corpus callosum tract

Controls 0.77 (0.06) 0.61 (0.07) 1.09 (0.05) 0.39 (0.04)
HD 0.84 (0.13) 0.69 (0.14) 1.12 (0.12) 0.35 (0.06)
Controls vs. HD t(20.41) 5 2.025

P 5 0.056
d 5 0.90

t(21.40) 5 2.189
P 5 0.040*
d 5 0.95

t(21.09) 5 1.296
P 5 0.209
d 5 0.10

t(41) 5 22.601
P 5 0.013*

d 5 0.81

Mean apparent diffusion coefficient (ADC), radial diffusivity (RD), and axial diffusivity (AD) are in units of mm2/ms. Fractional anisot-
ropy (FA) is dimensionless.
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circuit in HD, the relationship between the two kinds of
connectivity and their association with motor disability.

We obtained three main results. First, during the move-
ment of the right hand, the strength of negative functional
connectivity between the left putamen and both left and
right SM1 was decreased in manifest HDGEC compared to
healthy controls. Similarly, the negative functional connec-
tivity between the left and the right SM1 was decreased in
manifest HDGEC. Furthermore, the decrease of functional
connectivity in the three connections studied was associ-
ated with worse motor scores. Disease burden significantly
correlated with left putamen functional connectivity with
both ipsilateral and contralateral SM1 but not with inter-
hemispheric connectivity between left and right SM1.
Despite the fact that the premanifest group was on aver-
age at <10 years from estimated disease onset, differences
in functional connectivity compared to controls were not
observed in this group. However, it is worth pointing out
the variability in years to onset between our sample of
premanifest HDGEC as well as the small size of the group
(n 5 10), both factors being possible contributors to the
lack of differences with controls.

Second, the two white-matter tracts explored—the intra-
hemispheric left putamen–left SM1 tract and the inter-
hemispheric motor CC—were altered in HDGEC. In
addition, less integrity in both tracts was associated with
more severe motor disability and higher disease burden.
Third, only the motor CC showed a significant correlation
between the structural connectivity of the tract and the
functional connectivity between the regions connected by
it. A reduction in structural connectivity was associated
with a decrease in the strength of functional connectivity.

More specifically, both in patients and controls, the left
putamen PPI analysis showed a negative functional connec-
tivity with the right-hemisphere cortical motor areas during
the movement of the right hand. This negative functional
connectivity with the motor circuit of the nonmoving hand

is consistent with previous studies that have shown that the
execution of unilateral motor movements requires transcal-
losal interhemispheric inhibition of the ipsilateral M1 by the
contralateral M1 to suppress motor output of the passive
hand [Allison et al., 2000; Aramaki et al., 2006; Ferbert et al.,
1992; Fling et al., 2013; Grefkes et al., 2008; Leocani et al.,
2000; Liepert et al., 2001]. As the areas showing negative
connectivity with the left putamen are part of the right
motor circuit, we interpret this pattern as a consequence of
the inhibition of these areas by the left SM1 during the
movement of the right hand.

Although both groups showed a similar functional con-
nectivity pattern between the left putamen and sensorimo-
tor areas, manifest HDGEC showed a significant reduction
in the strength of the connectivity between the putamen
and the left and right SM1 compared with healthy con-
trols. Regarding the interhemispheric connectivity between
the left putamen and the right SM1, we hypothesized that
the decreased strength of connectivity observed in mani-
fest HDGEC could be due to a reduced transcallosal inhi-
bition of the right motor circuit by the left SM1. As a
consequence, the right SM1 would be deactivated to a
lesser extent in patients compared to controls, thus result-
ing in a damped negative connectivity between the left
putamen and the right SM1.

To investigate this hypothesis, we carried out a second
PPI analysis taking the left SM1 as a seed region and
extracted the connectivity values from an ROI region in the
right SM1. Both controls and manifest HDGEC showed a
negative connectivity between the left and the right SM1,
which we again interpret as a inhibitory connectivity that
suppress right SM1 activity to perform unilateral move-
ments. As we had hypothesized, manifest HDGEC showed
a significant reduction in the strength of functional connec-
tivity compared to healthy controls. This result is consistent
with previous studies that have shown impaired interhemi-
spheric processing [Bocci et al., 2016] and reduced inhibition

Figure 6.

Scatter plots of the correlations between the PPI parameter estimates of the functional connec-

tivity analyses between the regions connected by the motor corpus callosum and the diffusion

indices of this tract. A) AD: axial diffusivity. B) ADC: apparent diffusion coefficient. C) RD: radial

diffusivity.
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of the ipsilateral hemisphere during hand movement execu-
tion [Beste et al., 2009] in manifest HDGEC using transcra-
nial and event related potentials, respectively.

Therefore, the results from the second PPI analysis sug-
gest that the altered functional connectivity between the left
putamen and the right SM1 that was found in the first PPI
analysis could be due to altered intrahemispheric connectiv-
ity between the left putamen and the left SM1 and abnormal
interhemispheric connectivity between the left SM1 and the
right SM1. In all three cases (left putamen–left SM1, left
putamen–right SM1, and left SM1–right SM1), a reduced
strength in functional connectivity values was significantly
associated with more severe motor disability.

Given that the putamen is one of the first regions to be
affected in HD, it is possible that the abnormal function of
the left putamen and its altered functional connectivity
with the sensorimotor cortex affects the function of the
sensorimotor cortex itself. This dysfunction in turn results
in an altered interhemispheric functional connectivity
between the left and right motor cortices in HDGEC. The
putamen is one of the main hubs of the brain [Cole et al.,
2010; Crossley et al., 2014; van den Heuvel and Sporns,
2011]. A lesion on a hub has a disproportionate impact on
the network’s functioning, which gives brain hubs an
important role in brain disorders [Crossley et al., 2014].
Therefore, early malfunction of the putamen in HD can
alter its functional connectivity with other regions, thus
spreading the damage to other brain areas that are directly
and indirectly connected with it, as we find in our results.

To further explore the damage in the motor circuit in
HD and to investigate whether structural connectivity was
also reduced, we next studied the microstructural organi-
zation of the white matter pathways that connected the
areas whose functional connectivity was found to be sig-
nificant altered in manifest HDGEC. Indeed, the structural
connectivity of both the left putamen–left SM1 and the
motor CC tracts was also reduced in HDGEC. This effect
was driven by the manifest HDGEC group, as connectivity
measures were comparable in premanifest HDGEC and
their matched controls.

Our results of reduced structural connectivity in HDGEC
are consistent with previous studies reporting white-matter
microstructure abnormalities in the connections between
the putamen and sensorimotor areas in manifest HDGEC
[Marrakchi-Kacem et al., 2013; Poudel et al., 2014] and in the
CC [Di Paola et al., 2012, 2014; Phillips et al., 2013; Rosas
et al., 2006, 2010]. However, in comparison with previous
studies, in which white-matter tracts were segmented based
on anatomical ROIs, we used brain activity maps from a
motor fMRI task to localize the ROIs. This approach allowed
us to restrict the analysis of white matter connections to
functional meaningful regions, making possible to directly
compare structural and functional connectivity measures to
explore the relationship between them.

We found that only the motor CC structural connectivity
of HDGEC significantly correlated with the functional

connectivity between the areas connected by it, namely,
the left and right SM1. This correlation remained signifi-
cant when looking at the HDGEC manifest group alone. In
the case of the left putamen–left SM1 tract, the correlation
was still no significant when analyzing the manifest
HDGEC group alone. This result rules out the possibility
that the lack of correlation between functional and struc-
tural connectivity in premanifest HDGEC could be hinder-
ing a possible correlation in the manifest group. In healthy
controls, no correlation was found between functional and
structural connectivity in either tract. More concretely, our
results show that reduced structural connectivity was sig-
nificantly associated with reduced strength of functional
connectivity in the motor CC of HDGEC. In contrast, no
significant relationship between functional and structural
connectivity was shown in the left putamen–left SM1 tract.
The lack of correlation in this intrahemispheric tract is in
line with a recent study that found no significant correla-
tion between functional and structural connectivity
between the left thalamus and the left sensory cortex in
HD [M€uller et al., 2016]. It should be noted, however, that
there are important differences between the present study
and the study of M€uller et al. For example, M€uller et al.
chose the thalamus as a seed region as opposed to the
putamen and they employed resting-state fMRI, whereas
we studied the task-related functional connectivity of the
motor circuit while participants performed a motor task.
M€uller et al. interpreted the lack of correlation between
functional and structural connectivity as the result of indi-
vidual differences in the ability to compensate the struc-
tural damage by adapting brain activity. However, another
possible interpretation would be that the alterations in
functional and structural connectivity are not necessarily
coupled during all stages of neurodegeneration, and they
may progress at different rates.

Previous studies using graph theory analyses on other
neurodegenerative diseases have investigated the relation-
ship between whole-brain structural connectivity and
resting-state functional connectivity. In amyotrophic lateral
sclerosis (ALS), functional and structural connectivity
degeneration have been found to be coupled [Schmidt
et al., 2014]. On the other hand, a decline in the coupling
between functional and structural connectivity has been
found in Alzheimer’s disease patients when comparing
them with healthy controls and amnestic mild cognitive
impairment patients [Sun et al., 2014]. Recently, these
types of analyses have been performed in premanifest
HDGEC, showing a relationship between white-matter
organization and functional connectivity during the pro-
dromal phase [McColgan et al., 2017].

It still remains unknown how functional and structural
alterations interplay during neurodegeneration and
whether this is common across the different neurodegener-
ative diseases. On one hand, the functional consequences
of structural alterations may depend on the degree of cen-
trality of a given region, that is, the number of connections
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that it has with other brain regions. It has been shown that
lesions in the highest interconnected regions of the brain,
often referred to as hubs, are more likely to be symptom-
atic than lesioned non-hubs [Crossley et al., 2014]. On the
other hand, functional alterations can occur in the absence
of detectable structural correlates [Damoiseaux and Grei-
cius, 2009; Honey et al., 2009], possibly due to indirect
structural connections or to abnormal neurotransmission
that does not entail grey-matter or white-matter alterations
[Rowe, 2010]. Furthermore, compensatory mechanisms are
triggered by the neurodegenerative process, which may
result in cell survival at the cost of network failure [Palop
et al., 2006]. Different adaptive and maladaptive neural
responses have been proposed to occur as a consequence
of a pathological perturbation, such as compensation, neu-
ral reserve, and degeneracy in the first group, and diaschi-
sis, transneuronal degeneration, and dedifferentiation on
the latter one [Fornito et al., 2015]. Some of these
responses can occur simultaneously and their evolution
across time may be complex. In this regard, longitudinal
studies can shed light on how neurodegeneration alters
structure and function along different stages. HD is a
potentially good model to study neurodegeneration longi-
tudinally. In contrast with other neurodegenerative dis-
eases, HD is known to be caused by a single gene
mutation and genetic tests are available, which makes it
possible to track the neurodegenerative process as the ear-
liest stages in premanifest individuals.

This study presents some limitations that must be
acknowledged. First, given the modest sample size, gener-
alization of the results should be carried out cautiously.
Second, the impossibility of virtually segmenting the
motor CC in all of the patients reduced the number of
data-points for the structural connectivity metrics of this
white matter tract. Third, although we used DW-MRI indi-
ces as a measure of structural connectivity strength, it is
important to bear in mind that the interpretation of these
measures is ambiguous, as multiple sources, such as axon
diameter, myelination, packing density, membrane perme-
ability, and fiber orientation may account for differences
observed in DW-MRI signal [Jones et al., 2013]. It has nev-
ertheless been argued that it is a plausible hypothesis that
at least part of the variance in DW-MRI metrics can be
attributed to underlying differences in structural connec-
tivity strength and DW-MRI measures have been found to
be correlated with resting state functional connectivity in
healthy individuals [Khalsa et al., 2014]. Last, future stud-
ies should study HDGEC longitudinally to better under-
stand the progression of both functional and structural
alterations during the different stages of HD.

CONCLUSION

The results of this study show that the motor circuit of
HD patients is altered in terms of both functional and
structural connectivity and that changes in striato-cortical

pathways can affect cortico-cortical connections within the
same interconnected network. We observe a dysfunction
in the inhibitory interhemispheric functional connectivity
of sensorimotor areas. Furthermore, a reduction in struc-
tural and functional connectivity is associated with more
severe motor disability. Last, our results indicate that
reduced interhemispheric functional connectivity is associ-
ated with a reduced structural connectivity of the motor
CC of HDGEC. In contrast, in the case of the tract connect-
ing the left putamen with the left sensorimotor cortex, no
relationship between the reduced functional and structural
connectivity was found. A possible explanation for this
lack of correlation is that functional and structural abnor-
malities progress independently during some stages of
neurodegeneration.
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